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ABSTRACT

Humidity plays a very major role in various industries. Monitoring and controlling the humidity is of great
importance for the reliable operation of various systems. Micro Electro Mechanical Systems {MEMS} owing to
their high reliability and good scaling factors have replaced many conventional sensor systems. Micro
Cantilever systems have been found to be highly suited for sensing purposes. A Micro Cantilever Humidity
Sensor based on Capacitive principle is designed and various analyses were performed on the sensor. The
polyimide being the sensing layer is coated on the Cantilever beam. The beam is provided with movable
electrode. As humidity increases, the polyimide absorbs water vapour and causes increase in mass of the beam.
The deflection of beam causes capacitance change, which is related to the change in humidity. The design also
incorporates a Platinum based temperature sensor to measure the temperature and also a Platinum based heater
to regenerate the sensing layer for obtaining next measurement. The structure was designed using Coventorware
and Intellisuite. Many analyses were done and the structure was simulated for real environmental conditions,
like pressure etc. The results were very close in both these design packages. The structure showed a good
linearity and good sensitivity in the regions from 10 — 40 % RH in all temperatures in human adaptive ranges.
The beam had an appreciable deflection causing a notable change in capacitance. The sensitivity was in order of
Pico to Femto farads per %RH change.

Keywords: MEMS, Humidity Sensor, Relative Humidity, Capacitive Sensor, Cantilever Beam, Coventorware,
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1. INTRODUCTION

MEMS, a new branch of Microelectronics is proving to be of vital importance in designing of micro devices
which act both as Sensors and actuators. MEMS is an outgrowth of VLSI technology, extending its power to
third dimension to design and fabricate dynamic structures, like Micro motors, Micro gears, Micro sensors etc,
all in micro meter scales. MEMS has an additive advantage of integrating the required signal conditioning
circuits on the same silicon wafer that is used to fabricate the MEMS device. This enables the complete stand
alone device to be fabricated and packaged.

MEMS devices are designed, realised and used in various fields like Biomedical, Medical, Aeronautics, Fluidics
and various sensing purposes, etc, etc and what not?. Numerous structures and models were studied and are
extensively used for MEMS devices, like Diaphragms, Valves, Pumps, Channels, Gears, Beams, etc.

Micro Cantilever beams are one of these structures that are commonly used for both sensing and actuation
purposes. Cantilever beam is used as switches. Various sensors and sensing principles can be adapted and
realised using cantilever beams. Multiple cantilever beams are also used for very special applications.

Chatzandroulis' made use of specially fabricated cantilever beams using dry release process and utilised it for
capacitive humidity sensor. This paved a way for others to try the same using various techniques for
implementing additional features. '
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Chin-Yen Lee and Gwo-Bin Lee” also designed a capacitive based humidity sensor with integrated RTD based
temperature sensor. They used Polyimide as sensing material. This had a movable electrode on the beam tip and
a fixed ground electrode on the substrate forming two plates of capacitor. But this left the whole top surface
subjected to the harsh environmental conditions and had no option for sensing layer protection. Mehmet
Dokmeci and Khalil Najafi® have also described a humidity sensor based on parallel plate capacitor, though not
of Cantilever type, it explains advantages of Capacitive based humidity sensing.

Figure 1. A View of MEMS Based Humidity Sensor

2. SENSOR DESIGN

This paper deals with the design and simulation of MEMS based Humidity Sensor using a micro cantilever
beam. The cantilever structure was formed out of Silicon and was made suitably to comply with the mass or
pressure variations due to change in humidity. The design should also incorporate integration of the Platinum
based temperature sensor and a Platinum based heater. Various constraints regarding all these factors have to be
considered in developing a very less complicated but effective design. The key point is to keep all the electrodes
and leads at one convenient end for easy packaging and providing power to the sensor and to take leads for the
outputs as well.

All the three different devices have to be considered to be designed separately, yet a vital consideration of
integrity and simplicity has to be dealt with. Although these devices are fabricated on a single platform, they are
expected to operate individually and independent of each other.

The cantilever beam based humidity sensor gives a measurement of humidity in terms of capacitance variation
at set intervals or in samples. The Platinum RTD based temperature sensor gives the measurement of
temperature as a variation of its internal resistance with temperature. The Platinum based heater is made to
function between the sample times of humidity sensor for regenerating it.
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3. SENSOR FABRICATION STEPS

The fabrication of the cantilever based MEMS humidity sensor along with Platinum RTD based temperature
sensor and a heater involves a whole sequence of deposition, photo masking, etching and the cycle continues for
each material to be deposited to form the final structure. A complete pre-fabrication design study has to be done
in deciding the outcome of the final integrated sensing device. This includes a rough dimensional overview, the
various materials to be used, the order of their deposition and etching, suitable processes to be used to do the
same, material properties and the constraints in using them, a comprehensive layout of various devices in the
structure, method of providing leads, packaging aspects and lot more.

In our case, the main consideration would be fabricating a humidity sensor. So the cantilever beam is paid more
attention to. The substrate of suitable material like Silicon is considered of suitable thickness to provide ground
support. Then another layer of Silicon Nitride is grown to isolate the Silicon from conductive parts and also to
provide enough strength to the beam. Both these layers are then etched at suitable places to form the cantilever
beam. As the next step, gold is coated over the beam to form the movable electrode. Suitable design factors are
considered in deposition of the Gold to relieve it from stress during operation. Then Polyimide is coated to form
the sensing layer, over the beam.

The glass package and the inbuilt ground or reference electrode are then deposited, with intensive care being
taken to provide enough free space for the beam to move during operation.

The second part involved is the design of Platinum, RTD based temperature sensor. The Platinum is coated on
the Silicon Nitride base, to form an RTD temperature sensor. Leads are provided by depositing gold over the
Platinum at suitable places.

The third and final step involved is the design of Platinum based heater. The heater is formed by depositing
Platinum, with close and wide contact with Polyimide without compromising the design of Cantilever beams. It
can be provided with potential to operate by allowing separate leads.

The design of the whole device has been optimized so as to get maximum deflection of cantilever beam for
given humidity variation. Several other factors such as proper isolation between conductive patches, bringing
out all the leads to supply power and take measurements to a common side for easy accessing, proper ventilation
and exposure of the sensing layer to humidity while preventing other parts of beam to come in contact with
changing environmental conditions etc, have been addressed to.

The structure was designed successfully in both Coventorware and Intellisuite softwares. In case of
Coventorware, the structure was designed as a single unit, with consecutive layers deposited one over the other
and etched accordingly starting from substrate to glass. But in case of Intellisuite, the structure was broken down
into two structures. The cantilever beam with Temperature sensor and heater were designed as a single structure,
and the ground electrode and glass package were designed separately and were bonded to the first structure.

4. RESULTS

The Humidity Sensor along with the integrated Temperature and Heater were subjected to various tests using
simulations and analyses provided by both Coventorware and Intellisuite. The results obtained from both the
softwares were highly related. The structure was analysed wholly for its mechanical properties and the sensors
were analysed for their sensing abilities, conductivity, capacitive change, resistive change etc. The results
yielded were justified from various sources.

4.1 Mechanical Analysis

The mechanical analysis of the structure was carried out in order to derive at its Natural frequency, Modal
displacement etc. The MEMECH module of the Coventorware provided a value for modal displacement to be
1um. The Thermoelectromechanical module of Intellisuite also gave the same result.

The Natural Frequency Analysis revealed three modes of the structure which are of greater importance. The first
and fundamental mode occurred at a frequency of 752.609 Hz, in the vertical direction. The second mode
occurred at 2009.05 Hz, in the horizontal direction. The third mode occurred at a frequency of 5664.2Hz, in the
diagonal direction.
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Figure 2. Modal Analysis in Coventorware Figure 3. Modal Analysis in Intellisuite
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Figure 6. Mode — I1I: 5664.2 Hz

4.2 Electro-Static Analysis

The initial Electro-Static analysis gave the various capacitance values associated with the capacitive sensor at
static conditions to be 2.676000pf as internal capacitance for Ground electrode, 2.951000pf as internal
capacitance for Movable Cantilever electrode and 2.72500pf as capacitance between the plates.

4.3 Electro-Mechanical Analysis

The variation of humidity is simulated by using Relative Parametrical Analysis, as carried out in many cases to
bring about the desired effect by applying relative effects instead of direct effect. Relative humidity is actually a
ratio of absolute pressure to saturation pressure at a particular temperature.

Absolute Pressure
%RH = * 100 — (1)
Saturation Pressure

So the variation of %RH can be considered to be the change in the vapour pressure that is being exerted onto the
Polyimide layer in real environmental conditions. This variation of the pressure causes a deflection of the beam
due to induced stress.
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Thus in proportion with the increase in %RH, vapour pressure exerted over the beam increases, resulting in
increase in deflection of the beam. So the movable electrode attached with the beam tip, deflects away from the
ground electrode, causes the corresponding change in capacitance.

The temperature variation has to be considered as well. The relation between Temperature (t) and Saturation
pressure (Ps) is given by Tetens. O *,

Ps = 610.78 * exp (t/ (t+238.3)*17.2694) —» (2)

Relating (1) and (2) we would be able to arrive at absolute pressure values at any temperature. So the pressure
that would be exerted on the Polyimide layer at a particular temperature and %RH is known. This pressure is
applied over the beam using the MEMMECH module of Coventorware and ThermoElectroMechanical module
of Intellisuite. The displacement of the beam is measured. The displacement is added to the already existing gap
between the plates to give the net gap between the plates for any particular pressure.

The capacitance for the pressure exerted can be derived from the MEMELECTRO module of the Coventorware.
It would be analogous to the value obtained using,

go¥fe *A
(O — farads—(3)

d

The Capacitance values were found to be in order of pf (Pico Farads). The sensor had a well defined relation
between %RH and Capacitance at all temperature ranges.
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Figure 7. Displacement Analysis Figure 8. Humidity Vs Capacitance over

(0 — 100)%RH

There was a good and significant change of almost one to two orders of change in capacitance for (0-100) %RH
for any temperature between (0 — 100) Deg. Celsius. The curve seemed to be exponential. But the sensor was
resolved and found to have four regions of operation with high sensitivity and linearity in these areas.

The first region had high sensitivity, exponential response of variation in capacitance to the applied relative
humidity in the range of (0 — 10) %RH. The capacitance varied over an order of pf in this range. The sensor was

extremely sensitive in the lower end.

The second region exhibited, a more linear and good sensitivity over the range of (10 — 20) % RH. The
capacitance again varied over an order of pf for corresponding variation in relative humidity.
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Figure 9. (0 —10) %RH Vs Capacitance (F) Figure 10. (10 — 20) %RH Vs Capacitance (F)

The Third region also exhibited a linear and a good sensitivity over the range of (20-40) % RH. The capacitance
varied over an order of fraction of pf, with variation of relative humidity in the given range.

i 4

Figure 12. (40 — 100) %RH Vs Capacitance (F)

Figure 11. (20 — 40) %RH Vs Capacitance (F)

The final region existed over a wide range of relative humidity between (40 — 100) % RH. The sensor had a fair
response in this region. The response was bit exponential but also exhibited low order linearity. The capacitance
varied in the range of few orders of femto farads.

So the sensor was found to be operative over various ranges of relative humidity. This enables the usage of the
sensor designed for various applications in different relative humidity ranges. The sensitivity was dependant on
temperature but the response was identical in terms of slope of the response curves for the sensor over various
temperature ranges. 3

Figure 13. Cluster of all Responses
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5. TEMPERATURE SENSOR

The temperature sensor was designed using Platinum and is of Resistance Temperature Detector {RTD} type.
The temperature sensor is provided with two gold electrodes on each side. One of the electrodes is maintained at
5V DC and the other at OV DC, enabling a current flow through the Platinum layer. When the temperature
changes, the resistivity of the Platinum changes accordingly. This causes a change in the current flow through
the temperature sensor.

The temperature sensor is analysed using MEMETHERM module of Coventorware, for various analyses like
EletroThermal, Thermal, ThermoElectroMechanical analysis. These analyses provided the heat flux and
corresponding charge density distribution patterns when the temperature is applied over the Platinum layer.
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Figure 14. Heat Flux Distribution (Bottom)

Fig urel6. Heat Flux Distribution (Top) Figure 15. Temperature Distribution
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Figure 17. Applied Potential Figure 18. Current Density Distribution
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6. CONCLUSION

The MEMS Based Relative Humidity Sensor was designed in both Coventorware and Intellisuite. The sensor
structure was subjected to various analysis using modules in both Coventorware and Intellisuite. The Relative
Parametrical Analysis was done on Cantilever based humidity sensor to simulate it to changes in relative
humidity and the results were promising. Various regions of operation of the sensor were identified. The sensor
showed a promising response in these regions suiting various applications. The capacitance change was in order
of Pico farads to Femto farads. The sensor showed good linearity between 10 — 40 % RH.

The temperature sensor also showed promising results, in terms of temperature, heat flux and charge distribution.
The results of different sensors were correlated to provide the final integrated result. The Sensor had an option
for regeneration using Platinum heater. The sensing structure can be regenerated in the time interval between the
samples. The sensor has also good protective options to protect it from harsh environmental conditions.
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