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INTRODUCTION

ABSTRACT

The so called advanced sensing capability results from the common exten-
sions of microelectromechanical systems (MEMS), nanoelectromechanical
systems (NEMS) and very large scale integration (VLSI) technologies. This in-
tegration is paving the way for next generation sensors which are smaller,
smarter and more powerful compared to their previous versions. So, in the
coming time, we will see how all these technologies, when brought together,
are becoming a sort of a industry that is disrupting various industries, and at
the same time opening new avenues for innovation. This sensor technology
breakthrough is a MEMS/NEMS based VLSI fusion technology. By combining the
small size and precision of MEMS/NEMS together with the process power and
functionality of a CMOS VLSI circuit, engineers and researchers design sensors
that detect their environment and with very high sensitivity and accuracy.
This is not incremental improvement; this is a paradigm shift, and it is mak-
ing not just the sensing and data collection in this one domain, but many
others. In this article as we go ahead we have a look to some fundamental
principles of MEMS/NEMS technology and how VLSI helps to brings synergy in
the MEMS/NEMS technology and the wide variety of anticipated application
from MEMS/NEMS technology. They have profound and pervasive impact from
healthcare to environmental monitoring, from automotive systems to con-
sumer electronics.
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nanoelectromechanical systems (NEMS). These were

We will also highlight challenges and opportunities in
this field and how the multidisciplinary nature of MEMS/
NEMS research and cooperating efforts are needed to
push the boundaries of what can be achieved. You will
emerge with a broad perspective of how MEMS/NEMS
systems can fulfill significant parts in the development
of the sensor technologies of tomorrow and in the
solution of the premier issues of today by the end of
this journey.l'2]

MEMS and NEMS Technologies

At the scale of micrometers and nanometers,
this breakthrough wedding of electrical
engineering and mechanical engineering becomes
microelectromechanical systems (MEMS) or, indeed,

the technologies that closed the circuit between the
digital and the real word and offered the potential
to design and manufacture the sensors and actuators
not only with fantastic precision but entropy as well.
MEMS devices are usually extended to some size below
the 1 micrometer level. Both of their technologies
exploit and expand the ways that those fabrication
techniques developed by the semiconductor industry
can be used to make three dimensional structures that
sense and control their environment. And how it makes
physical use of such (is the difference between MEMS
and NEMS). Many of the MEMS devices have mechanical
deformation or movement, i.e. flexing of a very small
cantilever or vibration of a small membrane. However,
unlike NEMS devices, ultraprecise or ultra sensitive
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Fig. 1: MEMS and NEMS Technologies

Table 1: Materials in MEMS/NEMS
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Fabrication Challenge

Explanation

Consequence

Material Compatibility Issues

Different materials used in MEMS/NEMS
may have mismatched thermal or me-
chanical properties.

Can lead to structural instability and
device failure.

Miniaturization and Precision Limits

Achieving nanometer-scale precision is
difficult with conventional fabrication
tools.

Limits the scalability and performance
of sensors.

Integration with Electronics

Ensuring seamless interfacing between
MEMS/NEMS and CMOS electronics is
technically complex.

Complicates signal transmission and in-
creases noise levels.

High Fabrication Costs

Advanced lithography and cleanroom
processes increase overall costs.

Makes large-scale production economi-
cally challenging.

Surface Effects at Nanoscale

At the nanoscale, surface forces domi-
nate and can lead to stiction or device
failure.

Reduces reliability and lifespan of de-
vices.

detection can be based on quantum effects and
molecular interactions (Figiire 1).B-

Fabrication Techniques

In general, creating MEMS and NEMS devices is a
complicated interaction of a number of different
processes. The following are some of the key techniques.

1. It was previously used to define patterns on the
substrates with the use of the photolithography.

2. Removal of material to create 3D structures on
demand in a selective manner is known as etching.

3. Instead, more than one material gets added to
create this device because you are building the
device up.

28

4. Modification of the substrate to generate moving
parts is known as micromachining.

allow the construction of
highly sophisticated, compact devices by the
integration of mechanical elements, sensors,
actuators and electronics on a common silicon
substrate.¢7]

These processes

Materials in MEMS/NEMS

Silicon is still the principal material for many MEMS/
NEMS devices because of their good mechanical
properties and compatibility with the conventional
semiconductor fabrication processes; however many
other materials are likewise used.
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o Polymers:
devices.

e Metals: and electrical conductivity and specif-
ic mechanical properties

o Ceramics: For applications in the high tem-
perature range and chemical resistance

o Tailored properties and further functionality
on composite materials

For flexible and biocompatible

The requirements of the device such as operating
temperature, mechanical stress, chemical environment
and biocompatibility determine the material (Table 1).t®

Scaling Effects and Challenges

At the micro and nano scales, devices are shrinking,
and as we do so, a large number of physical phenomena
move to the forefront, both positive and negative.

o The only surface forces for which gravitational
forces are small compared to are adhesion and
friction forces

e Quantum effects: whereas, in a nanoscale re-
gime quantum mechanical effects can have
significant influence on the device behaviour.

o They had to find cooling solutions for their de-
vices that became smaller and hotter.

One of the major problems is reliability: to create
a long term stability and performance at such small
scales.

Scaling effects for MEMS/NEMS devices are
understood and must be harnessed for successful design
and implementation of such devices. MEMS and NEMS
technologies will give engineers and researchers the
tools to establish a new class of sensors and actuators
that promises interaction with the world far beyond
the imagination. This is just the tip of the iceberg,
on what will become a new area in the integration
of these technologies with VLSI, to produce more
powerful and versatile sensing systems. 1%

MEMS/NEMS vs. VLSI SYNERGY

The era of sensor development based on the power
of integration of MEMS/NEMS technology with Very
Large Scale Integration (VLSI) circuits is emerging.
This convergence thus will allow complete sensing
solutions to be formulated that consist of physical
interaction capabilities of MEMS/NEMS and processing
power and functionality of VLSI circuits.!""!

Over the Silos
MEMS/NEMS devices are enormously excellent by
interfacing with the (physical) world in the form of

conversion of mechanical, thermal, chemical or
optical phenomena into electrical signals. However,
VLSI circuits can have reaction to those signals,
process it, analyze it, make decisions on the basis of it
and control the output. Using a combination of these
technologies we build systems that can sense their
world, process information about that world, and
respond in realtime. New smart sensors are created by
this seamless integration, allowing them to do things
more complex than just measure.['>4

Advantages of Integration

Challenges in Integration

Nevertheless, some challenges exist in integrating
MEMS/NEMS with VLSI:

1. Different processes can be required in MEMS/NEMS
Fab.

2. Thermal management: VLSI
variations of temperature
structures could be sensitive.

3. MEMS structures are packaged into specialized
packaging for integrated systems, which protect
them from damage in use.

4. However, it can also be complex to assure long
term stability of integrated systems; it is however
also its testing and its reliability.

5. Specialized software is needed for the model and
simulation of the behavior of integrated MEMS-
NEMS-VLSI systems.

circuits produce
to which MEMS

These challenges are solved through synergistic
efforts of MEMS/NEMS and VLS| Experts, Materials
scientists and Packaging Technologists (Table 2).['5-1¢]

New Integration Approaches

There are many efforts of researchers and engineers
to look for novel ways to improve the integration
between MEMS/NEMS and VLSI. Further, they propose
the conceptualization of stacking MEMS structures
on top of VLSI circuits in order to shrink the physical
footprint.

e Monolithic integration: Membrane manufac-
turing of MEMS and VLSI components on a com-
mon substrate

o Heterogeneous integration: Optimize perfor-
mance using best in class materials via best in
class processes

o System-in-package (SiP): Packaging multiple
chips as well as MEMS devices together in a
single package.
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Table 2: Details of key fabrication methods

Fabrication Technique

Functionality

Advantage

Deep Reactive lon Etching (DRIE)

Provides high aspect ratio etching for
complex microstructures.

Enhances structural precision and scal-
ability of MEMS devices.

Atomic Layer Deposition (ALD)

Enables uniform, ultra-thin film deposi-
tion with atomic-level control.

Improves material properties and con-
formal coverage at nanoscale.

Wafer-Level Packaging

Encapsulates devices at wafer scale to
reduce size and improve reliability.

Reduces cost and increases yield in
mass production.

Nanoimprint Lithography

Allows large-area patterning of na-
noscale features with high precision.

Offers low-cost fabrication with mini-
mal distortion.

Monolithic Integration with CMOS

Combines MEMS/NEMS and electronics
on the same substrate for compact sys-

Improves performance and simplifies
system integration.

tems.
I
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Fig. 2: Integration Approaches

In contrast, these approaches are pushing the edge
of what is possible to fabricate in integrated sensor
systems enabling applications not previously dreamed
and enabling increased performance. MEMS/NEMS is
continuing to look at how we can successfully integrate
with VLSI, and this synergy where these continue to drive
innovation in industrial and application spaces. Gain of
ability to create integrated, intelligent sensing system
opens new possibilities of solving complex problems and
improving interaction with the world (Figure 2).1"71°]

Applications of Integrated MEMS/NEMS-
VLSI Sensors

It illustrates the importance of MEMS/NEMS technology
with VLSI technology towards developing these new

applications. These integrated sensor systems are
already ushering in a new era of interaction with
the world, health monitoring, and stimulating of
advanced systems, and will continue to drastically
change the way we live, work, and play. Looking
at some applications of this technology that have a
phenomenological impact.

Biomedical Devices and Healthcare

MEMS/NEMS-VLSI integrated sensors are on their way

to becoming important contributors in healthcare to

deliver more precise diagnostics and more tailored

treatments.

1. Device which can monitor in real time vital signs,
glucose or drug delivery as implantable sensors.
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2. Rapid, point-of care diagnostic integrated systems
called lab-on-a-chip devices.

3. Braincomputer interfaces and prosthetic control
by advanced sensors: neural interfaces

4. Wearable health monitors: Physical activity, and
heart rate trackers, among other smart devices.

However, they are paving the way for more proactive,
and more precise, healthcare, early disease detection
and more aggressive treatment approaches .2

ENVIRONMENTAL MONITORING

Monitors and protect the environment through
integrated sensor:

o Pollutant and particulate matter detectors in
compact form of air quality sensors

o Water quality monitoring: Water supply con-
taminants sensors

e Soil composition and moisture level measuring
integrated systems, soil analysis

e Accurate local weather forecasting using min-
iaturised sensors, i.e. weather station.

The real time data from these sensors helps
with better decisions of resource management and
pollution control.?"

Automotive and Transportation

Integrated MEMS/NEMS-VLSI sensors are used to
improve vehicle safety, efficiency and performance in
the automotive industry.

1. Airbag deployment systems: Rapid crash detec-
tion accelerometers and pressure sensors

2. Real-time tire condition assessment integrated
sensors for tire pressure monitoring

3. Advanced sensors for optimization of fuel
efficiency and emissions control

4. Lane departure warning and adaptive cruise
control: These are bundled together and can
integrate sensor suites as advanced driver
assistance systems (ADAS)

These have important applications for the
development of safer and more efficient vehicles
toward autonomous driving technology.

Consumer Electronics

The consumer electronics of today are ubiquitous with
integrated sensors that continue to improve the user
experience and the device functionality.

o Smartphones: Motion detection like screen
orientation and proximity sensors, accelerom-
eters and gyroscopes.

o Fitness tracking, gesture recognition and
health monitoring devices with integrated
sensors in wearable devices

e Automated climate control & security systems:
environmental sensors like pressure, humidity,
and temperature sensors are needed for it.

Owning to motion sensors used
experiences, gaming controllers.

An integration of MEMS/NEMS with VLSI has
enabled consumer futures with a much more intuitive
and responsive user interface.

in gaming

Industrial and Manufacturing
Integrated sensors are improving safety, efficiency and
quality control at industrial operations.

1. Predictive maintenance: Vibration and
Temperature sensors for early detection equipment
failure

2. Sensor systems for monitoring and optimizing
manufacturing processes: Process control.

3. Building and infrastructure integrity assessment
with embedded sensors is referred to as structural
health monitoring.

4. Robotics: Improved robot perception
interaction via advanced sensor suites

and

These applications are driving the development
of smarter, more efficient factories and industrial
processes (Figure 3).

Aerospace and Defense

Integrated sensor technologies are being used by
aerospace and defense sectors to perform better and
more securely.

e Inertial navigation systems: Applications for
high precision accelerometers and gyroscopes
for aircraft and missile guidance

o Structural monitoring: Assessment of the
health of aircraft components from integrated
sensors

e Advanced chemical and biological sensors - for
Security applications: threat detection.

o Communication systems: RF MEMS devices
for wireless communication in harsh environ-
ments.

Lastly, we demonstrate the essentiality of the

integrated sensors to the safety and effectiveness of
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Fig. 3: Industrial and Manufacturing

such systems in the applications in the aerospace and
defense area.

As MEMS/NEMS and VLSI push further and further
toward an intersection, so shall more and more
innovative applications of such technology transpire
in a variety of industries. The ability to create very
sensitive, intelligent, and compact sensor systems has
opened new problem solving opportunities. 222

FuTturRe DIRECTIONS AND CHALLENGES

The field of integrated MEMS/NEMS-VLSI sensors is
maturing and researchers and engineers encounter
a number of challenges, which must be overcome,
in order to fully recognize the advantages of such a
technology. Although, these challenges also bring
about the possibility of innovation and progress.
We explore some of the main challenges and future
directions in this exciting area.

Energy and Power Management
The energy efficiency is becoming increasingly critical
as sensors become ubiquitous.

1. Low-power design: Minimizing energy consump-
tion of developing circuits and systems

2. Operation of energy harvesting:
technologies to harvest power
environment

3. Smart power management: Intelligent algorithm
for the power consumption optimization

4. However, battery technologies: Recently, micro-
batteries, in particular; have been developing as

Integrating
from the

long lasting power sources to be integrated with
devices, however, have not reached this goal yet.

The future integrated sensors will generally
progress to self powered sensors that can be run
unpowered for long period.

Materials and Fabrication Processes
Materials and fabrication innovations are needed to
advance MEMS/NEMS-VLSI integration. New materials
with improved properties for a given application,
3D printing at the micro scale, i.e. MEMS/NEMS 3D
printing. Methods of heterogeneous integration used
to improve. Sensors suitable for long term use on bio
compatible materials implantation in human body. The
development of materials and process will be carried
out in future research to enable more versatile and
robust integrated device.

Reliability and Longevity

Many applications require long term reliability of
integrated sensors. Mechanical degradation in MEMS
structures: understanding and mitigation, Fatigue and
wear Sensors that can stand the abuse, environmentally
resilient.

Artificial Intelligence and Data
Processing Integration

In the face of ever growing amounts of data generated
by sensors, it becomes necessary to process and
analyse. Efficient algorithms for the development
of on device data processing. Machine learning
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Fig. 4: Artificial Intelligence and Data
Processing Integration

integration: Putting Al capabilities into sensor systems
itself. Data fusion - Having the ability to see data on
other sensors to process and more accurately develop
a picture of what is really going on. Furthermore,
there has to provide protection of sensitive sensor
data and privacy. The future of integrated sensors will
be based on the ground the past built and being more
synergistic between Al and machine learning to result
in more intelligent and adaptive sensing systems
(Figure 4).[26-27]

Interoperability

The standardization is more and more important as the
field of integrated sensors becomes larger. Universal
standards used to distribute sensor data. Integration
with other systems: Because it can also be integrated
easily into other systems, standardized interfaces are
implemented. Industries: Bend industry standard for
evaluating the sensor performance. To enable low
cost open source hardware and software for quick
innovation. Therefore, integrated sensor systems will
be easily adopted to provide interoperability.

Ethical and Societal implications
The implication has been the widespread deployment of
advanced sensor systems and this raises many important
ethical issues. Privacy issues: Imagined with widespread
sensing and data collecting. Benefits: Accelerating the
transfer of the benefits of advanced sensor technology
to all countries. Life cycle and sustainability of sensor
systems is included in the environmental impact.
Regulatory frameworks. Guidelines for use of advanced
sensing technology development. 8!

Future research and development in this field will
need to take into consideration ethical and societal

implications for an innovation to happen responsible.
To overcome the above listed challenges, in order to
enable future MEMS(NEMS)/VLSI sensor systems, we
believe that future success will include increased
interdisciplinary collaboration and radical thinking.
If we can solve these problems, this technology’s
potential will be realized, allowing us sensors smaller,
simpler, smarter, more efficient and able to be used
to innovate in many ways in our lives and subjects.?

There are exciting doable devices in the field’s path
forward, including, self propelled, Al enabled sensors
that can operate in remote areas independently and
ultra sensitive devices that can detect diseases at
the molecular level. As we continue to expand on
integrations and what is possible within integrated
systems, we will not only continue to receive far
reaching revolutions in technology and how we
interact with, but also changes in culture. Of course,
as we know, the MEMS/NEMS VLSI sensors field is not in
the clear of problems. But a fundamental challenge, if
we can scale, if we can be energy efficient, if we work
with materials science, if it’s reliable and if we can
process this data. These challenges can be addressed
by design, fabrication, and integration in an innovative
manner through interdisciplinary collaboration.!-32

This field is bright, and we will see a lot more
advances in this field because technologies keep
getting smaller, wanting to increase performance
and wanting to increase functionality. The promise
of combining artificial intelligence (Al) and machine
learning (ML) capabilities integrated within sensor
systems that enable the sensors to ‘learn’ in the
field is particularly poignant. However, these are
technologies that change intermittently, and we
ought to consistently discuss other aspects when we
are deploying these technologies. Potential ethical,
privacy and societal issues pertaining to pervasive
sensing technologies need to be well addressed to gain
widespread acceptance of sensing technologies.

In the end, MEMS/NEMS technology collaboration
with VLSI has dramatically changed our outlook for
sensing and data collection, enabling new possibilities
for invention in many areas. As we continue to push the
boundaries of what is possible with these integrated
sensor systems, we can expect the advances towards
a future in which we can sense and understand and
interact through the world around us in ways we can
only now begin to imagine to continue. However, the
road ahead in this field, which has plenty of potential
in terms of what can go on with it, will bring along lots
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of momentum that will almost certainly leave its mark
on a technology landscape of tomorrow.

CoNCLUSION

MEMS/NEMS technology integration with VLSI is a
major step in sensor technology. We are now at a time
where this convergence is leading to the possibility of
building extremely sophisticated microscopic devices
that can become integrated and interact with the
physical world in ways that have never been imagined
before. As we understand from this article, we have
seen that these integrated sensors can be applied to
such a variety of industries ranging from healthcare
to environmental monitoring, to automotive system
to consumer electronics, and there are many chances
that these sensors can be used in almost every field of
our lives. This synergy of saving MEMS/NEMS with VLSI
has enabled smart sensors of sensing some physical
phenomenons and processing and analyzing them
real time. It is driving innovation in all areas through
further efficient, accurate and responsive systems
better equipped to manage the not always simple and
often networked environment of today.
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