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Packaging of Microsystems

Today, I will talk to you about packaging of Microsystems.
(Refer Slide Time: 00:21)

Packaging of Microsystems

+ The main objective of packaging is to integrate all components of a
system such that cost, mass and complexity are minimized.

» The package of a microsystem should protect the device at the same
time letting it perform its intended functions with less attenuation of
signal in a given environment.

= In general, packages provide
» mechanical support

» electrical interface to the other system components and
» protection from the environment

» In the context of microsystems, packages addihonally provide an interface
bebwean the system and the physical world
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So, the objective here is to package the Microsystems made of various approaches that you



would have seen in previous lectures and how to put it in such a way that we can have the
electrical interconnections as well as various fluidic interconnections that would be required for

the function of the Microsystems and what are the general issues in doing it.

So, alike the case of microelectronic systems, the package for a Microsystem should protect the
device at the same time letting it perform the internet functions by creating the passage or to
interact with external vault. So, it should provide the mechanical support. It should provide the
electrical interface and it should protect it from environment but at the same time once again it

has to provide the interface with the physical world.

So, obviously there are various challenges involved in building such packages. We will see the
approaches involved in building such packages and see how one can arrive at useful package to

Microsystems.
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Fabrication of Microsystems
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Microsystems by themselves are made using a series of process steps which I have discussed in

some of the other lectures. In this lecture, I will be focusing on the steps in the lower end of this
chain of events. As you will see, that by this series of process steps which will be reviewed now,

we have a complete wafer or bonded wafer which may consist of a number of die.

These have to be separated, attached to somebody which has electrical interconnects as well as



possibly mechanical interconnects and then (()) (03:00) so that it is protected. In the context of
Microsystems, there is a critical step known as Release Etch. We will talk about that also as we
go by. To understand that we may want to quickly review the processes involved in the
fabrication for these Microsystems.

(Refer Slide Time: 03:25)

Bulk Micromachined Geomtries

doves/ Microchannels

Pressure Sensor membrane

You would have seen from other lectures, we can build various components or parts of
Microsystems using bulk micromachining. You can build pressure sensor membranes by
removing materials from the substrate. You can build channels or grooves on the substrate and
making use of anisotropic etching of silicon, we can have well-defined profiles for this. It is

possible to built tip kind of geometry by etching on silicon.

We can also make use of interesting characteristics of anisotropic etching of silicon to build
freestanding cantilevers on the surface of a silicon wafer.
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Surface Micmmachining
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We have also seen that by choice of structural and sacrificial layer materials, we can build
limited structures by using what is known as surface micromachining. In this case, we basically
add to the surface of the substrate layers. For example, for the minimum, we will need to add one
sacrificial layer which will eventually be removed and as structural layer which will be retained

as the moving part in Microsystems.

By suitable choice of materials, one can build several useful microstructures by this approach.

(Refer Slide Time: 05:34)
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We have also seen about a process known as dissolve wafer process in which two parts of the

same Microsystems are built at the wafer scale on two different wafers and these two wafers are



attached together by wafer bonding and then one of the wafers is removed by dissolving the
silicon in this particular case and retaining a smaller portion of this which is a heavily adopt
region of silicon which has different chemical characteristics than the regular silicon and

therefore the structure would be remain attached to the glass substrate that you see here.

So, this approach can also be used for building micro structures on various substrates.
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In another context, we also talked about extending the surface micromachining approach by

using chemical mechanical polishing which can result in planar layers even after etching some of
the layers in between. So, with such planar layers, one can go urgent into a large number of
structural layers and complicated looking structures such as the gear chain developed by Sandia

National Labs could be formed primarily because of the polishing method that is used.

In this case, you know we use both chemical and mechanical approaches of removal of the
outside layer, so that this could be patterned relatively quickly and subsequent layers could be
added and it brings in several advantages in building Microsystems.
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Packaging of Microsystems

» Protection from environment

»  Thermal management

»  Prevent damage due to handling

+»  Power distribution

»  Signal transmission

» Calibration and test facilitation

» Interface to the macro world
» Mounting; mechanical support
v Access to the exdemal emvironment
»  Fluidic fitings for microfludc devices
»  Sample introduction for bioMEMS
» Opfical windows for MOEMS
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Coming back to packaging of such Microsystems which may have these fragile moving parts,
one need to look at aspects of protection from environment, thermal management to dissipate the
heat that is generated due to various aspects of the operation of the device. We need to look at the
aspects of handling these dies and package devices, approaches for the distribution of power as
well as signal and test and verification and more important than anything else interface with the

macro world.

How this could be mounted on a mechanical support and how access could be provided for the
external environment and how fluidic interconnections could be made and you know how this
could be used in various specialised applications such as biosystems as well as optical systems.

(Refer Slide Time: 09:04)



Why is packaging so important?

= Itis important for IC chips; and is more important for MEMS
» MEMS need to work in environmants that are much more different and harsher

» Packaging could affect the sensitivity, noise, and robustness of the MEMS
device—maore 5o than IC chips

» Each MEMS device neaeds a different a packaging strategy

» It accounts for 45% of the total cost 20% for calibration and test
» Why is microsystems packaging difficult?

» Wea havg to deal with a wide vaneaty of componants

» Involves liquids, gases, and delicate components

» Requires customization

» Modeling of the entire system Is a challenge
» Very few standards exist

» Automation is important to keep the cost down -:{

» Wery little ressarch has been done

i
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Packaging is a very important step in microelectronic systems. It even more so in the context of

Microsystems because we have a number of these delicate parts added which are also
mechanically moving. So, this have to work with different kinds of environment, unlike the case
of microelectronic chips and therefore since the Microsystems that is being packaged is likely to
be different and it may have different shapes or parts involved and different kinds of interfaces

required, standardizing the packaging strategies for Microsystems is more difficult.

In the context of integrated circuits, you know typically the cost of the chip is substantially added
by the packaging step itself. People say about 20% to 40% could be based on just the packaging
step. In the context of Microsystems, there are additional complexities that we have talked about.
So, obviously packaging is a very important step in building successful Microsystems that could

be deployed. The challenge is that very few standards exist for building such packaging.

So, it has to go hand-in-hand with the design of the Microsystem itself. However, standardization
and automation of the processes involved can potentially bring the cost down and as it stands,
very little of research is done in the area of packaging of Microsystems.
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Special issues in Microsystems Packaging

» Release of Structures

» Surface micromachinéd struchurés ane to be protectad by sillcon doxide Byers. against
damage of contamination

» In order o releasa thasa polysillcon structures, ha oodde layers should be etched out. often
by HF solution

» The issue here is the tming of fus release eich, vis-a-vis packaging

»  Tofurther reduce the possibiliies of stiction during the ifetime of the device, non-stick
diglectric fims may be coated on the releassd stiructures

» I done prior to the start of packaging, it may weaakean the structurs; but if dona during or
afer packaging, there is possibility of contaminaion and tharé are incompatitility ssues

» Die Separation

¢ Dicing is a common process used in microelecironics fabncalion for separating mass-
produced devices

» The standard die separation method adopled for siicon KOs is 1o saw through  the waler

uzing a diamond-impregnated blade. The blade and the wafer are floo high purity
water while T blade spins at 45.000 RPM
» i areleased MEMS device is exposed fo water and debris, the structu y break off or
gt clogged and the messture may adversaly aflect thair parfermance
» Tharefors the release of struciures is usually done only after dicir
»  In order o furthér avold damaging hese structures, laser dicing !'.'.‘{':
= A

One key aspect in the packaging of Microsystems or developing the strategy for packaging
Microsystems is the release of microstructures. If you recall in surface micro-machining, we
have this fragile parts which would be formed by removing the sacrificial layer which in the
example that I have shown was silicon dioxide which was supporting the polysilicon layer. So,
when we release this polysilicon layer by which I mean remove this outside layer, it becomes a

highly dedicate structure.

So, that limits and you know if you want to start for example dicing the wafer after it is being
released run into problems because the vibrations caused during the dicing can make the
structures displaced from the surface. So, most of the packaging steps are done before release of
surface micro-machine parts. So, the die separation or dicing which is a common process used in

microelectronics has to be timed, has to be performed before the last step for microfabrication.

So, although we have talked about it during the microfabrication, I have release those
freestanding structures. In practice, this is done much later after the die are separated and as are
attached to the package base. So, this essentially avoids damaging of structures during the dicing
process.
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Btrategies for packaging

» Design the MEMS device and its package at the same time
» Decide on:
» Systam partiioning
» Mirimize the inlegrated slecironics
»  Inlerfaces

» Thermal expansion, bBlo inertness'compatibilty, chemical and fracture resstance, eic aof the
ierfaces

» Specifications and parasiics
» Capactances. resistances. and nductances that may aflect the device
» Performance, temperalure and pressure ranges, relabiity. senstnly, noise

¢
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So, in the absence of clear-cut strategies or standard procedures, we think about the packaging

before detailed design is done

» Simulate with the packaging effects included

while designing the Microsystems device itself. So, one needs to decide on the system
partitioning, so as to minimize the electronics that would be going onto the chip. One need to
look at the effects of that on the interfaces required through the package and things that could be
embedded within the chip and therefore various specifications and parasitics will have to be

looked at while designing the system by itself.

So, usually what is done is to simulate this entire environment including the packaging effects.
Otherwise, the contributions from the package would remain as an uncertain parameter which
could eventually affect the overall performance of the device being made.
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Microelectronic packaging
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In microelectronics in contrast packaging is a relatively well-developed field and standard

approaches and services are available from various vendors. Compared to Microsystems in

microelectronics, we only have fewer functions for the package. It has to protect and it has to

provide the electrical interface only apart from providing the mechanical support and thermal

dissipation characteristics.

(Refer Slide Time: 16:21)
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So, a number of standard packages are available for building micro electronic packages. These

include approaches such as single in-line packaging, double in-line where you have two rows of

legs. We have additional packaging approaches which could be extended for better performing

chips. As you could see in some of the later generation packaging approaches such as ball grid



array or pin grid array.

We essentially can minimize the lengths of the leads and these could be attached directly onto the
board. So, the uncertainties and parasitics caused by these later generation packages are much
lower than some of the older conventions of packages that are there in microelectronics. So as
you could see in many particular Microsystems, these could be extended or adopted to build
Microsystem package.

(Refer Slide Time: 17:45)
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For example, a standard Microsystem package would look very similar to the transistor package

that you have seen in the previous slide. So, we attach the die of the Microsystem onto a package
base and do, as you see here, wire bonding and then cap this thing and provide additional
interfaces on the cap and weld it together to the base and system is ready to use and more
attractive packages are now available for several commercial Microsystems which are being
deployed.

(Refer Slide Time: 18:42)



Packaging hierarchy

- Zeroth level pack aglng'
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To look at the hierarchy of packaging, there are various possibilities for Microsystems. We start
with this wafers. So it is possible as you will see to provide small amount of protection in many
Microsystems by doing a zeroth level of packaging at the wafer level itself. We will how this can
be done. Then, we make these into individual chips which are essentially attached to the package
base which goes into subsystems and eventually into full-fledged systems,

(Refer Slide Time: 19:27)

Zeroth level packaging: two examples
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So, we will see some of these. So, what I meant by this zeroth level packaging is by adding
another wafer on top of the primary support wafer. So, in doing so, one can actually protect the
fragile parts of the Microsystem. So, the Microsystem is now capped entirely by a wafer and we

can provide interfaces in this wafer by creating windows, etch halls in this wafer which can



essentially provide those interfaces.

So, it is possible to provide a primary level of support to the many of the Microsystems by doing
some kind of capping by using the wafer bonding process that we have discussed in other
context.

(Refer Slide Time: 20:34)

Categories of Microsystem Packaging

*Category 1 Microelectronic packaging
(mature technology, many standards)

«Category 2 Microelectronic-Compatible Packaging
For other microsystems: electromechanical, optical, etc.
Design system based on packaging constraints

«Category 3 Customized packaging
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So, the Microsystem packages could be categorized into three types. One could be just in cases
where you could just follow in microelectronics packaging. In some other cases, one can extend
the microelectronic packages to provide these extra interfaces but still make use of electrical
interfaces in the conventional microelectronic approaches, and the most difficult would be the
customized packaging where we will definitely need to work together have the complete package
system which would be designed along with the design of the Microsystem itself.

(Refer Slide Time: 21:39)



Fabrication of Microsystems
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So, if we come back to this flow diagram, what we see is that you know we have this completely
made number of dies on a single wafer which has to be eventually packaged with the external
interfaces. So, we will see some of the criticalities involved in doing these steps from this wafer
to the packaged device.

(Refer Slide Time: 22:12)
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So, the first thing that is to be done is to essentially take out this individual dies from the 6-inch
or 8-inch wafer that we would start with. So, this individual chips which may have open
protected microstructures on it off the order of few mm are now taken out usually by using a die
saw or a laser cutting machine. So, that gets us the individual chips.

(Refer Slide Time: 22:51)



Die Handling and Die Attach

»  During automated process, vacuum pick-up heads are commonly used in
handling die in microelectronics. As these may not be used for MEMS due to
the presence of delicate structures, additional clamp attachments are required
to handle MEMS die, and possibly by their edges.

» However this may be eliminated by wafer level encapsulation. In this
approach, a capping wafer is used during dicing such that each MEMS chip
has a protective chip attached to it. These wafers are bonded using direct
bonding with silicon or anodic bonding silicon with glass.

» The process of attaching the diced silicon chip to the pad in the package is
known as die attach.

»  Two common approaches for this purpose include adhesive de attach and eutectic die
aftach

» adhesives such as polyimide, apowy or sitver-filled glass epoxy s used as de aftach
miaterial. However, mamy de attach matenials outgas during theer curing hiesé vapors
and morsiure may get depositéd on struchures and cause sichion or ¢ rEsuming im

possible degradation of performance. Possible remedes for this may ing low
oul-gassing malerals andior the removal of vapors dunng de aftach ¢
»  Imeulechc de attach, alloys with low malting point. such as Au-S| o 0%~
20% ) having a mefing point of 383°C |s usad to provide hermalic g
i
Ty

But there are several issues in the context of Microsystems. In a typical automated process in
microelectronics, we can possibly use a vacuum pickup head for handling these dies but in
Microsystem with these delicate parts, it is almost impossible to use a vacuum holding structure.
So, that brings in a new dimension of issues. Obviously, this can be eliminated by the wafer level
packaging approach. In that case as I have just mentioned, we cap the wafer before dicing, so

that the chip itself is protected.

So, the process of attaching this diced silicon chip onto the package base is known as die attach.
There are two common approaches; one is known as the adhesive die attach in which case we
use an adhesive, polymeric or elastic material for this addition. In the other case, we use a gold
layer which would be used to make this eutectic contact between the base and the silicon die. As
I mentioned in another context, it requires a temperature of 363 degrees to provide the hermetic

sealing of the package.

Adhesives could be polyimide, silver epoxy which is a conducting material or these could be
used for sticking the die onto the package base.

(Refer Slide Time: 25:05)



Electrical Interconnects
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The next issue is to provide electrical interface. Within a chip, we can layout conductor patterns.
When it comes to connecting the chip to the package, one need to look at the wiring and it is
usually done by an approach known as wire bonding.

(Refer Slide Time: 25:35)

Wire-Bonding and Attachment to Ceramic Package
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There are also issues in taking the leads through the package, so in many packages there could be
conductor traces made out on the package base itself to reach out to the chip.

(Refer Slide Time: 26:05)
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So, in wire bonding what is done is that from a pad on the chip to pad on the package, an
electrical connection is made using aluminum or gold wires.

(Refer Slide Time: 26:27)

Process of Wire Bunding
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It essentially this very narrow gold wire which is of the order of 25 microns thick which could be
first bonded onto the pad on the substrate or the die and subsequently it is attached to the
package base. It requires temperature and ultrasonic energies and this can be done using wire
bonding machines.

(Refer Slide Time: 27:12)



Wire bonding

» Wire bonding is one of the oldest and still the most flexible process of
providing electrical connection between the chip and the external leads
of the package.

» This uses a thin (eg 25pm diameter) wire, usually made of Al or Au.

» Inthe case of gold wires, the wire is severad with hydrogen flame and malted to
form a ball which is then brought into contact with the bond pad on the chip

» Adequate pressure, heat and ultrasonic forces are applied to the ball to enable a
metallurgical wedd

.
So, wire bonding is one of the oldest and most flexible approaches for providing electrical
connection between the chip and the external leads of the package. As I mentioned, you could
use either gold or aluminum wires and it also depends on the kind of pads that are there and by
providing adequate pressure temperature and ultrasonic forces, the bond can be made to stay for

longer duration for the operation of this device.

So, the thin wire essentially provides the connection between the package and the die.

(Refer Slide Time: 28:10)
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For example, in a pressure sensor, the next step would be to provide this fluidic interconnection.

For that, one may need to modify and include a pressure port for example for a pressure sensor.



So, in a pressure sensor we have all these resistors, polyresistors on the diaphragm which is
fabricated by microfabrication and which are bonded onto the base but to make this deflection to
happen, we need to bring in the fluidic interface, that we will see later.

(Refer Slide Time: 28:58)

Interconnection Between Chips

wire
and

'y e +Direct Wire-Bonding
Nwovia

pads

subsirate

Solder

*Flip-Chip Bonding

Pl Srikar Venpaiiators, MeGill Univers ity

Apart from this direct wire bonding, there is another approach of providing electrical
interconnection which is known as the flip chip bonding. In this case between dies or a die and
substrate or the package base can be contacted by providing these balls in between which would

be pressed together and heated.

So, in flip chip, we essentially have two layers of electronic or even MEMS chips or package
bases which are essentially connected together rather than having this electrical wiring between
them, we use this solder bumps which could be pressed and melted to make this perfect electrical

contact.

(Refer Slide Time: 30:06)



Flip Chip Assembly

» Flip chip is the most favored assembly technology for high frequency
applications because the short bump interconnect (between the die
and the package) can reduce parasitics.

» IC die is placed on a circuit board with bond pads facing down and
directly joining the bare die with the substrate.

» Bumps form electnical contact as well as a mechanical joints to the die.

» The attachment is intimate with relatively small spacing (=100 pm) betwveen the
die and the substrate.

» The technology was developed by IBM during the 1860s and was called
controlled collapse chip connection.

Die

Saaling

Substrate

Obviously, this is far more favored assembly method especially for high-frequency and other
approaches and the IC is placed on the board or even another die and one can actually design
these in such a way that they are aligned together and ultimately the attachment is controlled
properly and this technology is fairly match. This has been extended now for Microsystems.

(Refer Slide Time: 30:49)

Flip Chip: Special Issues in Microsystems

= Aftractive to the MEMS industry

» Abllity to closely package a number of dies on a single package with mulliple levels of
elecirical fraces

» The process is seif-aligning. since the wetting action of the sclder aligns the chip’s bump 1o
substrate pads and compensates for slight misalignment between them

»  Allvws removal or réplacement without scrapping the components.

» Issues

»  May not be compatible for MEMS with microstructures that should be exposed to open
SONArOnment

» The relabikty of this scheme depends on the difference in the coefficients of thermal
expansion of the subsirate and the chip material which may introduce thermal and
mecharical sirésses on he bumps

»  Summary of advantages
» size and weight reduction e
» applicability for existing chip designs '_.ﬂ
» parformance enhancement and increasad production
» fTeasibiity for chip replacemant, and
» Increased /O capability. especially for RF and optical interfaces

The main advantage is that it can provide closely packaged dies within a single package and we
can go for multiple levels of electrical traces and this to a great extent is a self aligned process, so
based on this waiting action of solder, the chips bumps would come in contact which would
compensate for slight misalignment and you know the issue is that in cases where there are

microstructures which are above the surface of the wafer, there could issues in contacting them



using the flip chip approach.

These schemes would depend on the thermal expansion coefficients of the substrate and the chip
material and can introduce some issues based on that. So, the main advantage of flip chip
approach of assembly is the reduced size and weight. It can be used in a variety of chip designs
and can improve the performance while production and it is possible to include IO compatibility
for various applications.

(Refer Slide Time: 32:45)

Integration of electronics

» Even though MEMS are touted as “chip-scale integrated systems", the issue
of integration of electronics on the same chip is open to debate,

» Some imMegrate, some do not
» Some imvent new fabricafion techniques in order 1o integrate

» Some do nol integrate sven though their process may allow it
» Risallin$ (Rs)
» MNevertheless, inclusion of electronics is essential for the full functionality of
MEMS.

»  Almost all MEMS devices have output signals im alecinic form (a few have optical output)
fus electronics is indispensable
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One of the key challengers in Microsystems is while providing integration with electronics. Even

though MEMS is primarily talked off as a chip scale integrated mechanical systems integrated
with electronics, there are various challenges in building these two together in the chip level. As
we have eluded to in previous lectures, the sequence of process steps required for building

electronics and for building Microsystems can lead to incompatibilities.

However, building these together smaller in single die would significantly reduce the overall
cost. Hence the integration with electronics is exploited with full vigor for successful
Microsystems.

(Refer Slide Time: 34:08)



Integrating/interfacing electronics with MEMS

» Complete integration in fab in a single chip
» IMEMS of Analog Devices

* Sandia's embedded integrative process

= Off-chip electronics and integration in a package
» Flip-chip with analogous electrical connection pads
» Special techniques

* CMOS-based micromachining

» Motorola's process for their MAP sansor

In any case, system partitioning is a big issue with 2 wice,

B
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Several approaches are pursued for integrating electronics and Microsystems. We can talk about

the iIMEMS approach developed by analog devices. There is an integrated embedded approach
developed from Sandia. There are several off chip electronics approaches and we have talked
about this flip chip approach with these interconnections between different dies possible and
there are several approaches in which we limit the micro-machining to see CMOS-based

processes.

So, essentially the choice of the approach is based on the functionality and the fabrication
complexity of the Microsystem itself.
(Refer Slide Time: 35:10)
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In the iIMEMS approach, CMOS-based electronics and surface micro-machine components are
built together and integrated in which most transistors or even bipolar transistors and polysilicon
structures all integrated into a very small system of about 2 mm x 2 mm.

(Refer Slide Time: 35:48)

Steps in IMEMS process

Interconnect region
between the circuit and
sensor clement formed.

. E‘—l After de nd
e =1 | patterning
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- L - i

In this case at the die level itself, we will have both the sensor polysilicon part and the
electronics part which will be sitting side by side but the key is that while processing this micro-
structure, the electrical regions will be usually partially protected so that they will not be
affected.

(Refer Slide Time: 36:17)

IMEMS process steps (contd.)
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So, fairly complicated electronics and microstructures could be combined in the iIMEMS process




and the freestanding microstructures can be obtained by releasing those from this (()) (36:38).
(Refer Slide Time: 36:41)

Package-level integration

Motorold's accelerometer

Lead lruame

The acceleremeter’'s MEMS chip does not contain any elect
All electronics are in the Application Specific Integrated
The interface between the two is via the wire bonds.

G Ananthassresh il _"
It is also possible as is done for the accelerometer to build some part on a mechanical die and
another part in ASIC and then can provide the connections between them and then interface it
with the external vault by using the interconnects on the lead frame of the package. So, in these
two approaches as you have seen the totally different you know in the second case, these two are
fabricated separately and put together.
(Refer Slide Time: 37:25)

Sandia's embedded integrative process

Electromnic

Mechanics first approach.

Protects the mechanical parts
and carries CMOS.

GE Ananthaneresh

In Sandia’s approach compared to the IMEMS approach, the mechanical part would be fabricated

first and then the electronics part will be fabricated and ultimately these are integrated together in



package.
(Refer Slide Time: 37:50)

Multi-chip Modules

+ One of the variants of MCM is called MCM-D
(multi chip module—deposited).

» The die are embedded in cavities milled on
the base substrate and then a thin film
interconnect layer is deposited on top of the
components.

» Holes for interconnecting vias and the
windows in the dielectric overlay above the
MEMS device are usually etched.

» The interconnect layers are deposited on the
substrate and dies are mounted above these.

» Interconnect between the die and the
packaging is done by wire bonding.

» Wet etching using HF can however be used
for releasing surface micromachined
structures part of this chip after shielding the
rest by a photo resist

these could be connected together using interconnects on the package base and individually these
are all connected using a wire bonding or flip chip-based approaches and we will have a common
substrate to hold all of these together and then attach these onto the package base. So, these

interconnect layers are actually deposited on the substrate and the dies are essentially amounted

above this.

So, the interconnect between the die and package is usually done by wire bonding. So, the

‘e beond Inberconnect

MEMS dig | ¥
: A

Subsrp
T

As I mentioned, when you have these multi-chip modules where we will have multiple dies,

release etch is usually done after it is mounted on this package.

(Refer Slide Time: 38:53)



Fluidic Interconnects

Microrocket

Prof Seikar Vengafafors oGl Unlvery iy

So, as [ mentioned, the next issue is providing this known electrical interfaces and in most cases
the fluidic contacts.
(Refer Slide Time: 39:15)

Packaging of Microsystems

*Packaging for commercial use  .packaging for Testing

Referances; J A Allen, Microalectramechanical Systam Design, CRC (2005)

S. D. Senturia. Microsystem Design, Kluwer (2001}
Prof Srikar Vangeiefore WGl Univeraity

Microrockets have been used for this purpose to provide the non-electrical interfaces to various
parts of the die and this whole thing can be packaged together and has been demonstrated by
MIT.

(Refer Slide Time: 39:37)



Failure Mechanisms in Packaged Microsystems

It is worthwhile to explore some of the failure mechanisms in the Microsystems in this context.
Stiction is the most common failure mechanism due to in-surface micro-machined Microsystems.
In records as I have mentioned earlier due to the microscopic addition when to plan our surfaces

are put into contact. For example, during electrostatic actuation. In electrostatic actuation you

Stiction: In most cases, the failure in MEMS devices is caused by
stiction and wear,

Stiction occurs due to microscopic adhesion when two surfaces come
into contact, e.g., during electrostatic actuation.

n
This adhesion is caused by van der Waals forces, Tesulting from the
interaction of instantaneous dipole moments of atom.

To reduce stiction, various dielectric or polymer thin film materials are
often coated on to the surface of these moving structures,

may recall we have a beam which is pulled together by applying a potential.

So, when this beam touches the surface of a conductor beneath, if both of these are planar
surfaces, these may adhere due to van der Waals forces and this can result in these sticking

together. To some extent, this can be limited by using a dielectric layer above the conductor and

there are various other approaches of minimizing stiction.

(Refer Slide Time: 41:13)



Use of CPD to Avoid Stiction

» If aliquid was heated in a closed system so that the Critical Pressure
could be attained, at the Critical Temperature, any visible meniscus
would disappear, the surface tension would be zero and it would not be
possible to distinguish between the properties of a liquid or gas.

» We therefore have continuity of state. Above this temperature the gas
cannot be liquefied by the application of pressure and strictly speaking
a substance should only be classified as a gas above its Critical
Temperature, below this temperature where it could possibly be
liquefied by the application of pressure, it is more precisely termed a
vapour,

4
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If you recall during the fabrication stage also, stiction is an issue in surface micro-machine
devices. Critical point dryers could be used to avoid stiction in that context.
(Refer Slide Time: 41:29)

Failure mechanisms

» Wear occurs due to the movement of one surface over another, and is
caused by the removal of material from a solid surface by some kind of
mechanical action. The primary mechanisms of wear in MEMS are
adhesion, abrasion, corrosion, and surface fatigue.

» Corrosion is due to one or more of the following:
» Moisture ingress 2
» Loss of hermetic contact
» Galvanic comosion
» Crevice comosion
= Pitting corrosion
» Surface oxidation
» Stress comesion and

» Delamination: MEMS may fail due to delamination of
materials. Failure of bond between dissimilar mater:-"-
wafer bonding can also cause delamination in ME/

Other failure mechanisms would wear because it is a mechanical part that is moving which can
result in marginal removal of materials from the solid surface due to this mechanical action.
Another cause for failure could be corrosion which could be due to various reasons including
moisture ingress. The loss of hermetic contract at the package due to galvanic corrosion when
there are more than one matter is present, due to pitting or crevice, surface oxidation or stress-

based corrosion.



In Microsystems, another possible reason for failure is delamination because we deal with
several thin films of different materials and during some of the process steps, we expose these to
extreme environmental conditions which can cause delamination of the layer.

(Refer Slide Time: 43:01)

Failure Mechanisms in Packaged Microsystems

» Dampening:
» MEMS devices may have mechanical parts whose resonant frequency is critical
1o their operation

» Dampening is caused by many variables including atmosphenc gases
» Good sealing is therefore critical for MEMS devices. MEMS with moving parts

are therefore more susceptible to environmental failure than other packaged
systams

» Mechanical failure: The changes in elastic properties of materials due
to exposure to the atmosphere or temperature may affect the resonant
and damping characteristics of MEMS structures such as a beam and
will a change of the device performance.

¥ —

In packaged Microsystems, dampening is one of the issues for failure. For such a severe use of
these mechanical parts, it can create issues. So, various mechanical failures can affect the
performance of packaged Microsystems.

(Refer Slide Time: 43:28)

Fatigue

» The effect of continuous or cyclic variation of loading characteristics,
even if the load is below a threshold, causes fatigue in a structure and
it may fail.

» Such cyclic loading causes the formation of microcracks which
weakens the material over time and creates localized deformations.
The duration it takes for a structure to ultimately fail depends on
various factors including material properties, geometry and variations
in load characteristics.

= Itis believed that in MEMS, for example, structures made of Polysilicon
formed by deposition techniques, such as chemical vapor deposition,
have rough surfaces that result from the plasma etching used in the
final stages of MEMS processing. Under compressive loading, these
surfaces come into contact, and their wedging action prgduces micro
cracks that grow during subsequent tension and com on cycles.
This fatigue strength is strongly influenced by the rati mpression
to tension stresses experienced during each cycle.

4
.

Fatigue is another long term contributor for the failure of Microsystems. Due to cyclic loading,

micro-cracks may form on these microstructures which essentially aggravate over a period of



time and cause ultimately failure of this part. Many structures in Microsystems are made of

polysilicon which are made by deposition of thin films.

These have rough surfaces and caused by etching and other process steps and when these are
subjected to compressive loading, there could wedging action which could produce this micro
contacts and that can affect the characteristics of the structures.

(Refer Slide Time: 44:36)

LTCC Microsystems examples

» Because of the low firing temperature of about 850°C, it is possible to
use the low resistive materials silver and gold instead of molybdenum
and tungsten (which have to be used in conjunction with the normal
ceramic materials).

» Recently this technology is being applied for the fabrication of
Microsystems eg Anemometric flow meter, micro reactor

Schirmer et al. 3D-microfluidic reactor in LTC

It is also worthwhile to look at some of the alternate approaches for packaging Microsystems. In
another context we talked about self-packaged Microsystems using LTCC. The examples that we
have discussed include an Anemometric flowmeter which is completely integrated by this
multilayer low-temperature co-fired ceramic approach. As you see here it is also possible to
prove non electrical interfaces to micro reactors and the like by the LTCC approach.

(Refer Slide Time: 45:43)



Hybrid Structures with PDMS

» Cartridge consists of a PDMS part, a glass cover, and a
silicon sensing die mounted on a printed circuit board.

= The PDMS part forms the fluidic channels, interconnect ports, septa
and two cell chambers over the active sensing areas

» The silicon die contains microelectrodes for extracellular AP
measurements, a temperature control system, and signal buffering and
multiplexing circuits

LIE = ™ owd i prent el
[IE— Do wu veptinn (e b

The glass cover seals the chambers
and allows the additional use of
microscopy to monitor the cells if
desired.

Electrical and fluidic connections are
made simultaneously as needles pierce
septa on the cartridge, when it is
plugged into a ZIF socket.

BD DeBusschere, 6 T A Koocs / Biosensors & Bioelectronics 16 (2001) 543-586

We have also talked about PDMS-based hybrid structures which are also self packaged systems.
So, the PDMS-based open cavity is created with which will be attached to the electronics on a
harder surface and could be used as cartridges for biological senses. So, as you see these self
packaged approaches do not necessarily follow the Microsystem-based approaches and hence are
designed completely have been issued.

(Refer Slide Time: 46:35)

A MEMS device with package is not micro-sized!
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Coming back to Microsystem packages that are more general purpose, there are pressure sensor

& Ananthasuresh

packages which would consist essentially of a mechanical metal enclosure with electrical lead
frames which could be used for electrical interconnects and pressure ports which I have

discussed previously. But an interesting thing to note at this stage is that the chip is small but the



packaged system is fairly large.

To some extent, this is caused by the complexities involved in the packaging itself, but the key to
remember is that the packaged Microsystem is not at all micro-sized.
(Refer Slide Time: 47:37)

Hand-held blood analyzer

With a few drops of
blood, under a minute it
gives blood analysis:

gases, chemistry, cardiac L -
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There are various other biosensors based on microfabrication approaches which would make use
of these chips made of small parts but ultimately, the system by itself is relatively big.
(Refer Slide Time: 48:00)

I-STAT cartridge
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If you look at the cartridge that is going into some of those sensors as you see, the individual

Microsystem parts are relatively small. Yet, the overall system is made to be big.



(Refer Slide Time: 48:22)

If the packaged size is big, why make chips so small?

» Economy associated with scaling, especially large-volume,
batch-production as in IC-chips

» Some micro devices would not work if they are made any bigger
(although most would)

» Scaling down favors some micro devices

» Reduction in weight, power consumed may be important in
some applications

» Most importantly, “distributed arrays"” are possible with
miniature systems
» Tha VLSI analogy

» and “the army of ants lugging a big insect” analogy

2
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So, the natural question that may arise is that why do we struggle so much to build chips that are
so small if the systems are large. We have talked about the reasons for these in some of the
earlier lectures. There are several advantages associated with the large-volume batch-production
in IC chips. The entire cost involved in producing these chips will get shared. There is really no

point in buildings such chips in large area.

But more important to note that some of this micro devices, for example an electrostatic actuated
device will not even work at larger-sized case. So, we essentially make use of the scaling
advantages offered by the microfabrication in building some of those. So, scaling does favour
apart from reducing the weight, the power consumption, etc. that comes naturally in making

things smaller.

But more important than many of these, it is also possible to have a distributed array of
miniaturized systems just as in VLSI for Microsystems. You can think about the analogy of ants
which can possibly carry a large insect. So, when we have this distributed arrays, a lot of things
can be done with these parts.

(Refer Slide Time: 50:24)



Summary: Challenges in Packaging
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To summarise, some of the challenges involved in packaging of Microsystems include the

release etch. If you recall it has associated issue of stiction. So, there are various approaches

currently available to avoid stiction and you know the timing of release etch has to be performed

after dicing and attaching this die onto this package space. So, during dicing, we have issues with

microstructures being fragile and therefore we usually release the die after the dicing.

Die handling also we face some issues because of microstructures because we cannot hold them
any longer with vacuum grips but alternate fixtures are required and can be made for this
purpose. The stress in thin films or outgassing can also cause issues and there are ways of
overcoming some of these by making use of alternative materials.

(Refer Slide Time: 51:53)



Summary: Microsystems Development
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To summarise the development of Microsystems starting from the wafer to a packaged device is
as you see in this flow diagram. We go through a series of deposition and pattern transfer and
etching steps repeated a number of times to home form many Microsystems. In some cases, we
include this additional step of wafer bonding to complete the process of fabricating

Microsystems at the wafer level.

After this, the wafer is diced and these are attached to the package base and when surface micro-
machine parts are involved, these will be released at this stage and will provide all the
interconnects that are required to interface it with this external world.

(Refer Slide Time: 53:05)

Comparison with Conventional Approach

» PCB fabrication line
» Each component (s placed, one at a time | serial production)

» Requires room for positioning (kmits miniatunzation)
= Each component is individually handied (require unnecessary packaging steps)
» Performance may vary board-lo-board (all should be tested)
# InIC manufacturing
» A get of walers are processed together
» Kuliple chips with identical characterisics
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So, all these steps are equally critical in building Microsystems. If you recall, I started with
comparing it with the conventional approaches of building part by part as you do in a conveyor
belt approach. We attach part by part onto a printed circuit board in a conventional approach of
building a system. So, an operator attach one component at a time. Compared to that the silicon
fabrication approach that you saw in the previous slide is a batch approach in which a number of
systems are built on the same wafer and these are integrated together.

(Refer Slide Time: 53:53)

Summary: Microfabrication Technologies

= Primary Objectives
»  Minlaturize
» Bulk produce
» At low cost
= More features than typical ICs (bio-applications, sensors, actuators)

»  Moving componsants

So you can see that the objectives in microfabrication ultimately are to miniaturise these systems
and produce them in large number so that low overall coast for this individual systems. Several
new features could be incorporated by bringing in new materials and new operating principles.
As you have seen compared to integrated circuits, we can bring in moving parts by this

microfabrication approaches.

In many Microsystems, we have this challenge of integrating electronics with the sensors or
actuators and it is possible during the fabrication in some cases or during the packaging in many
other cases. Ultimately what results in miniaturized Microsystems.

(Refer Slide Time: 54:57)



Summary: Microfabrication Technologies

» Primary Objectives
»  Miniaturize
» Bulk produce
» At low cost
» More features than typical ICs (bic-applications, sensors, actuators)
» Moving components
» Secondary Features
» Integration of electronics with sensors & actuators
» Mew possibilities in sensing and actuation due to favorable size scales
» Miniaturized SYSTEMSII

To probe further, I would like to suggest a recently published book on Microsystems which is
authored by speakers of this lecture series. This book is currently available in India and an
international edition is expected to be released in 2011. It has extended introduction of various
sensing and actuation systems that are used in Microsystems. Various microfabrication
technologies, modeling of solids and finite element methods and extended towards coupled

electromechanical systems.

Electronics circuits that could be used in the context of Microsystems and how this could be
integrated with Microsystems and packaged them together to come up with useful systems and
several case studies are included. So, that could be an extension to this lecture series. So, with

that, I wish to thank you for attending to this lecture. Thank you once again.



