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1. INTRODUCTION
Microelectromechanical systems (MEMS) are offsprings

of complementry metal oxide semiconductors (CMOS)
technology that has transformed the world in the last three
decades. Most of MEMS today are fabricated in the same
way as the silicon integrated circuits. Thus, it is natural that
the idea of CMOS-MEMS integration is a strong driving
factor towards the development of MEMS and their applications
in various fields. Ever since silicon is established as an
excellent mechanical material1 in addition to its fascinating
electronic properties, and the silicon technology becoming
the clear winner in the microelectronics industry, attempts
were made to fabricate silicon MEMS and silicon IC circuits
on the same silicon chip since the late 1970�s and early
1980�s by several groups, both in Universities and the industries2-4.
However, the spectacular growth rate of silicon VLSI technology,
chasing Moore�s law for implementation of digital
communication and computation systems far outpaced the
growth rate of MEMS technology of analogue systems
over the last two decades and the gap has become prominent
in the field of CMOS-MEMS integration. The realisation
of the tremendous importance of CMOS-MEMS integrated
systems for biomedical applications and RF wireless applications
has however recently provided a tremendous fillip to develop
the CMOS-MEMS integration5-6. Particularly, the use of
MEMSs as important components and subsystems in RF
circuits has led to a new dimension in CMOS-MEMS integration7.
Further, with the scaling down of silicon VLSI technology
to nanodevices (<100 nm), nanoelectromechanical systems
(NEMS) have also become important for integration8.

Major challenges for large-scale option of CMOS-
MEMS integrated systems lie in both technology of fabrication

and CAD design tools. Although MEMSs are essentially
byproducts of SIC technology, there are some materials
and processing steps normally employed for MEMS fabrication
which are not readily acceptable or compatible to modern
IC industry9-14. Also, the CAD tools for design, simulation
and testing of VLSI circuits have developed enormously
while their interfacing with MEMS are not so well developed.
CAD tools for co-design of MEMS and CMOS integrated
systems need to be developed further15.

2. INTEGRATED CMOS-MEMS SENSORS
A number of integrated CMOS-MEMS sensors have

been fabricated and marketed by different organisation.
Brief descriptions of salient features of three different
types of integrated sensors, viz., mechanical sensors, chemical
sensors and biochemical sensors, that have been reported
earlier, are presented.

2.1 Mechanical Sensors
Two well known MEMS-based mechanical sensors,

are pressure sensors and inertial sensors. The CMOS integration
of both these types of sensors has been realised
successfully14,15.

2.1.1 Pressure Sensors
Integrated pressure sensors merge a pressure sensor

with a signal-processing unit. First such microsystem was
reported by Borkey and Wise16 as early as 1974 using
bipolar technology for signal conditioning circuit.

The output from a conventional full-bridge piezoresistive
MEMS pressure sensor was amplified by a temperature
compensated low noise differential amplifier which was
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then rectified and filtered to drive a voltage-controlled
oscillator whose frequency was modulated by the control
voltage generated as a function of the applied pressure.
The fabrication technology employed basic CMOS process
technology (~1.2 m technology) for both signal processing
unit and MEMS pressure sensor unit on the same silicon
chip. A simpler version of the integrated MEMS pressure
sensor microsystem has been recently reported in India17,
where polycrystalline silicon piezoresistive pressure sensors
and electronics with SOI substrate have been deployed.
In the early 1990s, digital interface circuits and digital
compensation and calibration techniques were developed18.
Infineon Technologies manufactured and marketed
monolithically integrated surface micromachined capacitive
pressure sensor with digital readout and programming
interface19 which has become a platform technology for
other integrated pressure sensors. Recently, Wise and
Lemmorhirt20 reported chip-scale integration of data-gathering,
microsystems for sensing and storing environmental biological
and medical data. A 0.15cm3 multisensor microsystem was
formed using onboard pressure/temperature/humidity sensors,
a custom-sensor interface chip, a mixed signal microcontroller
and a nonvolatile memory.

2.1.2  Accelerometer
Another important example of mechanical sensor

integration with CMOS circuit is the integrated inertial
sensor (specifically accelerometer) developed for airbag
deployment for automobiles. Military applications of integrated
inertial systems include navigation and guidance of platforms,
impact detection for missiles. MEMS inertial sensors are
being employed increasingly in cell phones with GPS for
promoting aggressively new markets for navigation. Merging
inertial sensor structure with electronics on the same chip
is desirable for reducing parasitic loading, leading to the
use of smaller structures.

For most applications (e.g., airbag in automobiles),
the bandwidth of accleration is from dc to 400 Hz. Several
physical principles have been exploited for sensing proof
mass displacement including piezoresistive, capacitive,
and piezoelectric methods. However, most integrated inertial
sensor employ capacitive sensing as it provides the best
displacement resolution with virtually no power dissipation
in the transducer element21. Both vertical and lateral type
parallel-plate capacitors arrangement have been used. The
lateral (side wall) capacitors are usually formed from
interdigitated beam fingers, called comb to increase the
capacitance in a given layout area.

Analog Device Inc has brought out a family of
polysilicon integrated inertial sensors22 the first one
being XL50. The MEMS transducence and simplified
block diagram of CMOS signal conditioning unit of
AD XL50 is shown in Figs 1(a) and 1(b). XL50 is a
successful product and has gone into many applications
including more than one million car crash-detection
sensors for air bag deployment.

Electroplating of metallic microstructures as structural
layer on CMOS-processed wafers in another way of
fabricating integrated accelerometers 23. Metallic MEMS
can be fabricated on post-CMOS-processed wafer at a
low temperature (£ 120 °C), and hence, does not adversely
affect the CMOS circuit performance.

Bulk silicon piezoresistive accelerometers with full
on-chip electronics based on commercial 3 mm CMOS process
was reported by Fraunhofer Institute in 199224. A standard
CMOS compatible n-on-p  epi-wafer was used and
electrochemical etch stop technique was employed for
backside etching by KOH. Definition of the sensor on
the front side was embedded within the CMOS process
prior to contact etch and aluminium metallisation. A
second metal layer of electroplated gold was deposited
above the CMOS passivation to provide electrical contact
to the p-n junction during the electrochemical etch. The
piezoresistors made from the p-well layer were arranged
in a wheatstone bridge-driven by 5V. In India, MEMS
accelerometer for space applications has been developed
by Indian Institute of Technology, Kharagpur using silicon
bulk micromachining technology25.

2.2 Chemical Sensors
Chemical sensors usually consist of a sensitive layer

which undergoes changes in conductance or potential
through charge transfer resulting into an electrical signal

Figure 1. (a) SEM of AD XL 50 accelerometer, and (b) schematic
of the circuit.
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that is a measure of the presence and concentration of
the test chemical. CMOS technology to chemical sensors
is being employed increasingly, not only for achieving
miniaturisation but also reducing the power dissipation
and improving the signal-to-noise ratio and the sensor
response characteristics. In particular, MEMS-based
microheaters along with the associated electronics (smart
sensors) are being widely used for gas sensors26-27. The
influx of parasitic capacitances and cross-talk effects in
smart chemical sensors can be reduced significantly by
on-chip electronics and also on-chip analog-to-digital
conversion helps generate stable sensor output. However,
the use of CMOS-MEMS integrated approach impose some
restriction on the selection of materials and processes
that can be used for the fabrication of MEMS-based chemical
sensors and the associated CMOS-based electronics.

Metal oxide (like SnO
2
, ZnO)-based gas sensors are

used in various fields, like domestic environmental and
industrial. Conventional metal oxide gas sensors, which
are mostly aluminia substrate-based, are commonly used
for sensing inflammable hydrocarbon gases28 (like CH

4
)

and other toxic gas29 (like CO). However, these suffer from
the two principal limitations, viz., (a) their relatively high
operating temperature30 (³ 300 °C) and (b) large power
dissipation31 (0.5-1 W). Both these features are unacceptable
for continuous gas monitoring in many environmental scenario,
such as underground coal mines. Considerable improvement
in the design and characterisation of metal oxide gas sensors
are essential for such applications. CMOS or CMOS-MEMS
technology has been presently employed in sensor technology
for miniaturization of the devices, low power consumption,
faster sensor response, batch fabrication at industrial standards,
low cost and greater sensitivity32. The outputs of the gas
sensors need to be conditioned properly for different
applications such as environmental monitoring and other
industrial applications33. Integrated with circuitry for
amplification multiplexing, spike detection and the wireless
transmission of power and bi-directional data, they are
sparking a revolution in environmental monitoring and are
facilitating on-chip future sensor devices to combat several
environmental disorders like underground coalmining
explosions34. Due to the lack of selectivity and separability
of most common chemical sensors, the use of sensor arrays
in combination with artificial neural network (ANN) signal
processing is widely used35-36. Graf37, et al. published
some reports where MEMS-based gas sensor and necessary
signal processing circuits were on the same chip. They
used log convertor circuits for linearising the output voltage
wrt gas concentration.

Microhotplates integrated with CMOS circuits have
been reported in the last few years38-40. The integration
of heated structures with CMOS technology is particularly
challenging since operating temperatures of 250-600 °C
exceed the temperature of common integrated circuits.
The chemically sensitive material is to be deposited on
micro hotplate, which is a membrane structure micromachined
in silicon to host the desired heater, temperature sensor

and contact electrodes for the sensitive layer, but thermally
well isolated from the rest of the silicon chip. Figure 2
shows schematically such a structure. Recently, a low
cost alternative of using nickel as the heating element
in a membrane of a microhotplate has been reported41.

A mixed signal ASIC integrated with gas sensor42

MEMS has been reported  as shown in Fig. 2(b) and the
micrograph of the integrated MEMS-CMOS gas sensor 43

chip is shown in Fig. 3. Fabrication is usually done by
post-CMOS steps which include deposition and patterning
of metal electrodes and oxides by various techniques including
thermal evaporation, sputtering, sol-gel process etc.
Fabrication of methane gas sensors with nano ZnO as the
sensitive layer has been recently reported44 by Jadavpur
University.  An important issue in gas sensing is cross-
sensitivity. Metal oxide semiconductors are sensitive to
a number of reducing gases like methane, CO, N

2
O, hydrogen,

etc. One method to modify the selectivity pattern of the
gas response is to include surface doping of the metal
oxide with catalytic metals such as Pt, Pd, gold as iridium,
etc.47-49. Another approach is to vary the operating temperature

Figure 2. (a) Cross-sectional view of the gas sensor with nickel
as the heating element, and (b) layout of the ASIC
chip.
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of the sensitive layer by a temperature programmer and
extract the information from the response pattern characteristics
through suitable ANN a pattern recognition algorithm
embedded in the microchip CMOS circuit. Some work in
this direction is being pursued at Jadavpur University45

2.3 CMOS-based Biosensors
Integrated biomedical sensors to measure blood pressure

have been demonstrated by Wise46, et al. Due to the
immense importance of measuring body parameters invasively,
such integrated biomedical sensors and sensor arrays
for multiparametric analysis are also being developed
by other researchers47. Impedance sensor systems to
characterise the properties of human blood are being
used to enable the in vivo detection of viscosity, indicating
the thrombosis risks. The systems can be used in vivo,
to monitor the condition of patients and in vitro to monitor
the effects of specific medicines48.

Recently, the integrated CMOS-MEMS approach has
extended into the biochemical sensor domain resulting in
the integration of numerous biochemical sensors with the
dedicated circuitry for signal amplification, filtering and
multiplexing. Such miniaturisation leads to numerous
advantages like improved sensitivity, short sample-to-answer
times, low energy, and portability.

However, the major challenge exists in packaging of
these sensors and also in the chip layout and processing
steps since fluidic functionality, electrical interconnects,
and microchip protection have to be provided simultaneously.

Some of the developed integrated biochemical systems
are being discussed in this section.

The amperometric glucose sensor represents the most
successful commercial biochemical sensor to date49. For
amperometric measurements, a potentiostatic amplifier setup
is integrated on the chip and a control loop with temperature
sensor, amplifier and heater is provided for hip thermostating.

The i-STAT Portable Clinical Analyzer (PCA) is a
state-of-the-art commercially available biosensing systems
for point-of-care diagnostics50 as shown in Fig. 4.The

system consists of two main parts: a disposable, injection
molded analysis cartridge and a portable battery � operated
instrument. An array of electrochemical solid-state biosensors
is integrated in this polymer cartridge which allows sample
handling and metering and which contains a reservoir for
calibration solutions. To perform the measurement, the
sample is injected into the inlet port of the cartridge,
which is then inserted into the base instrument. In the
main unit the standard solution is pumped into the

measurement chamber with the biosensors to run a calibration
setup. Subsequently the chamber is filled with the patient�s
sample and the assay is performed. Depending on the
applications, different analysis cartridges are available
to cover a wide range of diagnostic demands with a
single instrument. Typical parameters of interest are
sodium, potassium, chloride, urea, glucose or lactate.

A hybrid sensor system has been recently developed
for the monitoring of in vitro cultured cells comprising
of a CMOS signal conditioning chip and a sensor chip
with 12-ISFETs, two temperature sensors, and one
conductivity sensor51.The most evolved electrochemical
biosensing system has been recently developed by Theeves52,
et al. for a potentiometric DNA detection technique.
The device features 128 interdigitated microelectrode
pairs and the sensing principle is based on redox cycling
which produces an electric current between two interdigitated
electrodes if a matching analyte molecule has been captured.

3. RF MEMS IN CMOS CIRCUIT
CMOS RF and wireless sensors have become a catchword

at present, implying the tremendous importance of RF
wireless applications in mobile communication and networking.
Modern RF communication circuits involve general CMOS
RF circuits comprising of low noise amplifiers, oscillators,

Figure 3. MEMS-CMOS gas sensor chip.
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and advanced CMOS RF integrated circuits like voltage-
controlled oscillators, phase lock loops, frequency
synthesisers, and power amplifiers architectures53. In
all these advanced circuits MEMS are frequently used
as essential  components to achieve the desired
performance54-56. In this aspect, monolithic CMOS-MEMS
integration in RF wireless circuits is an organic integration
rather than union of two distinctly different subsets,
as discussed in earlier sections.

The MEMSs have been increasingly used for a variely
of RF applications like switches, voltage tunable capacitors,
high�Q indicators and a variety of resonators and filters
in the electrical and mechanical domains57.

3.1 RF MEMS Switches
In a single band transceiver, an RF switch is needed

for switching between the transmit and receive paths. If
multiple antennas are needed for diversity, an RF switch
is also needed to select between the antennas. In phased
array antennas, RF signal routing in phase shifter is implemented
by a sequence of RF switches. The spectacular performance
of RF MEMS switch in comparison to that of the more
conventional PIN diodes and GaAs FET regarding insertion
loss and isolation, return loss in both up (off) and down
(on) status and extremely low standby power dissipation
have made the use of RF MEMS switch  common and
attractive in RF wireless applications58

The integration of MEMS switch with electronics involves
the use of coplanar waveguids on silicon/GaAs substrate,
aluminium or gold membranes and actuation voltage ranging
from 30-110 V requesting a dedicated dc. current for the
purpose. Commercial integration of a MEMS switch with
a CMOS control IC in a single package has been demonstrated
by Motorola59, having an insertion loss under 0.4 dB and
isolation > � 45 dB. The package includes a high voltage
charge pump and control logic chips to accommodate the
low voltage requirements in portable wireless applications.
ST Microelectronics and CEA-SETI developed thermally-
actuated switch for achieving CMOS compatibility with
standard ST Bi CMOS process60. The switch was operated
for more than one billion cycles. RF MEMS switches are
generally fabricated using low temperature processes
and are therefore compatible with post-CMOS integration.
A capacitive shunt switch implemented on a coplanar
waveguide using Al layer of CMOS process for the fabrication
of suspended Al bridge formed by depositing Al on the
top of a sacrificial photoresist which is later etched
away by O

2
 plasma. High permitivity dielectric (Ta

2
O

3
)

has been used for the on-state of the switch61. A new
design of RF MEMS switch using TiO

2
 as high K dielectric

compatible to IC processing has been recently developed
indigenously62. Fabrication of RM MEMS switch on GaAs
substrate has also been recently reported in India63.

3.2 Tunable Capacitors
The RF tunable capacitors are widely used in VCOS,

tunable filters, matching networks, etc. Traditionally tunable

capacitors are implemented by varying bias voltage across
p-n junction diodes and MOS devices which include
high series resistance (low-Q) and high parasitic capacitance
limiting the tuning range. MEMS tunable capacitors are
made of two paallel plates whose value charges by varying
the gap or the overlap area between the plates64,65. The
method of gap variation is limited by the pull-in voltage
which occurs when the displacement is one-third of the
gap limiting the tenability range to 1.5:1.0. To widen the
tuning range comb type structure of interdigited electrodes
are used68. Another approach is to use independent capacitor
and tuning voltage electrode similar to the switched capacitor
structure66.

3.3 MEMS Inductors
For most wireless applications, inductors in the range

of 0.5-10.0 nH with Q > 10 and a self-resonance frequency
> 10 GHz are desirable. The lower inductance values can
be realised with straight interconnects while higher inductance
values need spiral layout topologies, leading to high resistance,
parasitic capacitance, and low-Q for which MEMS inductors
are designed. MEMS technology has been used to improve
inductor performance in CMOS substrates. Bulk micromachining
of front side is used to etch out the substrate under the
spiral inductor to improve Q in suspended inductor. It has
also less capacitive coupling to the substrate. This improves
both Q and self-resonance frequency. Copper electroplating
for creating suspended copper inductor has been
demonstrated67 leading to further improvement in Q. Another
approach to MEMS inductor is to deposit coppers a Aluminium
on thick isolating polyamide separator layer and then stripping
out polyamide to distance the suspended inductor from
the substrate68.

3.4 CMOS Integration of RF MEMS
CMOS integration of RF MEMS components mentioned

above has been carried out for several circuits which
include VCOs, mixer filters, etc.72-73. A hybrid implementation
of VCO using test board CMOS circuit with Al micromachined
capacitors for frequency tuning was reported by U.C. Berkley.
A capacitor tuning of 16 per cent, range leads to frequency
tuning of 14 MHz on 714 MHz carrier with a phase noise
of 107 dBc/Hz at 100 KHz offset. Al capacitor could be
fabricated on CMOS wafer with a maximum processing
temperature of 150 °C making it CMOS-compatible.

A fully integrated VCO with on-chip MEMS inductors
and MEMS capacitors for an RF circuit was first reported
in 2003 using the post-CMOS micromachined capacitor
and inductor74. A VCO for use in a dual-frequency hopped
receiver configuration to be used for portable application
was designed and fabricated.

The RF MEMS applications are aimed at providing
miniaturised RF components in the IC in place of bulk
or undesirable components available from other technologies
as opposed to the common use of MEMS as sensors in
other integrated circuits. Also in RFIC hybrid integration
of MEMS with CMOS, RF chip is not very desirable owing
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to the presence of unavoidable parasitic of multichip systems
in RF circuits. Thus the potential of RF MEMS as RF
components as well as the RFIC CMOS monolithic circuit
integrating of RF MEMS components is very high and
demands much more intensive research to overcome the
existing limitations.

4. CHALLENGES OF CMOS MEMS INTEGRATION
Realisation of CMOS MEMS integrated structures

pose a number of challenges wrt the fabrication issues
and design issues. In this Section, both these issues are
highlighted.

4.1 Fabrication Challenges
The overall process sequence in a CMOS-MEMS integrated

process flow is primarily dictated by the chosen CMOS
technology. In general, only minimal adaptations can be
made for integration of MEMS not to compromise the
performance of the CMOS circuits. Thus, there are some
basic challenges, which have to be overcome for the successful
integration of MEMS components with CMOS circuits.

For fabrication of bulk micromachined structures by
wet anisotropic etching, the starting material of the wafer
must be considered carefully. Modern CMOS processes
often use epitaxial wafers with weakly doped p layer on
heavily doped p layer as the starting material primarily
to avoid latch up problem. If the substrate p type doping
is above 1019 atoms/cc, then the silicon etch rates in common
anisotropic etchants is drastically reduced which is a problem
to realize bulk micromachined structures. Thus epi wafers
with reduced substrate wafer doping (< 5 x 1018atoms/cc)
is recommended for CMOS-MEMS integration18.

Another major issue in fabrication of CMOS-MEMS
integrated structure is the relatively high interstitial oxygen
concentration in the wafer starting material required for
internal gettering in the CMOS process. With an interstitial
oxygen concentration larger than its solid solubility, the
oxygen precipitates during annealing steps in the form of
oxide particles. This oxygen precipitation deteriorate the
quality of etched cavities resulting in uneven <111> sidewalls
yielding membranes with poor geometric definition. A reduction
of the interstitial oxygen concentration in the starting
wafer material from 8 x 1017 atoms/cc to approximately
6 x 1017atoms/cc is desirable for CMOS-MEMS integration73,74.

Any additional high temperature process step performed
during or after the regular CMOS process sequence for
fabrication of MEMS structures have to be considered
carefully. The high temperature steps critically influence
the various doping profiles and the resulting device
characteristics. To address the above challenges, the
integration of micromachining processes with the CMOS
technology is accomplished in different ways- pre-CMOS,
intra-CMOS and post-CMOS micromachining or a suitable
combination of these.

4.1.1 Pre-CMOS Micromachining
Pre-CMOS micromachining involves the fabrication

of MEMS structures before the CMOS process. This method
avoids the conflict in maintaining the thermal budget required
in the CMOS circuit. Such methods are typically employed
in surface micromachined structures where thick polysilicon
microstructures requiring stress relief anneals up to 1100 °C
can be co-integrated with CMOS. Normally, the MEMS structures
are buried and sealed during the initial process module.
After the wafer surface is planarised, the pre-processed
wafers with embedded MEMS structures are used as starting
material for the subsequent CMOS process. The major challenges
in this process are the surface planarisation steps and the
interconnections between the MEMS and circuitry areas75.

The MEMS technology developed at Sandia National
Laboratories was one of the first demonstrations of the
pre-CMOS micromachining concept. In this approach, the
multilayer polysilicon microstructure was built in a trench
which had been etched into the bulk silicon using an
anisotropic wet silicon etchant. After formation of the
polysilicon microstructures, the trench was refilled with
LPCVD oxide and planarised with a CMP step. Subsequently,
the wafers with embedded microstructures were used as
starting material in unmodified CMOS process fabricating
CMOS circuitry adjacent to MEMS structure. CMOS
metallisation was used to interconnect circuitry and MEMS
areas. The backend of the process requires additional
masks to open the protective silicon nitride cover over
the MEMS areas for the release of the polysilicon structures
by silicon oxide sacrificial etching76.

4.1.2 Intra-CMOS Micromachining
Intermediate micromachining is most commonly used

by industries to integrate polysilicon microstructures and
bulk micromachined structures in CMOS process technologies.
Bulk micromachining using wet anisotropic silicon etchants
in combination with p++ etch stop techniques have been
used by Wise and his group for fabrication of pressure
sensors77. The highly p-doped regions are diffused into the
silicon substrate wafer after the CMOS p-well implantation.
The p well implant dose has to be modified from the baseline
CMOS process to account for the additional p well oxidation
and boron segregation into the masking oxide in the merged
process78. The p-well drive-in was accomplished with the
p++ diffusion. The p++ regions define the lateral dimensions
of dielectric membranes by providing a non-etched p++ rim
around these and the thickness of silicon microstructures,
e.g., membranes for pressure sensors. The microstructures
released after completion of the CMOS process sequence
with the p++ regions providing an intrinsic etch stop.

A surface micromachined pressure sensor device has
been realised using intra-CMOS process79. In this structure,
the thickness of the structural polysilicon �2 layer is
400 nm which is used as capacitors in BiCMOS process.
The underlying filed oxide serves as a sacrificial layer. This
sacrificial layer is isotropically etched to form the cavity
of the device. The doped polysilicon diaphragm behaves
similarly to a moveable and rigid plate electrode of a
capacitor.



SAHA & ROY CHAUDHURI: COMPLEMENTARY METAL OXIDE SEMICONDUCTORS-MICROELECTROMECHANICAL SYSTEMS

563Celebrating Sixty Years of Publication

4.1.3 Post-CMOS Micromachining
The greatest advantage of post-CMOS micromachining

approach is that the fabrication of MEMS can be completely
outsourced. But the challenge exists in the stringent thermal
budget in all the process steps following CMOS metallisation.
A maximum process temperature of around 450 °C excludes
high temperature deposition and annealing steps such as
polysilicon deposition in an LPCVD furnace. Also, during
the etching/release step required for micromachined structures,
the CMOS electronics require special protection. Two post-
CMOS micromachining approaches generally used are:
the microstructures are either formed by machining the
CMOS layer themselves or by building the complete
microstructure on top of the CMOS substrate using add-
on layers.

Some of the significant modifications, that need to
be incorporated in the add-on layer approach are, (i) Sufficient
planarity of the underlying CMOS substrate for proper
machining, and (ii)  Modifications to the baseline CMOS
process at the metallisation and passivation level to
accommodate the high temperature modules80,81 like emploting
titanium silicides/titanium nitride for silicide contacts and
LPCVD phiosphosilicate glass for passivation.

 In the CMOS layer approach, the microstructures are
released by micromachining the CMOS substrate wafer
itself after the completion of the regular CMOS process
sequence. For this process, the required modifications
and improvements in the CMOS processes are: (i) removal
of the damage from the back side of the wafer for bulk
micromachining, and (ii) choosing suitable etchant like
TMAH to protect the aluminium metallisation82.

4.2 Design Challenges
Conventional design approach for CMOS circuits is

essentially a three-step process: simulation and verification
of the design concepts followed by layout and design rule
check, and ultimately extraction of schematic from layout
for layout versus schematic check. To carry out the above
steps based on a particular CMOS process, the CMOS
foundries supply process-specific design kits including
design rules, process specifications, transistor-level models
and analog and digital cell libraries to support the major
electronic design automation tools like Cadence, Mentor
Graphics and Synopsys. On the other hand, MEMS designers
have used traditionally finite element modelling-based software
such as ANSYS, MEMS Pro FEMLAB, Intellisuite, COVENTOR
and others for multi-domain analysis of their microstructures.
There was no interconnection between these two EDA
environments for integrated CMOS-MEMS design.

To enable co-simulation of CMOS-MEMS structures,
initially modifications in the existing MEMS software packages
have been made at the schematic level design. Certain
behavourial models for the micromechanical transducers
have been developed. To be compatible with the standard
mixed signal simulators of the CMOS EDA packages, these
behavourial models have been expressed in an analog
hardware description language (HDL) such as VHDL. The

generation of such models for the transducers involving
multiple signal domains are made from the results of the
finite element analysis. Simple lumped circuit models for
less complex structures like single diaphragm, single cantilever
beam and others have been developed based on analytical
equations85. Some simulators like INTEGRATOR developed
by Coventor and Intellisuite are able to generate reduced
order macromodels of dynamic mechanical systems consisting
of spring, mass, and damping elements from detailed 3-D FEM
simulation for export in standard circuit simulators. NODAS
developed at Carnegie Mellon is a library of parameterised
components including beams, plate masses, anchors,
electrostatic comb drives and gaps to simulate surface
micromachined MEMS structures using the SABER and
SPECTRE simulators. Complex microstructures at the schematic
level are generated by interconnecting individual library
elements86. However there are no thermal equivalent models
present in these tools for the MEMS structures.

Generation of layout and the extraction of schematic
from layout after design rule checks for MEMS components
in the existing CMOS environment is the real challenge.
The present design rules are problematic for the MEMS
part. For example, to release microstructures from the front,
the silicon substrate must be exposed to the etchant in
certain areas on the wafer. This can be achieved in the
existing CMOS process by superimposing an active area,
a contact, a via and a pad opening, thus locally removing
all dielectric layers of the CMOS process and exposing
the silicon substrate to the environment. But the standard
design rule of the used CMOS process will not allow a
via without a metal below and on top of it. Thus, the
present automated DRC will give error messages for such
microstructures.  A number of such difficulties can be
reduced, to some extent, by writing a complete set of
design rules for the MEMS areas having the circuitry
checked by the foundry supplied standard design rule set
and the MEMS by an extended design rule set. Some
groups have started work in this area87.

5. THERMAL ISSUES OF CMOS MEMS
INTEGRATED SENSORS
From Section 4, it was observed that one of the major

limitations of the existing CAD tool is in the incorporation
of the thermal effect in the performance of the CMOS
circuit. Recently, some studies on the thermal effects of
an integrated MEMS pressure sensor have been initiated
both analytically and experimentally88,89. The analytical
solutions, which relate the change in temperature with the
various dimensions of the integrated chip and the input
power, are incorporated in the CMOS library to study their
effects. This new library is then linked dynamically with
the CMOS circuitry for direct integration of the thermal
effects. This integrated analysis helps in proper selection
of the dimension of the integrated sensor chip to optimise
the space constraint and its performance considering the
thermal effects. A typical design flow for the coupling of
the thermal effects with the SPOCE simulator in an integrated
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MEMS pressure sensor is shown in Fig.5.  Such thermal
analysis can be extended to sensor arrays and also for
integrated sensors with polymers90 where the thermal effect
becomes important due to much lower thermal conductivity
than silicon.

6. CONCLUSIONS
In this review article, an extensive review on the sensing

and RF applications of CMOS-MEMS integrated structures
have been reported. It can be appreciated that the integration
of CMOS circuits with the MEMS device lead to certain
distinct advantages like reduction of parasitic effects,
improvement in noise immunity, enhanced miniaturisation,
lower power consumption, and others. These advantages
are extremely important in the fields of in-vivo biomedical
usages and RF applications through high-Q circuits and
reduced parasitics. However, the major barrier in the large-
scale ommercialisation of the integrated structures lies in
the limited development of the design tools suitable for
integration, which leads to a rather long time-to market.
Also, most of the CMOS foundries do not possess the
suitable facilities for fabrication of MEMS. It is hoped
that the increasing demand for the biomedical and RF
applications will help break these barriers soon.

REFERENCES
1. Peterson, K.E. Silicon as a mechanical meterial.

Proceedings IEEE, 1982, 70, 420-57.
2. Smith, J.H.; Montague, S.; Sincgows Ki, J.J.; Murray,

J.R. & McWhorter, P.J. Embedded micromechanical
devices for monolithic integration of MEMS with
CMOS, In IEDM�95, Technical Digest. pp. 609-12.

3. Ishihara, T.; Sazuki, K.; Suwazono, I.; Hirata, M. &

Tanigawa, H. CMOS integrated silicon pressure sensors,
J. Solid State Circuits 1987, SC-22, 151-55.

4. Singiyama, S.; Takigawa, M. & Igaralhi, I. Integrated
piezoresistive pressure sensor with both voltage and
frequency output. Sensors & Actuators, 1983, 4, 113-
20.

5. De Busschere, B.D. & Kovacs, G.T.A. Portable cell
based biosensor system using integrated CMOS cell
cartridges. Biosensors & Bioelectronics, 2001, 16,
543-56.

6. Dec, A. & Suyama, K. Micromachined, electro-
mechanically tunable capacitors and their applications,
to RF ICS, IEEE Trans. Microwave Theory Tech.,
1998, 46, 2587-595.

7. Kim, M.; Hacker, J.B.; Mihailovich, R.E. & DeNatale,
J.F. A DC-to-40GHz four-bit RF MEMS true-time
delay network. IEEE Microwave Wireless Comp. Lett.,
2001, 11, 56-58.

8. Lange, P.; Zimmerman, M.; Hagleitner, C.; Brand, O.
& Baltes, H. CMOS to cantilever array for constant
force parallel scanning AFM, In Transduces 2001.
Digest of Technical Papers, 2001. pp. 1074-077.

9. Paul, O. & Ruther, P. Material characterisation, Advanced
Micro and Nanosystem, CMOS-MEMS, edited by O.
Brand and G.K. Fedder, Willy VCH, 2004.

10. Miller, T.; Brendl, M.; Brand, O. & Baltes, H. An
industrial CMOS process family adapted for the fabrication
of smart silicon sensors. Sensors & Actuators A,
2000, 84, 126-33.

11. Muller, T. An industrial CMOS Process family for
integrated silicon sensors. No. 13463, ETH Zurich,
1999. (PhD Thesis)

12. Witvrouw, Ann. CMOS-MEMS integration: Why, how

Figure 5. Coupling of the SPICE simulator with the piezoresistor thermal effects library.



SAHA & ROY CHAUDHURI: COMPLEMENTARY METAL OXIDE SEMICONDUCTORS-MICROELECTROMECHANICAL SYSTEMS

565Celebrating Sixty Years of Publication

and what. In ICCAD, 06. 5-9, Nov 2006, San Jone
CA.

13. Baltes, H.; Brand, O.; Fedder, B.K.; Hierodd, C.;
Kovink,  J.K. & Tabata, O. CMOS-MEMS integration.
AMN; Wiley-VCH, 2004.

14. Fedder, G.K.; Santhanam, S.; Reed, M.L.; Eagle,
S.C.; Guillon, D.F.; Lu, M.S.C. & Carley, L.R. Laminated
high aspect ratio microstructure in a conventional
CMOS processor, Sensors & Actuators A, 1996, 57,
103-10.

15. Baltes, H.; Brand, O.; Hierlamann, A.; Lange, D. &
Hagleitner, C. CMOS-MEMS: Present and future. IEEE,
2002, 459-66.

16. Borky, J.M. & Wise, K.D. Integrated signal conditioning
for silicon pressure sensors. IEEE Trans. Electron
Devices, ED-24, Dec. 1979, pp. 1906.

17. Bhat, K.N. Polycrystalline silicon piezoresistive pressure
sensors and electronics with SOI approach. In
Proceedings of ISSS 2005, 28-30 July 2005, IISc,
Bangalore.

18. Nagata, T.; Teralse, H.; Khwahare, S.; Sakurai, S.;
Tabata, O.; Sugiyama, S. & Esashi, M. Digital
compensated capacitive pressure sensor using CMOS
technology for low pressure measurements. Sensors
& Actuators A., 1992, 34, 173-77.

19. Schelter, T.; Rapels, H.; Oppermann, L.G.; Steger, M.;
Hierold, C.; Swrner, W. & Timme, H.T. Full inegration
of a pressure sensor system into a standard BiCMOS
process. Sensors & Actuators A. 1998, 67, 211-14.

20. Lemmerhist, D.F. & Wise, K.D. Chip scale integration
of data-gathering microsystems. Proceedings IEEE,
June 2006, 94(6), 1138.

21. Tazdi, N.; Ayazi, F. & Najafi, K. Micromachined
inertial sensors. Proceedings IEEE, 1998, 86, 1640.

22. Product datasheet. Analog Devices. www.analog.com
23. Cole, J.C. & Braun, D.F. Accelerometers with on-chip

signal processing. Sensors, 1996, 13, 7.
24. Riethmuller, W.; Benecke, W.; Schhakengerg, U. &

Wagner, B. Smart accalerometer with on-chip electronics
fabricated by a commercial CMOS process. Sensors
& Actuators A, 1992, 31, 121-24.

25. Kal, Santiram. Design and Fabrication of MEMS
accelerometer for ... application, In Proceedings of
4th IEEE, 28-30 July 2000, Bangalore. pp. SE-140.

26. Gardner, T.W.; Varadan, V.K. & Awadalkin, O.O.
Microsensors, MEMS and Smart Devices, New York,
Wiley, 2001.

27. Hierlmann, A.; Brand, O.; Hagleitrer, C.; Baltes, H.
In Proceedings of IEEE Chemical Biological Microsensors,
2003, 91. pp. 839-83.

28. Chatterjee, K.; Chatterjee, S.; Banerjee, A.; Raut, M.;
Pal, N.C.; Sen, A. & Maiti, H.S. The effect of palladium
incorporation on methane sensitivity of antimony
doped tin oxide. Mater. Chem. Phys., 2003, 81, 33-
38.

29. Hahn, S.H.; Barsan, N. & Weimar, U. Investigation
of CO/CH

4
 mixture measured with differently doped

SnO
2
 sensors. Sensors & Actuators B, 2001, 78, 64-

68.
30. Kohl, D.  Function and application of gas sensors,

J. Phys. D: Appl. Phys. 2001, 34, R125-R149.
31. Figaro Products Catalogue (2006), Figaro gas sensors

2000-series, Figaro Engineering Inc., European Office,
Oststrasse 10, 40211 Desseldorf, Germany.

32. Mitzner, D.D.; Strnhagen, J.; Glipeau, D.N. Development
of micromachined hazardous gas sensor array. Sensors
& Actuators B, 2003, 93, 92-99.

33. Wise, K.D. Integrated sensors, MEMS and
microsystems: reflections on a fantastic voyage,
Sensors & Actuators A, 2007, 136, 39-50.

34. Blaschke, M.; Tille, T.; Robertson, P.; Mair, S.; Weimar,
U. & Ulmer, H. MEMS gas-sensor array for monitoring
the perceived car-cabin air quality. IEEE Sensors J.,
2006, 6(5), 1298-308.

35. Endres, H.E.; Gottler, W.; Jander, H.D.; Drost, S.;
Sberveglieri, G.; Faglia, G. & Perego, C. A systematic
investigation on the use of time-dependent sensor
signals in signal-processing techniques. Sensors &
Actuators B, 1995, 25, 785-89.

36. Endress, H.E.; Gottler, W.; Jander, H.D.; Drost, S.M.;
Sandmaier, H.; Sberveglieri, G.; Faglia, G. & Perego,
C.  Improvement in signal evaluation methods for
semiconductor gas sensors. Sensors & Actuators
B: Chemical, June 1995, 27(1-3), 267-70.

37. Graf, M.; Barrettino, D.; Zimmermann, M.; Hgleitner,
C.; Hierlemann, A.; Baltes, H.; Hahn, S. & Barsan,
N. Welmar. IEEE Sensors J. 2004, 4, 9-16.

38. Afridi, M.Y.; Suchle, J.S.; Zaghdoul, M.E.; Barning,
D.W.; Hefner, A.R.; Canicchi, R.E.; Semanick, S.;
Montogimery, C.B. & Taylor, C.J. IEEE Sensors J.,
2002, 2, 644-55.

39. Graf, M.; Barrettino, D.; Taschini, S.; Hagleitner, C.;
Hierlemann, A. & Baltes, H. In IEEE Proceedings on
MEMS, Kyoto, 2003. pp. 303-306.

40. Graf, M.; Barrettino, D.; Zimnernann, M.; Hogliterner,
C.; Hahn, G.S.; Barsan, N. & Welmar, U. IEEE Sensors
J., 2004, 4, 9-16.

41.   Bhattacharyya, P. PhD Thesis, 2008, Jadavpur University.
42. Futane, N.; Roychaudhuri, C.; Bhattacharya, P. & Saha,

H. Design and simulation of nano ZnO-based SMART
MEMS gas sensor, submitted to International Journal
on SMART Sensing and Intelligent Systems published
by IFSA, 2008.

43. Barrettino, D.; Graf, V; Taschini, S.; Zimmerner,
M.; Hagleitner, C.; Hierlemann, A. & Baltes, H. In
IEEE Proceedings of VLSI Symposium, Kyoto, 2003.
pp. 157-60.

44. Bhattacharya, P.; Basu, P.K.; Saha, H. & Basu, S.
Fast response methane sensor based on Pd(Ag)/
ZnO/Zn MIM structure. Sensor Letters, 2006, 4, 371-
76.

45. Tarikul Islam, PhD. Thesis, 2007, Jadavpur University.
46. Wise, K.D.; Angell, J.B. & Starr, A. An integrated

circuit approach to extracellular microelectrodes. IEEE



DEF SCI J, VOL. 59, NO. 6, NOVEMBER 2009

566 Celebrating Sixty Years of Publication

Trans. Biomed. Eng., July 1970, 17, 238-47.
47. Karantonis, Dean M.; Narayanan, Michael R.; Mathie,

Merryn; Lovell, Nigel H. & Celler, Branko G. IEEE
Trans.Inf. Tech. Biomedicine, 2006, 10.

48. Wang, Shyh-Hau; Chung, Tze-Wen; Chun-Sheng Huang;
Chin-Tang Chuang; Po-Shiang Tsui, In IEEE Proceedings
on Ultrasonic Symposium, 2002, 2, pp. 1653-656.

49. Wang, J. J. Pharm. Biomed. Anal. 1999, 19, 47-53.
50. Litchenberg, J.; De Rooij, N.F.; Verpoorte, E. Talanta,

2002, 56, 233-66.
51. Lorenzelli, L.; Margesin, B.; Martinoia, S.; Tedesco,

M.T. & Valle, M. Biosensor Bioelectronics, 2003,
18, 621-26.

52. Schienelle, M.; Frey, A.; Hofmann, F.; Holzapfi, B.;
Paulus, C.; SchindlerBauer, P. & Thewes, R. In
Proceedings of IEEE International Solid State Circuits
Conference, Piscataway, 2004. pp. 1320.

53. Caverly, R. CMOS RFIC design principle. Artech House,
2007

54. Nguyen, C.T.C.; Katchi, L.P.B. & Rebeiz, G.M.
Micromachined device for wireless communications.
IEEE Proceedings, 1998, 86, 1756-768.

55. Brown, E.R. RF MEMS switches for reconfigurable
integrated circuits. IEEE Trans. Microwave Theo.
Tech., 1998, 46, 1868.

56. Tilmans, H.A.C.; DeRadt, W. & Beyne, E. MEMS for
wireless communication: from RF-MEMS components
to RF MEMS AsiP, J. Micromech. Microengg., 2003,
13, 139

57. Rebeiz, G.M. RF-MEMS Theory, design and technology.
Hoboken NJ, Wiley, 2003.

58. Park, J.Y.; Kim, G.H.; Chung, K.W. & Bong, J.U. Fully
Integrated micromachined capacitive switches for RF
applications. In IEEE MTTS. International Microwave
Symposium Digest, Boston, MA. June 2000. pp. 283-
86.

59. De Silva, A.P. &  Hughes, H.G. The package integration
of RF-MEMS switch and control IC for wireless
applications. IEEE Trans. Adv. Packaging, 2003,
26, 255-60.

60. Blondy, B.; Cros, D.;  Guillon,P.; Rey, P.;  Charvet,
P.;  Diem, B.; Zanachi,C. & Quoirin, J.B. Low voltage
high isolation MEMS switches. In Tropical Meeting
on Silicon Monlothic IC in RF systems, 2001. (Digest
of Papers) pp. 47-49.

61. Lakdawala, H.; Zhu, X.; Luo, H.; Santhanam,S.; Carley,
L.R. & Fedder, G.K. Micromachined high Q inductors
in a 0.18 m m copper interonnect low-k dielectric
CMOS process. IEEE J. Solid-state Cir., 2002, 37,
394-403.

62. Kundu, A. ; Basu, P.; Mondal, N.& Saha, H. In National
Seminar on Recent Advances in Materials Science,
2008, IMS Dhanbad.

63. Muralidharan, R. MMIC technology at Gallium Arsenide
Technology Enabling Centre, In IWPSD 2007, IIT
Bombay, Mumbai, December 2007.

64. Dec, A. & Suyame, K. Micromachined electro-

mechanically tunable capacitors and their application
to RFICS. IEEE Trans. MIT, 1998, 46, 2587-596.

65. Tao, J.J.;  Park, S.T. &  Denatale, J. High tuning
ratio MEMS-based tunable capacitors for RF
communication application. In Tech. Digest 1998,
Solid State Sesnor and Actuators Workshop, Hilton
Head Island, 1998, pp. 124-27.

66. Zon, J.;  Liu, C.; Schuut-Aine;  Chem, J. &  Kang,
S.M. Development of a wide tuning range MEMS
tunable capacitor for wireless communication system.
In Technical Digest 2000. International ED Meeting
(IEDM 00), San Fransisco, CA 2000, pp. 403-06.

67. Chang, J.Y.C.; Abidi, A.A. &  Gaitan, M. Large suspended
inductors on silicon and their use in a 2 mm CMOS
RF amplifier. IEEE ED. Lett., 1993, 14, 246-48.

68. Lakdawala, H.; Zhu, X.;  Luo, H.; Santhanam,S.; Carley,
L.R. &  Fedder, G.K. Micromachined high Q inductors
in a 0.18mcm interconnect low-K dielectric CMOS
process. IEEE J. Solid-State Cir., 2002, 37(3),  394-
03.

69. Yoon, J.B.;  Choi, Y.S.;  Kim, B.I.;  Eo, Y. &  Yoon,
E. CMOS compatible surface micromachined suspended
spiral inductors for multi-GHz silicon RF ICs. IEEE
ED Lett., 2002, 23, 591-93.

70. Young, D.J. &  Boser, B.E. A micromachined band
RF low loise voltge controlled oscillator. Proceedings
IEEE CICC, 1997, 431-34.

71. Ramachandran, D.; OZ, A.;  Saraf, V.K.;  Fedder, G.K.
& Mukherjee, T. MEMS enabled reconfigurable VCO
and RF Filter. In IEEE RF IC symposium, Fort Worth,
TX; 2004, pp. 251-54.

72. Park, E.C.; Back, S.H.; Song, T.S.; Toon, J.B. & Yoon,
E. Performance comparison of 5GHz VCOs integrated
by CMOS compatible high Q MEMS inductors. In
IEEE MTTS-International Microwave Symp. Digest,
2003, 2, pp. 721-24.

73. Muller,T.; Kissinger, J.; Benkitsch, A.C.; Brand,O. &
Baltes, H. Assessment of silicon wafer material
for the fabrication of integrated circuit sensors. J.
Electrochem. Soc., 2000, 147, 1604-611.

74. Yoon, E. & Wise, K.D. An integrated mass flow sensor
with on-chip CMOS interface circuitry.  IEEE Trans.
Elect. Dev., 1992, 39, 1376-386.

75. Yasaitis, J.; Judy, M.; Broshinan,T.; Garone, P.; Pokrovskiy,
N.; Sniderman,D.; Limb, S.; Howe, R.; Boser, B.; Palaniapan,
M.; Jiang, X. & Bhave, S. A modular process for
integrating thick polysilicon MEMS devices with
sub-micron CMOS. Proceedings SPIE, 2003, 4979,
145-54.

76. Gianchandani, Y.B.; Kim, H.; Shinn, M.; Ha, B.; Lee,
B.; Najafi, K. & Song, C. A fabrication process for
integrating polysilicon microstructures with post
processed CMOS circuits.  J. Micromech. Microeng.,
2000, 10, 380-86.

77. Dehennis, A. & Wise, K.D. A fully integrated multi-
site pressure sensor for wireless arterial flow
characterization. In Proceedings of Solid State Sensor,



SAHA & ROY CHAUDHURI: COMPLEMENTARY METAL OXIDE SEMICONDUCTORS-MICROELECTROMECHANICAL SYSTEMS

567Celebrating Sixty Years of Publication

Actuator and Microsystem Workshop, 2004. pp. 168-
171.

78. Ji, J. & Wise, K.D. An implantable CMOS circuit
interface for multiplexed microelectrode recording
arrays. IEEE J. Solid State Circ., 1992, 27, pp.433-
43.

79. Offenberg, M.; Lamer, F.; Elsner, B.; Munzel, H. &
Riethmuller, W. Novel process for a monolithic integrated
accelerometer. Proceedings Transducers, 1995, 589-
92.

80. Bustillo, J.M.; Fedder, G.K.; Nguyen, C.T.C. & Howe,
R.T. Process technology for the modular integration
of CMOS and polysilicon microstructures. Microsystem
Technology, 199, 1, 130-41.

81. King, T.J.; Howe, R.T.; Sedky,S.; Liu,G.; Lin, B.C.Y.;
Wasilik, M. & Duenn, C. Recent progress in modularity
integrated MEMS technologies. In Proceedings of
IEEE International Electron Device Meeting, 2002. pp.
199-202.

82. Parmeswaran, M.; Baltes, H.P.; Ristic, L.; Dhaded,
A.C. & Robinson, A.M. A new approach for the fabrication
of micromechanical structures. Sensors & Actuators,
1989, 19, 289-307.

83. www.coventor.com
84. www.intellisensesoftware.com
85. Fedder, G.K. & Jing, Q. A hierarchical circuit level

design methodology for microelectromechanical
systems. IEEE Trans. Cir. Sys. II, 1999, 46, 1309-
315.

86. Fedder, G.K. Structured design of integrated MEMS,
In Proceedings of IEEE International MEMS Conference,
1999. pp. 1-8.

87. Moser, D.; Parameswaran, M. & Baltes, H. Field oxide
microbridges, cantilever beams, coils and suspended
membranes in SACMOS technology. Sensors & Actuators
A, 1990, 23, 1019-022.

88. Roychaudhuri, C. ; Banerjee, S.; Mukherjee, D. &
Saha, H. Development of spice compatible thermal
model of silicon MEMS Piezovesistive pressure sensor
for CMOS MEMS integration. In IEEE Sensors Conference,
Daegu, 2006. pp. 761.

89. Roychaudhuri, C.;Banerjee, S.; Mukherjee, D.; Datta,
S.K. & Saha, H. Thermal analysis in an integrated
CMOS MEMS pressure sensor. (Communicated to
IEEE Sensors)

90. Arshak, K.; Morris, D.; Arshak, A.; Korostynska, O.;
Jafer, E.; Waldron, D. & Harris, J. Development of
polymer-based sensors for integration into a wireless
data acquisition system suitable for monitoring
environmental and physiological processes. J.
Biomolecular Eng., 2006, 23, 253-57.


