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Abstract

The design, microfabrication, and CMOS integration of micro-electro-mechanical
systems (MEMS) capacitive humidity sensors are presented in this work. Theoretical
analysis and simulations were done to understand how sensor performance can be
optimized. While CoventorWare was used for steady-state simulations, a MATLAB
simulation model, based on the mathematics of moisture adsorption and diffusion, was
developed for dynamic simulations. The sensors were fabricated using a process flow that
has a low thermal budget (< 300 °C), as well as material and chemical compatibility with
IC fabrication, allowing it to support monolithic integration with CMOS circuitry for
system-on-chip (SoC) designs. The fabricated sensors were tested using both deliquescent
calibration salts and a humidity / temperature chamber, providing results that were used to
compare the performance of various sensor designs. These experimental results, along
with the simulation results, were used to devise and justify a design methodology for
MEMS capacitive relative humidity sensors. The sensors showed high sensitivity over a
large dynamic range, response times as fast as 1.5 seconds, and excellent long term drift

as low as 0.1 %RH/year.

The humidity sensors were fabricated on top of CMOS dies (TIA - transimpedance
amplifier) obtained from Texas Instruments to demonstrate the capability of full
monolithic integration of the MEMS sensors and IC. A very convenient and versatile
methodology was reported and used for integrating the MEMS sensors above IC dies of
any size. Test results show that the performance of the TIA is unaffected by the
integration, while the MEMS sensors grown on top of the TIA are fully functional,
thereby validating the integration procedure used and the IC-compatibility of the MEMS

humidity sensor process flow.




Sommaire

La conception, le microfabrication, et I'intégration de CMOS des sondes capacitives
micro-électro-mécaniques d'humidité des systemes (MEMS) sont présentés dans ce
travail. L'analyse et les simulations théoriques ont été faites pour comprendre comment
l'exécution de sonde peut étre optimisée. Tandis que CoventorWare était employé pour
des simulations €quilibrées, un mode¢le de simulation de MATLAB, basé sur les
mathématiques de l'adsorption et de la diffusion d'humidité, a été¢ développé pour des
simulations dynamiques. Les sondes ont été fabriquées en utilisant un écoulement de
processus qui a un bas budget thermique (oC de < 300), comme la compatibilité de
matériel et de produit chimique avec la fabrication d'IC, lui permettant de soutenir
l'intégration monolithique avec des circuits de CMOS pour des conceptions du systéme-
sur-puce (SoC). Les sondes fabriquées ont été examinées en utilisant les deux sels
déliquescents de calibrage et une chambre d'humidité/température, fournissant les
résultats qui ont ét¢ employés pour comparer 1'exécution de la diverse sonde congoit. Ces
résultats expérimentaux, avec les résultats de simulation, ont été employés pour concevoir
et justifier une méthodologie de conception pour les sondes capacitives d'humidité
relative de MEMS. Les sondes montrées la sensibilité élevée au-dessus d'une gamme
dynamique étendue, des temps de réponse plus rapidement que 1.5 seconde, et d'une

excellente dérive a long terme aussi basse que 0.1 % RH/year.

Les sondes d'humidité ont été fabriquées sur les matrices de CMOS (TIA - amplificateur
de transimpedance) obtenues a partir de Texas Instruments pour démontrer les possibilités
de la pleine intégration monolithique des sondes et de 1'lC de MEMS. Une méthodologie
trés commode et souple a €té rapportée et employée pour intégrer les sondes de MEMS
au-dessus des matrices d'IC de n'importe quelle taille. Les résultats d'essai prouvent que
l'exécution du TIA est inchangée par l'intégration, alors que les sondes de MEMS
développées sur le TIA sont entierement fonctionnelles, validant de ce fait le procédé
d'intégration utilisé et I'lC-compatibilité de I'écoulement de processus de sonde d'humidité

de MEMS.
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1. Introduction

Humidity is the amount of water vapor in the air. Its measurement is referred to as
Hygrometry. Water vapor is a natural component of air and its measurement is very

important in a wide variety of applications, including:

e Medicine / health care - respiratory equipment, sterilizers, incubators,
pharmaceutical processing, and biological products.

e Domestic — living environment control in buildings (human comfort), cooking
appliances, laundry, etc.

e Agriculture — green-house air-conditioning, plantation protection, soil moisture
monitoring, storage, etc.

e Semiconductor industry — wafer processing, clean room environment control for
the technical requirements of machines and processes, etc.

e Automobile industry — rear window defoggers, motor assembly lines, etc.

e Food production / processing and storage

e Climatology / Meteorology

e (General industry — dryers, ovens, film desiccation, paper and textile production,
etc.

e Heating, ventilating, and air-conditioning (HVAC) systems — indoor environment
control such as houses, industrial and office buildings, museums, automobiles, and

planes as well as marine environment control such as aquariums.

This wide variety of applications makes humidity one of the most frequently measured
physical quantities. Devices used to measure water vapor content in the atmosphere are
known as humidity sensors. Temperature is another quantity that is measured as much as
humidity. While, temperature measurement today can be done quite easily and with very
high accuracy, hygrometry is much more complex. There exists a whole multitude of

techniques for humidity measurement and no one method can meet all requirements of
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every application. Every application has different specifications and operating conditions.

Due to this, there exists a wide variety of humidity sensors and sensing materials.

There has always been a growing interest to miniaturize sensors in order to develop
compact, low power, low cost, reliable and high performance sensor Microsystems.
Micro-electro-mechanical systems (MEMS), is a very promising and emerging
technology for miniaturizing and batch fabricating sensor devices in order to reduce the
size and cost of devices. MEMS fabrication allow for a high level of redundancy —
multiple devices can be fabricated together to form one very reliable system which serves
to reduce the effect of defect or variations as well as increase functionality and
performance. MEMS technology allows for CMOS-compatible fabrication process in
which sensors can be integrated on the same substrate as the interface circuitry, thereby

enabling the entire system to be on one chip.

1.1. Classification of Humidity Sensors

The measurement of the amount of water vapor in a gas, such as air, is referred to as

humidity measurement and the most commonly used measurement units are:

e Relative Humidity (RH)
e Dew / Frost Point (D/F PT)
e Parts Per Million (PPM)

Fig. 1-1 shows the correlation between the three measurement units.

Dew/Frost Point ("C)

-80 -70 -60 -50 -40 -30 -20 -10 O 10 20
] ] ] 1 ] ] ] ] ]
1 1 1 1 1 1 1 1 1 1 1

PPMy at 1 atm
1 10 100 1000 10000
1 1 1 1 1
1 1 1 1 1

Relative Humidity (%o) at 20 °C

1 3.5 10 25 50 100
| | | | | |
1 1 1 1 1 1

Figure 1-1: Correlation between the three units of humidity measurement [33]
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—— 1.1.1. Relative Humidity (RH)

As can be seen from Fig. 1-1, relative humidity (RH) covers the higher humidity range.
RH can be defined as the ratio of the mass of water vapor in a unit volume of air (or a
gas) to the mass of water vapor which that volume could hold if the vapor were saturated
at a specific temperature. It is the ratio of the partial pressure of water vapor in air (or a
gas) to the saturation vapor pressure of air (or the gas) at a given temperature. The
saturation vapor pressure defines the maximum amount of humidity that the air can hold.
Beyond this limit, condensation occurs to form fog or water droplets. The RH indicates
how far away from this limit the moisture level is by expressing the actual humidity
amount as a percentage of the maximum/saturation humidity amount. This can be
expressed mathematically as shown in Equation (1), where p,, is the partial vapor
pressure, which denotes the actual amount of humidity, and p; is the saturation vapor

pressure.

o
RH =—x 100% ....... (1)
o

©F

RH is a function of temperature and it is therefore a relative measurement that is
expressed as a percentage. The temperature dependence of relative humidity is due to the
saturation vapor pressure being a function of temperature. The maximum amount of water
vapor that air can hold is proportional to temperature, whereas the partial vapor pressure
is independent on temperature, thereby making relative humidity inversely proportional to
temperature. Due to this very reason, it is crucial to know the exact temperature when
comparing relative humidity values. On the other hand, the partial water vapor pressure is
proportional to the total air pressure according to Dalton’s law, but the saturation vapor
pressure is independent of total air pressure, making RH to be directly proportional to the

total air pressure.

—1.1.2. Dew/Frost Point (D/F PT)

Dew point is the temperature at which the water vapor in air (or a gas) condenses to
liquid. Frost point is the temperature at which the water vapor in air (or a gas) condenses

to ice. Dew point is above 0 °C and frost point is below 0 °C. Both are dependent on the

B
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air (or gas) pressure, but not on temperature. As can be seen from Fig. 1, dew / frost point
covers all humidity range. Dew point is a more common unit than frost point and the very
basic way of measuring it is to cool a surface whose temperature is being measured until
water droplets form. Once this happens, the temperature is recorded and that is the dew

point.

The dew point is a different unit of moisture level measurement, but has a strong relation
to relative humidity. The difference between the dew point and actual ambient
temperature is inversely proportional to the relative humidity. In other words, a high
relative humidity indicates that the dew point is close to the actual temperature and a low
relative humidity indicates that the dew point is further away from the actual temperature.

At 100%RH, the dew point is equal to the current temperature.

If pressure remains constant, the dew point at a given temperature is associated with the
absolute humidity. Absolute humidity is the mass of water vapor per unit volume of air. If
the temperature changes under constant pressure conditions, the dew point remains the
same, but the relative humidity changes. Two different systems with different
temperatures can have the same relative humidity simply because the system with the
higher temperature has a higher dew point (i.e. contains more water vapor per unit

volume of air) than the colder system.

If temperature remains constant, the dew point at a given pressure is associated with the
specific humidity. Specific humidity is the ratio of water vapor mass to that of dry air. If
the pressure changes under constant temperature conditions, the dew point will change in
direct proportion to the pressure and so will the relative humidity. A pressure rise
increases the relative humidity, bringing the saturation temperature (dew point) closer to
the current temperature. Hence, a pressure increase causes a dew point increase and vice
versa. If two different systems with different pressures, but the same temperature, have
the same dew point, it simply means that both systems have the same absolute humidity,

but the lower pressure system has a higher specific humidity.
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There are several methods of measuring the dew point, some of which include using
photoelectric, resistive, and nucleonic detectors. This work does not focus on dew / frost
point measurements and hence, it will not be discussed further. More information can be

found in [1].

——1.1.3. Parts Per Million (PPM)

Parts per million is also an absolute measurement like dew / frost point. It expresses water
vapor content as a volume fraction (mixing ratio). This measurement is difficult to
understand and work with, but it is useful when dealing with very small amounts of
moisture. It covers low humidity range as can be seen from Fig. 1. This measurement is
not very common and is only used in specific industry applications requiring trace

moisture measurements.

RH is the most commonly used unit for the measurement of water vapor content. It
expresses the vapor content at a specific temperature as a percentage of the concentration
required to cause saturation at that temperature. It is very easy to interpret, understand,
and process. Absolute humidity measurements (dew / frost point and parts per million)
are pressure dependent and difficult to conceive. They are not preferred for most
engineering applications. Most applications (including the ones listed in Chapter 1) use
relative humidity as the unit for moisture measurement in air or in a gas. As a result, the

focus of this work was on relative humidity sensors.

1.2. Types of Relative Humidity Sensors

Relative humidity sensors are used in a wide variety of applications and the specifications

they must usually meet include:

e Dynamic Range — this is the range of humidity that can be measured (e.g. 0 %RH
to 100 %RH for a full dynamic range).
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Sensitivity — change in the output unit for the sensor for a given change in relative
humidity (e.g. if the output is a voltage, V., that changes with humidity, then the
sensitivity is defined as 4V,,,/ ARH).

Response time — this is the time it takes for the sensor output to reach 80% or 90%
of'its final or steady state value for a sudden change in relative humidity.
Hysteresis — this is the difference in the response paths associated with increasing
and decreasing humidity. It is usually recorded as the maximum percentage
difference between the ‘humidity increase’ and ‘humidity decrease’ response over
the entire dynamic range, and the relative humidity level at which this occurs is
sometimes specified (e.g. 5 % hysteresis at 50 %RH).

Reproducibility / Precision — this measures how much the sensor output varies for
the same measurement repeated multiple times under the same conditions.
Chemical and Physical Stability — the resistance of the sensor and its output to
chemicals, other vapors, and physical forces.

Long-Term Stability — the variation in performance over time.

Accuracy — The degree of closeness between the measured relative humidity level
and the actual level.

Cost

Life Span — how long before the sensor cannot be reused anymore.

These specifications are different for different applications and there are various types of

relative humidity sensors for achieving these specifications. Some are better for certain

specifications than others. The various types of relative humidity sensors are discussed

—1.2.1. Thermal Conductivity Relative Humidity Sensors

At elevated temperatures (> 250 °C), there is a difference in thermal conductivity between

dry and humid air. This feature is exploited in thermal conductivity relative humidity

sensors. The thermal conductivity of air changes with the humidity level and this can be
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measured to determine the relative humidity level. A heat sensitive element is needed to

detect the difference in conductivities. Two types are common:

(1) Platinum Metal Resistor

The resistance of platinum films changes with temperature. They have a very high
positive temperature coefficient of resistance, high temperature-resistance linearity, and
high chemical durability. An example device is shown in Fig. 2-1. This device uses two
platinum resistors located on top of two different diaphragms. Other metal resistors can
also be used. One is exposed to the atmosphere, while the other is enclosed and filled with
nitrogen gas. The exposed element is the sensing element (SE) since it is in contact with

the humid air, while the other is a compensating element (CE).

Dry Nitrogen
Gas (N7)

Humid Air Sensing Compensating
Element Element

Figure 2-1: Example of thermal conductivity RH sensor [2]

Both resistors are heated up electrically to temperatures of around 250 °C so that there is
a measurable difference in thermal conductivity between dry and humid air. In such a
scenario, an increase in humidity causes the conductivity of the humid air around the
sensing element to increase. This causes a decrease in the temperature of the sensing
element and a corresponding decrease in the resistance of the platinum resistor. Since the
compensating element is not exposed to humid air, its resistance stays the same.
However, the resistance change due to ambient temperature is the same for both elements

and that cancels out.

The resistance outputs of both elements are processed using integrated electronics to
produce a final voltage output which changes with relative humidity. Sensitivities of

around 0.6 mV/%RH, response times as low as 5 s, recovery times as low as 25 s, and

s
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< 2% hysteresis have been reported for such devices [2]. These devices have a lower
detection limit of around 40 %RH. This is mainly because the difference in thermal

conductivities at humidity levels below 40% is very small and hard to measure.

(2) Diodes

Suspended diodes can be used as the sensing elements. Diodes have negative temperature
sensitivity — their output voltage decreases with increasing temperature. They usually
have higher temperature sensitivities than metal resistors. An example device using

diodes as the sensing element is shown in Fig. 3-1.

Silicon Cap

Suspended Silicon
Diodes Substrate

Figure 3-1: Thermal conductivity RH sensor using [3]

The idea is the same as in the metal resistor case. Both diodes are suspended (for
substrate isolation) and one is exposed to the atmosphere while the other is enclosed.
Both diodes are heated up electrically to about 250 °C (diodes take less power to be
heated up than the metal resistors). Changes in humidity will cause the thermal
conductivity of humid air to change and as a result, the temperature of the left diode
(sensing diode) changes while that of the right diode (reference diode) remains the same.
The diodes will therefore have different turn-on voltages. The turn-on voltage of the
sensing diode will change with humidity and that of the reference is independent of
humidity. Integrated circuits are used to convert the difference between the diode voltages
to produce an overall output signal which changes with relative humidity. The sensor and

the electronics can be integrated on the same chip.

Sensitivities as high as 47 mV/%RH, <1% hysteresis, 20 to 90 %RH dynamic range, and

around 1.38 mW power consumption have been reported for such devices [3]. Another

s
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advantage of using diodes instead of metal resistors is that the lower detection point (20
%RH in this case) is lower than metal resistor devices (~40 %RH).This is probably due to
the higher temperature sensitivities of diodes causing them to be able to detect the small

thermal conductivity differences at low humidity levels.

Most of the thermal conductivity relative humidity sensors are similar in concept to the
above two. They usually exhibit high linearity, long-term stability and long-life, and good
chemical durability. They can be used in harsh environments. Response times as low as
40 ms have been reported [4]. They are operated at elevated temperatures — hence, there
is no water condensation at high humidity and dust/other particles are kept off, but
constant heating is required, making them very power hungry. Their sensitivities increase
with heating temperature, but that calls for more power consumption and higher
temperatures can melt the metal resistors and/or other layers in the device. The fact that
cavities have to be created in the substrate and the compensating element has to be

hermetically sealed from the environment makes the fabrication process complicated.

—1.2.2. Gravimetric Relative Humidity Sensors

Gravimetric relative humidity sensors detect mass changes due to adsorption/absorption
of moisture causing changes in resonant frequency. A resonant device is coated with a
moisture sensitive material. This material adsorbs/absorbs the moisture causing a change
in mass and a resulting shift in the resonant frequency. There are various types of

gravimetric humidity sensors depending on the type of resonant device:

(1) Quartz Crystal Microbalance (QCM)

This uses a quartz crystal resonator to detect mass changes which translates to humidity
changes. A quartz crystal resonator uses the mechanical resonance of piezoelectric quartz
crystals to produce very precise electrical resonant frequencies. It consists of a
piezoelectric quartz crystal with two metal electrodes on opposite sides. The resonant
frequency is disturbed if the mass on the surface of the resonator (metal plates) changes.

This property is used to detect humidity changes. QCMs are very sensitive to mass
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changes. They can detect very small mass changes and hence, are suited for low humidity

levels.

Moisture molecules absorbed on the resonator surface causes a change in the mass of the
system and hence a resonant frequency change. If the electrodes are coated with a
humidity sensitive (hygroscopic) material, the moisture sensitivity and selectivity can be
highly improved. This material sorbs moisture and this causes the mass on the plates to
change, causing a shift in the resonant frequency. The amount of moisture sorbed changes
with humidity and hence, the resonant frequency of the crystal resonator varies with

humidity.
ﬂf e f;ﬂ?ﬂ """"" Ezj

Equation (2) shows that the frequency shift is proportional to the square of the resonant

frequency (f,) and the change in mass (4m).

The performance of these types of sensors depends on the properties of the coating
material. The materials usually used are metals, metal oxides, polymers, carbon
nanotubes, and some others. Frequency shifts as high as 4 kHz have been reported using
carbon nanotubes for humidity range of about 10 to 82%RH [5]. Response times as low
as 1.5 s (from 44 to 99 %RH) has been reported with fullerene coatings [6]. QCMs are
very non-linear since the relationship between the resonant frequency and mass is non-
linear. Quartz crystals are off-chip components and hence cannot be integrated with the
interface circuits. Systems will be fairly large and bulky. They are very sensitive to

surface perturbations and require expensive driving and detecting electronics.

(2) Surface Acoustic Wave (SAW) Devices

A surface acoustic wave (SAW) device is shown in Fig. 4-1. In such devices, two sets of
interdigitated transducers (IDT) are located on top of a piezoelectric / acoustic substrate.
A voltage applied to the input IDT induces strain on the acoustic layer via the reverse
piezoelectric effect. This creates a series of acoustic waves which travels along the

acoustic layer with a phase velocity (vy) to the output IDT where they are converted back
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Moisture
Sensitive Layver

U (T

Input IDT - Delay Path i Output IDT

!

Quartz Substrate

Figure 4-1: Surface Acoustic Wave humidity sensor [1]

to an electrical signal via the piezoelectric effect. When in a closed loop with an
amplifier, the device will resonate at a precise frequency. If the travel path is coated with
a moisture-sensitive film, moisture is absorbed causing a change in mass, density,
permittivity, and electrical conductivity of the film. All these changes induce a change in
the surface acoustic wave phase velocity. The change in phase velocity can be measured
as a change in the center frequency (fy) of the device. Hence, the frequency changes with
the amount of moisture absorbed or with the amount of humidity in air. The relative

changes in phase velocity and frequency is given by:

Higher harmonics can be used to increase the sensitivity. Some devices use dual delay
lines or dual SAW oscillators to cancel out any systematic effects and the sensor only
responds to non-systematic changes such as the changes in electrical properties of the

sensing film [7].

SAW devices have a much higher mass sensitivity than QCM devices (10 ng/cm2
compared to 1.2 ng/cm?), but oscillator instabilities can generally pose problems in
practical applications. The sensing material used usually includes metal oxides, ceramics
and polymers. The performance of the sensors depends on the choice of the sensing
material. Sensitivities of around 80 Hz/%RH [7] have been reported with cellulose acetate
sensing layer. Most of the reported SAW sensors are linear for a certain humidity range
and then become non-linear. Response times of less than 20 s, good repeatability, high

sensitivity, good chemical stability, 0-100 %RH dynamic range, good linearity up to 50
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%RH, and low hysteresis have been achieved with Nafion sensing layer [8]. SAW sensors
usually have a fair amount of hysteresis and are very sensitive to surface perturbations.

SAW systems require expensive detecting and driving electronics.

(3) Cantilever Resonators

A cantilever resonator is shown in Fig. 5-1. A piezoelectric polymer material (polyvinyl-
difluorene, PVDF) is used. When an electrical signal is applied to the electrode, the
cantilever vibrates as a result of expansion or contraction of the beam. The polymer is
moisture-sensitive and sorbs water vapor. This causes a change in mass and hence a
change in the frequency. Hence, the frequency changes with the amount of moisture
sorbed. The frequencies of these devices are usually low and so are the sensitivities (small
frequency shifts over humidity changes). A shift of around 30 Hz was reported for a 0-90
%RH range [9]. Like the other gravimetric sensors, expensive detecting and driving

electronics are required.

Aluminum Moisture GlueLayer Glass
Flectrode  Sensing Plate
PVDF Foil

C

Figure 5-1: Cantilever Resonator [9]

(4) Clamped-Clamped Beam Resonators

Fig. 6-1 shows a clamped-clamped beam resonator. Upon electrical excitation, the beam
vibrates at its resonant frequency. This generates a time-varying capacitance and
correspondingly outputs a current at the resonant frequency of the beam. If this resonator
is put in a closed loop system with an amplifier, an oscillator is obtained which outputs

electrical signals at the resonant frequency of the beam.
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Figure 6-1: Clamped-clamped beam resonator [34]

The output frequency is defined by the following equation:

l'."l!:a |IE
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In equation (4), m is the mass of the beam. If the top of the beam is coated with a
hygroscopic layer, moisture will be sorbed into this layer and this will increase the mass
of the beam, resulting in a change in the output frequency. The amount of moisture
sorbed depends on the surrounding air humidity level and hence, the output frequency of

the device will change according to the water vapor content in air.

In the literature review done for this work, this type of humidity sensor was not found
reported in any paper. From hand calculations, it can be found that an 8.3 MHz resonator,
with a 1 um polymer sensing layer, can cause a frequency shift of about 10 kHz over 0-
100 %RH range (assuming a 2 % mass change over the entire humidity range). Polymers,
metal oxides, and carbon nanotubes are potential choices for the sensing layer. Since the
frequency-mass relationship is non-linear, the humidity response will be non-linear. Also,
these sorts of sensors require expensive driving and detecting electronics. This is true of

all gravimetric humidity sensors.

— 1.2.3. Resistive Relative Humidity Sensors

(1) Cantilever Based
An example of a cantilever based humidity sensor is shown in Fig. 7-1. The polyimide

layer is the moisture sensing layer. Polyimide is used as an example; other sensing
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materials can be used. A platinum resistor layer is underneath the sensing layer and an
example layout of this platinum layer is shown.

Platinum
Polyimide l

Moisture Sensing
Layer

N e ]

Silicon Nitride
Substrate

Figure 7-1: (a) Cantilever based resistive :]jmidity sensor and (b) the layout of the platin(llj:'n layer [10]
The sensing layer (polyimide) sorbs moisture from the surrounding air and this induces
stress on the beam. This causes the beam to deflect or deform, resulting in a change in the
effective length of the platinum layer. This change can be measured as a change in the
resistance of the platinum resistor. The stress induced on the beam, and hence the
resistance of the beam, depends on the amount of moisture sorbed by the sensing layer

(i.e. depends on the humidity level in the surrounding air).

The sensitivity of these sensors increases with the length of the platinum resistor (length
of beam). For a length of 4450 pm, a resistance change of about 150 kQ was reported
over 40-85 %RH with polyimide sensing layer, hysteresis of about 2%, and a response
time of about 0.9 s [10]. Cantilever based resistive humidity sensors usually have non-

linear behavior and lower detection limits around 30-40 %RH.

(2) Electrode Based

An example of an electrode based resistive humidity sensor is shown in Fig. 8-1 below.
There are two sets of interdigitated electrodes (IDEs) arranged as shown in the figure. A
moisture sensing layer, whose conductivity changes with humidity, is used to cover both
IDEs. When the ambient humidity level changes, so does the conductivity of the sensing

layer. This results in a change in the resistance between the two IDEs. Air humidity is
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Figure 8-1: Electrode based resistive humidity sensor [1]

transduced into an impedance change. The sensing materials determine their performance
and the materials used usually include polymers, electrolytes, ceramics, carbon
nanotubes, ceramic/polymer composites, and carbon nanotube/polymer composites.
Sensitivity of about 1.6 %/%RH, hysteresis of 0.45%RH, linearity of £0.05 %RH, and
response and recovery times of 17 s and 11 s respectively were reported using MnO-ZnO-

F6203 film [1 1]

Electrode based resistive type sensors usually have very high sensitivity. Depending on
the sensing layer, rapid response times (~3 s) can be achieved [12]. They tend to have a
non-linear response [13], but linearity can be improved with certain sensing layers [12] or
composite materials [14]. They usually suffer from significant hysteresis, especially when
not used frequently, but low hysteresis can be achieved with some sensing materials [11].
Also, they suffer from the disadvantage that there is an inherent dissipation effect caused
by the dissipation of heat due to the current flow in the elements necessary to make

measurements. This results in erroneous readings and other problems.

— 1.2.4. Capacitive Relative Humidity Sensors

(1) Cantilever Based

Cantilever based capacitive humidity sensors work on the same principle as the cantilever
based resistive sensors. A cantilever beam is coated with a moisture sensing layer which
exerts stress on the beam when moisture is sorbed. The stress causes the beam to bend.
Unlike the cantilever resistive sensor, there is no platinum resistor on the beam. Instead,

there is metal electrode on top of the beam and another one held a certain distance above
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the beam as shown in Fig. 9-1. The glass cover with the second electrode is bonded to the
bottom substrate. The bending of the beam changes the distance between the two

electrodes, resulting in a capacitance change.

Glass —_—

Moisture
Sensing Layer

Electrode

Substrate

Figure 9-1: Cantilever based capacitive humidity sensor [15]

Sensitivities around 2 nF/%RH (from 45 to 95 %RH), high linearity, response times as
low as 1.1 s (from 20 to 40 %RH), and hysteresis of about 1.9% have been reported using
polyimide sensing layer [15].

(2) Electrode Based

A moisture sensing layer, whose electrical permittivity changes with the amount of
moisture sorbed, is used as the dielectric material between two metal electrodes. Hence,
the capacitance between the electrodes changes with the amount of moisture in air. Both

lateral [16] and stacked [17] capacitive structures can be used as shown in Fig. 10-1.

Lateral Structure Stack Structure

Electrode —

Sensing layer

Figure 10-1: Lateral (left) and stacked (right) structures for electrode-based capacitive humidity sensors

The sensing layers define their performance and usually include metal oxides/ceramics,

polymers, carbon nanotubes, porous silicon, etc. With barium titanate as the sensing
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layer, a non-linear response with 430 % sensitivity, 13 min response time, and 4.5 %
hysteresis was obtained [18]. On the other hand, with a polyimide sensing layer, a highly
linear response with 20 % sensitivity, 2.5 s response time, and 0.6 % hysteresis was

obtained [17].

Electrode based capacitive humidity sensors are the most common humidity sensors.
They make up 75% of the market. These sensors offer very high linearity, sensitivity,
stability in a wide humidity range, and robustness. They have very low power
consumption, no moving parts, and high output signals. Due to slow dehumidification,
they usually suffer from hysteresis, but this largely depends on the sensing material. Low

hysteresis capacitive humidity sensors have been reported [17].

1.3. Moisture Sensing Materials

There is a wide variety of materials that can be used for humidity sensing. These
materials determine the overall response and performance of the humidity sensors. It is
very difficult to pin-point one material that can satisfy all requirements. Hence, materials
are chosen based on the application and specifications required. The properties usually
demanded for humidity sensing materials mainly include high sensitivity over the entire
humidity range and temperature, small response and recovery times, high linearity, low
hysteresis, high stability to use over time and thermal cycling, high stability to chemicals
and other vapors, insolubility in water, and ability to maintain performance in high

humidity environments. Some of the most common sensing materials are discussed next.

—1.3.1. Metal Oxides / Ceramics

These materials possess a unique structure consisting of grains, grain boundaries,

surfaces, and pores. They have high surface-to-volume ratio and abundant void fraction.
Their porous nature allows for water vapor to be adsorbed onto their surface. The vapor
molecules easily pass through the pores and as humidity increases, they condense in the

capillary-like pores between the grain surfaces (phenomena known as capillary
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condensation). The adsorption of moisture on their surface changes their electrical
properties (conductivity and/or permittivity). Hence, these sensing materials can be used
in both resistive and capacitive humidity sensors. The adsorbed vapor molecules also
serve to increase the mass of the sensing material — this implies ceramics/ metal oxides

can be used in gravimetric humidity sensors as well.

The humidity sensing performance of ceramic / metal oxide sensors are highly dependent
on the porosity and surface morphology (size and distribution of pores) of the ceramic or
metal oxide sensing layer. Higher porosity or surface area gives higher sensitivity and
lower response time. Larger size pores favor reproducibility, stability, and fast response
times. Increasing the proportion of smaller-sized pores enhances low humidity
performance, while increasing the proportion of large-sized pores enhances high humidity
performance. In general, a wide pore-size distribution is preferred to improve

performance over all humidity.

Controlling the microstructure and chemical composition of the ceramic or metal oxide
material in order to optimize/improve performance or tailor towards a certain set of
specifications is a huge part of literature. This is usually done by controlling and/or
modifying the preparation steps and conditions, as well as by chemically processing the

sensing material [19].

Many of the ceramics/metal oxides that are used are formed by sintering at high
temperatures (can be up to 1000 °C). Such temperatures are too high for CMOS circuitry,
making such sensors CMOS-incompatible. However, other low-temperature methods of
depositing ceramics/metal oxides have been reported recently that enable CMOS-
compatibility. These methods include chemical vapor deposition (CVD), sputtering, and

glancing angle deposition (GLAD).

Glancing angle deposition is a very promising deposition technique for ceramics. It
combines physical vapor deposition (PVD) at highly oblique vapor incidence angles with

controlled substrate motion. This method enables the growth of various complex
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nanostructures. The resulting films are highly porous, offer a large surface area, and have
a morphology that is controllable on the 10-nm scale. The deposition conditions can be
adjusted to control the film microstructure. Very high quality ceramics (in terms of
humidity sensing) can be deposited using this technique. It has been used to deposit
sensing materials for electrode based capacitive humidity sensors and dynamic ranges of
about 1-98% have been reported. Sensitivities in the range from 0.1-30 nF/%RH and

response/recovery times as low as 200 ms have been achieved [20].

Ceramics/metal oxides have very high mechanical strength, very good thermal and
physical stability, are very resistant to chemical attacks. This makes them ideal candidates
for harsh environment applications. They have a wide dynamic range and good
sensitivity. Their response time is limited by the diffusion of the water vapor molecules.
Fast response times have been obtained with certain ceramics [21]. They are not very
linear. A major problem with these sensing materials is that they are very sensitive to
contaminants such as dust, dirt, oil, smoke, alcohol, etc. One these impurities are sorbed,
there are irreversible changes to the sensor’s response. Also, when exposed to high
humidity over a long time, chemisorbed hydroxyl (OH") ions are formed on the surface.
This causes a drift in the resistance of the sensor. The hydroxyl and contaminants are
usually removed using heating. Most ceramic or metal oxide humidity sensors have
heaters incorporated in order to heat the sensors from time-to-time and remove all

contaminants and the chemisorbed ions.

—1.3.2. Porous Silicon

Porous silicon is crystalline silicon with pores or channels electrochemically etched into it
to form a sponge-like material. They are formed by the anodic or galvanic etching of
silicon in hydrofluoric acid. In the presence of water vapor, the vapor molecules are
adsorbed and condense inside the micropores, causing a change in the electrical

permittivity of the layer. They are used in electrode based capacitive humidity sensors.
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Just like ceramics/metal oxides, the porosity of porous silicon and surface morphology
greatly affects their humidity sensing performance. This can be controlled using additives

and varying the anodisation parameters.

Sensors with porous silicon sensing layer usually have high sensitivities (up to 2700 %
capacitance change [22]), but offer very poor response times (5-10 minutes). They do not
suffer from thermal or humidity cycling fatigue, but do suffer from large hysteresis, and
are non-linear. Also, their high reactivity causes them to be easily contaminated by the
environment. Porous polysilicon can also be used as a sensing material. It offers lower

sensitivity, but better response times when compared to porous silicon [23].

——1.3.3. Porous Silicon Carbide

Anodisation of silicon carbide forms porous silicon carbide. Water vapor molecules are
adsorbed and diffuse into its pores altering the electrical permittivity of the material. It is
used in electrode based capacitive humidity sensors. The main advantage of silicon
carbide is that it is very strong and resistant to harsh environments. Sensitivities of around
80% within a dynamic range of about 10-90 %RH and response time in the order of a few
minutes have been reported [23]. They are usually non-linear and have a fair amount of

hysteresis.

— 1.3.4. Polymers

A polymer is a macromolecule consisting of repeating structural units. They have a
backbone made up of single, double, or triple bonded carbon atoms. Molecular or
functional groups are attached to this backbone. The structure of the backbone, along with
the functional groups, differentiates different polymers and their properties. Many
polymers have a strong affinity for moisture. Polymers have been used for moisture
sensing for a very long time. Their sensing principle is similar to that of ceramics in that
the water vapor molecules are adsorbed onto their surface and diffuse/condense into the
micro-pores, changing the electrical conductivity and/or permittivity of the polymer. They

are used mainly in the electrode based resistive and capacitive type humidity sensors.
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Since the moisture sorption causes mass changes of the polymer film, they can also be
used for gravimetric humidity sensors as well as the cantilever type resistive and

capacitive humidity sensors.

Polyelectrolytes and conjugated polymers are mostly used for electrode-based resistive
type humidity sensors, in which the conductivity of the polymers changes with humidity.
Polyelectrolytes are polymers with electrolytic groups such as salts, acids, and bases.
Their backbones are hydrophobic, while the electrolytic groups are quite hydrophilic.
These polymers absorb water and their conductivity increases. Polyelectrolytes are very
soluble in water and this property causes deformation and loss of performance.

Techniques to address this problem will be discussed shortly.

Conjugated polymers are conducting/semiconducting polymers in which single and
double bonds occur alternately along the main chain. This alternation is called
conjugation and gives them their conducting/semiconducting property. Despite this, they
are still not very conductive due to lack of charge carriers. The conductivity can be
increased by doping. When water is absorbed, it releases protons (protonation) which
interacts with the conjugated double bonds. This effect is used for humidity sensing. The
conductivity varies as water is absorbed and dopants can be used to control this variation.
Conjugated polymers are usually hydrophobic and are not able to absorb much water.
Hence, their sensitivities are usually low. However, they can be combined with

hygroscopic polymers to enhance their response.

The types of polymers used for electrode-based capacitive humidity sensing usually
include hydrophobic materials with a bit of hygroscopicity. The hygroscopic nature is
required to attract water vapor. These type of polymers are both non-ionic and high polar.
Examples of such polymers include esters and polyimide. Humidity response of these
types of polymers is very high linear. They usually suffer from hysteresis due to
clustering of water molecules inside the polymer, but this depends on the type of polymer
used. This clustering effect can be reduced using cross-linking. Cross-linking also

increases the sensitivity sometimes depending on the cross-linking reagent.
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Some polymers, mainly polyelectrolytes, are very soluble in water. This causes them to
degrade or lose performance in high humidity or dew forming atmospheres. Due to their
high solubility, their conductivity reaches a very high value at low humidity values. This
causes their high humidity response to be weak. For these types of polymers, humidity
switching usually lowers their performance and life time. There are various methods to

address these problems.

e Cross-linking: this involves forming a sort of bridge between two polymer chains

in order to create a dense, insoluble, and intensive polymer network.

e Interpenetrating polymer network (IPN): this consists of a cross-linked
polyelectrolyte (or hydrophilic polymer) and a cross-linked hydrophobic polymer
combined together such that they interlock or interpenetrate each other. This
forms an even more intensive polymer network with higher insolubility and

lifetime.

e Graft-polymerization: This involves attaching or grafting atoms or groups to the
main backbone of the polymer at different points. This makes the polymer more
resistive to water. Also, by adding some insulating content, the conductivity at

low humidity is reduced, hence increasing the sensitivity at high humidity.

e Co-polymerization: this is a process in which a polymer is chemically synthesized

from two or more monomers.

Most of these techniques can be combined with each other. For example, the formation of
an interpenetrating polymer network with a cross-linked copolymer and a cross-linked
hydrophobic polymer. Using these techniques to form strong, insoluble, and long-lasting
polymers for humidity sensing is a huge part of literature [24-31].
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——1.3.5. Carbon Nanotubes (CNTSs)

These are cylindrical carbon molecules with outstanding mechanical, thermal, chemical,
and electrical properties. They are about a 100 times stronger than steel and maintain very
high current densities. Their thermal conductivity is comparable to that of diamond.
Carbon nanotubes are usually few nanometers in diameter and can be several micrometers
long. There are two types: single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs). They form a porous-like nanostructure offering very high
surface area enabling high-resolution humidity sensing via adsorption of water vapor
molecules. Capillary condensation is induced in the micropores at low humidity levels,
hence amplifying capacitive response. They can be used in capacitive, resistive, and
gravimetric humidity sensors. The best QCM humidity sensor performance reported was

obtained using CNTs as the sensing layer [5].

The conductivity change with humidity is fairly linear [12], but the capacitive change
with humidity is not linear [32]. Response times range from a few second to tens of
seconds. Capacitive humidity sensors using CNTs showed sensitivities up to 3700 % at

high humidity [32].

1.4. Main Contributions of this Work

e In this work, electrode-based, stack-structure, capacitive relative humidity sensors,
with a thin polymer film as the sensing layer, were designed and fabricated to
demonstrate highly linear, high sensitivity and fast humidity sensing using

MEMS.

e A MATLAB simulation model, based on the mathematics of moisture adsorption

and diffusion, was developed for simulating the dynamic response of the sensors.
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e The MATLAB simulation model, as well as CoventorWare (for steady-state
simulations), were used to show how a specific sensor design can be optimized for
performance and how sensors of different structures and geometries compare with

each other.

e  With CMOS compatibility being a major requirement for this work, a
microfabrication process flow that has a low thermal budget (< 300 °C), as well as
material and chemical compatibility with CMOS IC fabrication was developed

and optimized.

» Published IEEE paper:
P. V. Cicek, T. Saha, B. Waguih, F. Nabki, and M. N. El-Gamal, “Design
of a Low-Cost MEMS Monolithically-Integrated Relative Humidity

Sensor”, International Conference on Microelectronics, pp. 172, 2010.

e The capability to shield the sensor from humidity in order to have a reference
device was developed and optimized — it provides a reference value enabling more
accurate capacitance measurements using electronic circuits and also provides a
means of temperature compensation without the need for a high resolution

temperature sensor, and integrated heater, or a temperature insensitive clock.

» Published IEEE paper:
K. Allidina, T. Saha, and M. N. El-Gamal, “4 Temperature Compensated
Architecture for Integrated, Low Power, Frequency Domain Sensor”,

International Conference on Microelectronics, pp. 164-167, 2010.

e The sensing polymer layer forms the most crucial part of the sensor and
determines the overall performance. A very low cost, simple, robust, repeatable,
and reliable technique to deposit very thin, low stress, highly planar, high quality

polymer layers was developed and optimized.
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e A very convenient, reliable, and versatile technique was reported and used for
fabricating the MEMS sensors on top of CMOS IC dies of any size to demonstrate
the capability of full monolithic integration of MEMS and IC.

» IEEE paper in preparation:
P. V. Cicek, Q. Zhang, T. Saha, S. Mahdavi, K. Allidina, F. Nabki, and M.
N. El-Gamal, “A Novel Prototyping Method for Die-Level Monolithic
Integration of MEMS Above-1C”, Journal of Micromechanics and

Microengineering (IOP Science), 2012 — in review.
e A novel, robust, and accurate response time test setup, using thin latex

membranes, was designed for testing the behavior of the sensors when exposed to

relative humidity steps and obtaining the response time of the sensors.
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2. Design/Simulation

2.1. Sensor Type and Sensing Material

As discussed in chapter 1, there are several different types of relative humidity sensors
and a whole multitude of materials that can be used for humidity sensing. The first step in
the design process is to select a certain type of sensor and the sensing material to be used.
In this work, no specific application or set of specifications were being targeted. The goal
was to design a relative humidity sensor that can be used for most applications with

reasonable specifications.

Sensor Type — Electrode based capacitive type relative humidity sensor was chosen for

the following reasons:

e High linearity

e Wide humidity measuring range

e Mechanical resilience — the device structure is simple with no moving parts.
Hence, the fabrication yield can be high and device failure rate is low.

e Reasonable complexity of interface circuitry — measuring capacitive changes is
common and can be done accurately with different circuit configurations.

e Low power consumption — there is no power consumption at DC, which is very

beneficial from an overall system and industrial perspectives.

Sensing Material - Capacitive humidity sensors can use a whole variety of sensing
materials. A special type of polymer was chosen as the sensing material due to the

following reasons:

e High linearity
e Low hysteresis
e High sensitivity

e Resistance to most chemicals
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e Compatibility with integrated circuit (IC) fabrication
e High thermal stability
e Relatively easy to prepare and deposit

e Readily available

This polymer is non-ionic, but highly polar. This gives it both hygroscopic and
hydrophobic properties. The hygroscopicity enables it to attract and sense water vapor
molecules, while the hydrophobic nature is essential for preventing performance drop or

dissolution of the polymer in high humidity or dew-forming environments.

Both the electrode based capacitive type humidity sensor and the polymer sensing
material allow for a CMOS-compatible fabrication process, enabling total system
integration, which is a key component of this work. This also implies that the parasitic
effects will be reduced since the sensing device and the interface circuits will be on the
same substrate. There will be no interconnect parasitics like those present in conventional

solutions and this will serve to maximize the sensitivity.

2.2. Structure and Geometry

Once the sensing layer has been chosen, the next phase is to design the structure and
geometry of the capacitive sensing device. For electrode based capacitive sensors, there
are two types possible — stack structure and lateral structure. The lateral structure provides
lower capacitances and generally has lower sensitivities. Hence, in this work, the stack
structure device was implemented. This basically consists of a stack of metal-polymer-
metal. It’s a simple parallel plate capacitor with polymer as the dielectric sandwiched

between two metal electrodes.

The top electrode cannot be completely flat since there will be no exposure of the
polymer underneath to ambient moisture. Some metals are moisture permeable and hence

can be completely flat and still allowing for moisture to diffuse into the polymer below.

B
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However, only a few metals are moisture permeable (e.g. gold) and they have to be quite
thin (<100nm preferably). This imposes a strict restriction on the fabrication process flow.
The other disadvantage is that the response time will be high since the moisture first has
to diffuse through the metal before getting into the polymer - there is no direct exposure
of the polymer to the ambient humidity. Due to these disadvantages, the top electrode
needs to be patterned in order to provide direct exposure of the polymer to moisture. In
this work, this was done in two ways: Design-A, in which the top electrode was patterned
as rectangular fingers and Design-B, in which the top electrode was patterned with square
holes. Both structures are shown in Fig. 1-2.

Bottom Top
Electrode Electrode Polymer

Design-B

() (b)

Figure 1-2: Capacitive humidity sensing devices - (a) Design-A: top electrode with square holes and (b) Design-B: top

electrode as rectangular fingers

In both designs, there are openings in the top electrode so that there is direct contact of
the polymer with the ambient air. This allows for humidity diffusion into the polymer
film underneath the top electrode. The cross-section of both design types can be

represented using the diagram shown in Fig. 2-2.

Wean
T, —

ne - Bottom Electrods
TP - Top Electrode

- Polvmer

Silicon Substrate

Figure 2-2: Cross-section of the capacitive humidity sensor
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W,ap represents the spacing between the fingers in Design-A and the width of the holes in
Design-B. W is the width of the fingers in Design-A and the spacing between the holes
(or the width of the top metal) in Design-B. T, is the thickness of the top electrode, 7} is
the thickness of the bottom electrode, and 7p is the thickness of the polymer. Once the
structure has been decided on, the geometry needs to be designed (i.e. the values of W7,
Weaps Tue, Tpr, and Ty, needs to be optimized). This can be done on the basis of two main

design criteria.

The first design criterion is to maximize the area of contact between the sensing
layer and the ambient air, and to have the shortest pathway to vapor absorption to
all points in the polymer. This will serve to minimize the response time of the sensor.
The response time is dependent on the largest distance (L) required for the moisture to
reach all points within the sensing material. Response time obeys Fick’s law and can be
expressed as:

L:

D is the humidity diffusion constant and is set by the sensing material. The only degree of
freedom is L. The geometry of the sensor device is optimized to minimize L and allow for

fast diffusion to all points within the sensing film.

With Fick’s law in mind, the polymer thickness, 7, and the top electrode width, W, needs
to be as small as possible to allow for fast diffusion of moisture to all points within the
polymer. If Tp is large, it takes more time for moisture to diffuse vertically into the
polymer. If W is large, it takes more time for moisture to diffuse laterally into the polymer
under the top electrode. Both cases imply large response time. Hence, for fastest response
time, both variables need to be made as small as allowed by the design technology.
However, if W>> L, the response time will be dominated by the time it takes for moisture
to diffuse laterally through W, since the vertical diffusion time through L will be much
smaller and will have a negligible effect on the overall response time, which consists of

both the horizontal and vertical diffusion occurring simultaneously.

41



The second design criterion is to minimize parasitic fringing capacitances. The

sensitivity of the sensor is dependent on parasitics according to the following relation:

In (6), S is the sensitivity, Cyucive 1S the nominal active capacitance of the sensor that is
affected by relative humidity changes, and Copayusisic 15 the nominal parasitic capacitance
that is independent of relative humidity. From this relationship, it is clear that the
parasitics need to be reduced in order to maximize sensitivity. This can be achieved
through the careful design of the sensor geometry. All the design parameters, 7j., Ty, Tp,
W, and Wy, influence Coucrive and Coparasinic, and hence will contribute to the overall
sensitivity of the sensor. The patterning of the bottom electrode also affects the
sensitivity. These will be discussed in more detail using simulation results in the next

section.

2.3. Simulation

— 2.3.1. Steady-State Simulations (CoventorWare)

The Clausius-Mossotti equation (7) relates the macroscopic and microscopic

characteristics of dielectrics.

In (7), N is the number of dipoles per unit volume, a is the molecular polarizability, g is
the permittivity of free space, and ¢(RH) is the permittivity of the dielectric at the given

relative humidity. For the given polymer-water system, the difference between (Na) at 0
%RH and (Na) at a given RH can be attributed to the moisture absorbed by the polymer
as a result of the relative humidity change. Applying this to (7) gives a variant of the
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Clausius-Mossotti equation (8), which can be used to relate the permittivity of polymer to

the amount of moisture in the polymer [4].

s s

£(RH) -
i es)

(0 %RH) — 1
£(0 %RH) + 2

[Ncr]H:G = 3z, [

b h

This equation can be used to calculate the permittivity of the polymer for different
amounts of water absorbed as a result of relative humidity changes. From the product
datasheet of the polymer used and other general physical, thermal, electrical, and
chemical properties of the polymer, the electrical permittivity change of the polymer from

0 to 100 %RH was calculated using (8).

Permittivity Change of the Polymer (over 100 % RH at Room Temperature):
2.9t03.7

Using this permittivity variation, steady-state sensitivity simulations were carried out
using CoventorWare, which is a design and simulation software for MEMS. Both Design-
A (top electrode patterned as rectangular fingers) and Design-B (top electrode patterned
with square holes) were modeled in CoventorWare and simulations were carried out to
study the sensitivity difference between both designs and to study the dependence of
sensor sensitivity on the bottom electrode thickness (7}.), top electrode thickness (75.),
polymer thickness (7p), top electrode width (W), and spacing of top electrode or width of
top electrode opening (Wgyp).

Design-A Sensitivity vs. Design-B Sensitivity / Sensor Sensitivity vs. Top Electrode

Thickness (7,.)

The thickness of the top electrode (7,.) was varied and the sensitivity for each thickness
was recorded. Fig. 3-2 shows the simulation results for both Design-A and Design-B.
Sensitivity was measured as the total sensor capacitance variation from 0 %RH to 100

%RH (i.e. capacitance variation from € = 2.9 to € = 3.7).
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Figure 3-2: Plot of sensor sensitivity against its top electrode thickness for (a) Design-A and (b) Design-B

Fig. 3-2 -- firstly, it can be seen that the sensitivity of Design-A is higher than that of
Design-B. This can be explained as follows - the parasitic portion of the nominal sensor
capacitance serves to decrease the sensitivity as explained earlier (6). This parasitic
portion increases if there are more electric field lines in air, since the permittivity of air is
unaffected by humidity. In both designs, there is air present in the top metal openings (in
the volume defined by W,,,) and field lines in these regions serve to introduce parasitic
fringing capacitance. In Design-A, the total air volume in which fringing field lines are
present is smaller (by about 45 %) than in Design-B. Also, Design-A has a lower total top
electrode perimeter (lower by about 4%) than Design-B, which means less fringing fields.
In other words, Design-B has a larger total air volume in which fringing field lines are
present and an increased amount of fringing fields, both of which imply a higher fringing

field or parasitic capacitance, and hence lower sensitivity.

Fig. 3-2 — secondly, it shows that the sensitivity of both design types slightly decreases as
the top electrode thickness increases. This can be explained as follows - for thicker
metals, there are more fringing field lines in air, which serves to increase the parasitic
portion of the nominal sensor capacitance, but the active capacitance remains the same.

As aresult, the sensitivity decreases as top electrode thickness increases.
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Sensor Sensitivity vs. Polymer Thickness (7p)
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Figure 4-2: Plot of sensor sensitivity against its polymer thickness for (a) Design-A and (b) Design-B

The polymer thickness (7p) was varied and the sensitivity for each thickness was
recorded. Fig. 4-2 shows the simulation results for both Design-A and Design-B. As can
be seen, the sensitivity of both design types decreases as the polymer thickness increases.
This can be explained as follows - for thinner polymer layers, the active capacitance is
increased more than the fringing parasitic capacitance, and hence the sensitivity increases

as polymer thickness decreases.

Sensor Sensitivity vs. Top Electrode Width (W)

The top electrode width () was varied and the sensitivity for each width was recorded.
Fig. 5-2 shows the simulation results for both Design-A and Design-B. As can be seen,
the sensitivity of both design types increases as the top electrode width increases. This
can be explained as follows — for larger top electrode widths, the active capacitance is
increased with no change in fringing parasitic capacitance. This results in larger

sensitivity.
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Figure 5-2: Plot of sensor sensitivity against the top electrode width for (a) Design-A and (b) Design-B

Sensor Sensitivity vs. Top Electrode Gap/Spacing (W)
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Figure 6-2: Plot of sensor sensitivity against the top electrode gap for (a) Design-A and (b) Design-B
The top electrode gap width (Wg,,) was varied and the sensitivity for each width was
recorded. Fig. 6-2 shows the simulation results for both Design-A and Design-B. As can

be seen, the sensitivity of both design types decreases as the top electrode gap increases.
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This can be explained as follows — for larger top electrode gaps, the active capacitance
remains the same, but the air regions, in which fringing fields are present, are larger, and

hence the parasitic fringing capacitance is larger. This worsens the sensitivity.

Flat vs. Patterned Bottom Electrode / Sensor Sensitivity vs. Bottom Electrode

Thickness (77.)

Both Design-A and B have a flat bottom electrode and a patterned top electrode. The top
electrode is patterned to expose the polymer to moisture. There is no need to pattern the
bottom electrode. However, it was noticed from CoventorWare simulations that
patterning the bottom electrode to be identical to the top electrode increases the sensor
sensitivity. The sensitivity of Design-A increases by about 1 %, while that of Design-

B increases by 2.5 %.

The increase in sensitivity can be attributed to the decrease in fringing parasitic
capacitance. Patterning the bottom electrode reduces the field lines since there is less
electrode area. The fringing fields are reduced and hence, the parasitic fringing
capacitance is reduced. This serves to increase the overall sensitivity of the sensor.
However, the increase in sensitivity is higher for Design-B devices than for Design-A
devices. This is due to the fact that the patterning of the bottom electrode reduces the
bottom electrode area more in Design-B than in Design-A, and hence the reduction in
fringing field lines will be more in Design-B than in Design-A. As a result, the reduction
in parasitic capacitance, and the corresponding increase in sensitivity, due to bottom

electrode patterning, is less in Design-A than in Design-B.

Varying the bottom electrode thickness affects the sensitivity. Fig. 7-2 shows the
simulation results. As can be seen, the sensitivity decreases with increasing bottom
electrode thickness. This can be attributed to the fact that fringing fields from the bottom
electrode increases as its thickness increases and also, the air volume depth in the top

metal openings increases as the bottom electrode thickness increases. This increases
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parasitic capacitance, and hence reduces sensitivity. Fig. 8-2 shows how a thicker bottom

electrode results in a larger air volume in which field lines are present.
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Figure 7-2: Plot of sensor sensitivity against the thickness of the patterned bottom electrode for (a) Design-A and

(b) Design-B
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Figure 8-2: Cross-section diagram indicating larger air region for fringing fields due to patterned bottom electrode
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These simulations are very useful for optimizing designs and comparing the performance
of different designs with each other. They may not however provide the correct absolute
sensitivity values. The simulations are based on certain theoretical values such as the total
moisture absorption of the polymer and the calculated values of the dielectric constant of
the polymer at 0 and 100 %RH. These values may be different for the actual devices.
Finally, for practical measurements, the variation of the dielectric constant of the polymer
with humidity depends on the measuring test frequency, which is not the case in

simulations.

— 2.3.2. Dynamic Simulations (MATLAB Simulation Model)

A MATLAB simulation model was developed to study the dynamic response of the
sensors - specifically to study the response of the sensors to abrupt humidity changes
(humidity steps) and measure the response time. The theory behind moisture adsorption
and diffusion, as well as the MATLAB model are described at the end of the chapter. This

section discusses the simulation results obtained using the simulation model.

Simulation Results

The response time of the sensor is defined by the time it takes for the moisture to reach all
areas of the polymer, mainly the areas underneath the top metal since this is what defines
the active capacitance of the sensor. This time is mainly dependent on the thickness of the
polymer, Tp (which sets the vertical diffusion time) and the width of the top metal, W
(which sets the lateral diffusion time). The width of the openings in the top metal (W),
and the thickness of both the top and bottom electrodes (7. and 7}.) do not influence the
response time in a significant manner. This is because these parameters do not
significantly affect the time it takes for the moisture to diffuse both laterally and vertically

in the polymer.

The response of the sensors to a relative humidity step was simulated and the normalized

sensor capacitance change was plotted against time. The results are summarized below.
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Both Designs-A and B were simulated for a 25%RH step and for W= W,,, =5 pm. Fig.
9-2 shows the normalized change in capacitance of both designs against time. As can be
seen, both designs have an identical response since the vertical polymer thickness and
most importantly, the lateral polymer thickness which moisture has to diffuse through
(i.e. the metal width ) is the same for both. From the experimental results shown in
chapter 3, it will be seen that the two designs show a difference in their response times.
This is simply because the effective diffusion constant in reality varies with the moisture
concentration profile, whereas the simulation model is based on Fick’s diffusion law
which is solved assuming diffusion constant that remains the same throughout the

moisture diffusion.

The response variation as the top metal width W is increased (i.e. as the lateral distance
the moisture has to diffuse through is increased) is shown in Fig. 10-2. From this, it can
be seen that the response time increases as ¥ is made larger. This is expected since a
larger W corresponds to a larger lateral distance the moisture has to diffuse through in the
polymer underneath the top metal, and this implies a longer time for the moisture to reach

all regions of the polymer. The response time can be defined as the time it takes for the
sensor to reach 63% (- ) of'its final change. The response time values are shown in

Table 1-2.

Normalized Capacitance Change

=== Pesign A|
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0 | 1 1 | 1 | 1 | |
0 10 20 30 40 50 60 70 80 90 100

Time (s)

Figure 9-2: Normalized capacitance change for Designs-A and B for a 25 %RH step
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Figure 10-2: Response variation as top metal width (W) is increased

W (um) Response Time (s)
2 1.1
4 4.6
5 7.2
10 28.9
15 64.9

Table 1-2: Response time corresponding to the various top metal widths (W)

As mentioned earlier, the response time is also dependent on the thickness of the polymer.
The response time increases for thicker polymer layers. However, in this work, the
polymer thicknesses used were much smaller than the minimum top metal width. Due to
this, the response time is dominated by the lateral diffusion time controlled by the top
metal width (#), while the vertical diffusion time controlled by the polymer thickness

(Tp) 1s insignificant to the overall response.
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2.4. Process Flow

The microfabrication process flow designed to fabricate the humidity sensors in the
McGill Microfabrication Facility is shown below.

Alominum  Aluminum Silicon Silicon Sensing Chrome Aluninum
Bottom Top Dioxide Substrate Polymer BondPad
Electrode Electrode

» Starting Material

(Silicon wafer with thermal oxide coating)

a) Sputter aluminum (bottom electrode)

b) Pattern aluminum using Mask 1

¢) Spin-coat and cure the polymer Mask 1
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d) Pattern the polymer using Mask 2

e) Sputter aluminum (top electrode)

f) Pattern aluminum using Mask 3

g) Sputter chrome, followed by aluminum

(Thick aluminum for bond pads)

h) Pattern aluminum and chrome using Mask 4

Mask 2

Mask 3

Mask a4

Figure 11-2: Fabrication process flow (horizontal cross-sections shown)
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NB: The masks are positive (i.e. the dark regions define where the material being
patterned remains). The electrode patterns shown in the mask diagrams are just one

example of many different patterns used in this work.

The process flow starts off with a 6-inch <100> silicon wafer that has a 2.5 pm thermal

oxide coating on top.

a) 120 nm of aluminum is sputtered. This aluminum will serve as the bottom electrode of

the capacitive sensor.

b) Using photolithography (Mask 1), the aluminum is patterned by wet-etching it.

¢) 200 nm of the polymer solution (polymer precursor + thinner) is then spin-coated onto
the wafer and then cured. The curing procedure immidizes the polymer precursor and
drives away all solvents, giving the polymer its physical integrity and defines its ultimate
electrical and chemical properties. The curing recipe was optimized to obtain low stress,

high quality humidity sensing films.

d) Using photolithography (Mask 2), the polymer is then patterned using reactive-ion-
etching (RIE). The patterning is done so as to remove the polymer from the regions of the

electrical bond pads.

e) 120 nm of aluminum is sputtered. This aluminum will serve as the top electrode of the

capacitive sensor.

f) Using photolithography (Mask 3), the top aluminum is patterned by wet-etching it. As
can be noticed form the diagram of Mask 3, the top electrode pattern redefines the bond
pads for the bottom electrode. This is done so that the bottom electrode pads don’t get
etched by the top aluminum etching.
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g) A thin layer of chrome is sputtered followed by 300 nm of aluminum. This aluminum
serves to increase the thickness of the bond pads. For proper, reliable wire-bonding, it is
crucial to have thick metal bond pads. The chrome in this case is used mainly to protect

the top electrode aluminum.

h) Using photolithography (Mask 4), the aluminum is patterned by wet-etching it. The
etchant does not attack the top electrode aluminum because the chrome provides a

protective barrier. Next, the chrome is removed by wet-etching.

NB: It can be noticed from the mask diagrams that each electrode has 3 bond pads. The
middle pad is the signal pad and the other two are ground pads. This was done to enable

testing using ground-signal-ground (GSG) probes.

This is a 4-mask process that is completely CMOS-compatible. There are no high-
temperature steps and all materials and process steps involved are compatible with CMOS

Processes.

2.5. Design Parameters

The design parameters /¥ (width of top metal) and W,,, (width of top electrode opening)
are defined in the mask layout. Design-A and B devices with a lot of different variations
of Wand Wp,, were included. Also, in addition to having square holes in the top electrode
for Design B devices, other variations were included which had circular holes and a
honeycomb structure. Devices with both flat bottom electrode and a patterned bottom
electrode were included in the mask layout. The goal was to fabricate the different

devices and compare their performance.

The other design parameters 7, (top electrode thickness), 7. (bottom electrode
thickness), and 7» (polymer thickness) cannot be defined in the mask layout. Instead they

are set by the deposition recipes used during the fabrication. From the theory and

B
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simulation results discussed in chapter 2, it is evident that using the minimum values for
each of these 3 parameters will give the best sensor performance. However, values higher

than the minimum were used in this work and this is discussed below.

2.6. Additional Process Flow Steps

—— 2.6.1. Heating the Sensor

Heating the sensors is required after extended periods of use in order to reset the humidity
sensing characteristics and cancel any effects that may have been causing a drift in the
response. It eliminates dust, dirt, smoke, and other impurities. After extended periods of
use in high humidity environments, the polymer may be saturated due to water vapor
condensation and returning to a dry state may require some time, during which the sensor
is inoperable. If the sensor is heated, it can quickly reset it to its dry state. Heating
prevents condensation and increases performance at very high humidity, increasing the

operating range of the sensor prior to saturation.

The response time of the sensor is directly proportional to the humidity diffusion constant
as shown in equation (5). This diffusion constant is dependent on temperature — it
increases with increasing temperature. This means that the sensing device can be heated
to boost the diffusion into the polymer layer and hence accelerate the response of the
sensor. For these reasons, a serpentine metal heater can be included beneath the

capacitive sensing device as shown in Fig. 12-2.

. Bottom Electrode
. Top Electrode
. Polyme

Metal heater

Figure 12-2: Sensing structure on top of a metal heater
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The metal heater is fabricated before the sensor and this heater has to be covered with an
insulating material to prevent electrical contact between the heater metal and the sensor
electrodes. Once this is done, the sensor is then grown on top. Two additional masks will
be needed. The additional process flow steps for fabricating a heater at the bottom of the
sensor are shown below. These steps come at the start of the process flow shown before
(i.e. the additional steps for including the heater are done before the actual sensor device

fabrication steps).

a) Deposit aluminum

b) Pattern the aluminum using Mask B1

Mask B1

¢) Deposit silicon dioxide

d) Pattern the silicon dioxide using Mask B2

Mask B2

Figure 13-2: Process steps for including a heater layer below the sensor
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a) Sputter a thin layer of aluminum. This serves as the heater metal.

b) Using photolithography (Mask B1), the aluminum is patterned by wet-etching it.

¢) Using plasma enhanced chemical vapor deposition (PECVD), deposit a layer of silicon
dioxide. This insulating layer covers the heater metal in order to electrically isolate it
from the sensor that will be fabricated on top. PECVD is used because it is a low-

temperature process (< 300 “C).
d) Using photolithography (Mask B2), pattern the silicon dioxide by reactive-ion-etching

(RIE). This patterning involves removing the silicon dioxide from the heater pad regions

only in order to expose the heater pads for electrical contact.

— 2.6.2. Reference Device

The capacitance changes with humidity will be measured using electronic circuitry. This
measuring circuit interface usually needs a reference capacitance (independent of
humidity) in order to compensate for parameters, that would affect the sensors, other than
humidity (e.g. temperature). For this reason, a reference device is designed next to every
sensing device as shown in Fig. 14-2. This reference device is exactly the same as the
sensing device except for the fact that it is covered with a non-conductive material that is
impermeable to moisture. This material will act as a barrier layer to prevent access to
moisture and hence the capacitance of the device will be independent of humidity. One
suitable material to act as the barrier layer is silicon dioxide (Si0,). In this work, two
other materials were also used tried out as the barrier layer. These are silicon nitride and

parylene.

As mentioned earlier, this reference device can also be used for temperature
compensation. Temperature variations will always affect the humidity readings. The
dielectric constant of the polymer varies with temperature and the sensitivity of capacitive
sensors usually increases with ambient temperature. This effect needs to be compensated

for.
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. Bottom Electrode

Metal heater

Mowsture probective
laye

Figure 14-2: Sensing device alongside a reference device

For most humidity sensors, temperature compensation is achieved using integrated
temperature sensors in order to adjust the humidity reading with respect to temperature
and this is done using circuits. Having a reference device can serve as a temperature
sensor. The reference device varies with temperature only, whereas the sensing device
varies with both temperature and humidity. This reference can therefore be used to cancel
the effect of temperature to a certain degree, depending on the circuit configuration used.
Also, a power-expensive way of achieving temperature compensation can use a closed
feed-back loop to control the current to the heater (beneath the sensing device), such that

the temperature of the device is fixed at a certain value.

For fabricating the sensor device along with its reference, two identical sensors are
fabricated next to each other and one is covered with a moisture-impermeable layer. One
additional mask is needed for this. The additional process steps required for creating the

reference device are shown below.

a) Deposit the moisture impermeable protective layer

Device1
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b) Pattern the moisture impermeable protective layer

using Mask C1

Davicad .

Mask C1

Figure 15-2: Additional process steps for creating reference devices (horizontal cross-sections shown)

a) After two identical sensors have been fabricated next to each other using the original

process flow, the moisture impermeable layer is deposited.

b) Using photolithography (Mask C1), the protective layer is patterned by reactive-ion-
etching (RIE).

The protective layers used in this work were silicon dioxide, silicon nitride, and parylene.
Parylene CVD is a low-temperature process (< 300 ‘C). Plasma enhanced chemical vapor
deposition (PECVD) was used to deposit silicon oxide and nitride. This is because
PECVD is a low-temperature process (< 300 "C). Keeping the temperature low keeps the
entire process CMOS compatible and also protects the other layers in the process. For
example, if thermal deposition of silicon oxide is used instead, the temperatures for this
process can get up to 1000 "C. Not only does this make the entire process CMOS
incompatible, but other layers such as the aluminum electrodes will be melted or

degraded.

2.7. MATLAB Simulation Model

— 2.7.1. Theory of Capacitive Humidity Sensing

Sensing humidity using capacitive sensor structures is based on the model shown below

in Fig. 16-2. Water vapor molecules are adsorbed onto the surface of the polymer,
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followed by diffusion of the vapor molecules into the bulk of the polymer, inducing a

change in the permittivity of the polymer.

AC
AN, aa e,
- N Permittivity ﬂ
Adsorption ‘ Diffusion # Change ‘/\'
time time

Variation in — Variation in
Humidity Capacitonce
Figure 16-2: Steps involved in capacitive humidity sensing

Variation in ambient humidity translates to a change in the amount of moisture in air,
which in turn results in the variation of the partial vapor pressure (4p;). This change in
vapor pressure leads to a variation in the polymer surface concentration of adsorbed water
vapor molecules (4M,,,). The surface molecules then diffuse into the polymer, causing a
change in the total amount of water (4Q) in the polymer. The shift in the total amount of
water sorbed induces a change in the permittivity of the polymer (4e,), which translates

into a change in capacitance (4C) of the sensing structure.

Surface Concentration

Adsorption of the penetrant (water vapor) molecules onto the surface of the polymer
changes the surface concentration of these molecules. This phenomenon can be viewed as
water vapor dissolving in the polymer. If a quasistatic equilibrium state is assumed
between the polymer surface and the water vapor, then the sorption mechanism can be
modeled using Henry’s law. This law states that the concentration of the solute (water
vapor) sorbed or dissolved onto the polymer is directly proportional to the partial pressure

of the vapor above the polymer and can be expressed mathematically as follows:

'Illrfc'lrf = l;I'C.D-I-G: """"" (g]

In equation (9), M,,r1s the penetrant concentration on the polymer surface, p; is the
partial vapor pressure above the polymer, and kp is the Henry’s law dissolution constant.
In glassy polymers such as the polymer used in this work, Henry’s law dominates the
sorption mechanism. However, glassy polymers usually have microvoids or holes

throughout and these microvoids act to immobilize some of the penetrant molecules.
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While Henry’s law models the ordinary dissolution, the sorption in microvoids or holes
can be described by a Langmuir isotherm. Hence, sorption can be modeled as two
concurrent mechanisms — normal dissolution and hole-filling. This dual mode sorption

can be expressed mathematically as:

In equation (10), 1is the hole saturation constant and b is the hole affinity constant.

If the polymer film is considered thick enough, then the adsorption kinetics can be
neglected compared to the diffusion kinetics and the surface can be assumed to be in
quasistatic equilibrium with the water vapor. In such a case, the dual mode sorption is a

valid model for the surface concentration.

Concentration in the Film

The penetrant molecules on the polymer surface diffuse into the polymer and this induces
a change in the concentration of the penetrant within the polymer film over time. The

change in concentration over time can be expressed using Fick’s diffusion law:

AAM (x,v, :,rj_D a* M b a*M b a*M "
at T Pagar T Uy TP (11)

In equation (11), D is diffusion constant. This equation expresses Fick’s law over all three
dimensions (X, y, and z). Diffusion of the moisture into the polymer occurs both vertically
from the surface of the polymer into the bulk of the polymer and laterally inside the
polymer. The diffusion constant is defined by the polymer and if dual-mode sorption
(Henry’s law and Langmuir isotherm) is considered, an effective diffusion constant can

be considered as expressed in equation (12):

D ss = D 2
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Permittivity of the Polymer

The diffusion of the vapor into the polymer changes the overall amount of water (41Q) in
the polymer film with time. This can be obtained by integrating over the x,
y, and z directions. The total amount of water determines the number of dipoles per unit
volume (N) of the polymer and this sets the overall permittivity of the polymer. This
permittivity is related to N by the following formula:

ANe E'.,. (RE) -1 E':'-:I:-_'. -1

3, Errr) T2 Epgy T2

In equation (13), &) is the dry relative permittivity (no water sorption) and €ry) is the

relative permittivity after water sorption () tAs;).

Capacitance Change

The change in permittivity due to sorption changes the capacitance of the sensing

structure and this is given by:

In equation (14), 4 is the area of overlap between the two electrodes and d is the distance

between them.
The theory behind capacitive humidity sensing (i.e. how a change in humidity results in a

change in capacitance of the sensing structure) has been described above. The simulation

model is based on this theory.

— 2.7.2. Simulation Model

The simulation model measures the dynamic response of the sensor when subjected to
ambient humidity changes. The simulation model follows the sequence shown in Fig. 16-
2. When the ambient humidity changes, the corresponding change in the polymer surface
concentration of adsorbed vapor molecules (4My,) is calculated. AM,,,s1s considered to

be the input to a system whose response is defined by Fick’s diffusion law (Equation 11).
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The output is computed by convoluting the input with the impulse response of the system
as done for conventional LTI (linear time invariant) systems. This output gives the total
amount of water in the polymer film as a function of time, which is then used to compute
the corresponding change in permittivity of the polymer (Equation 13). The permittivity

is then used to estimate the corresponding capacitance of the sensor.

The simulation model operates by convoluting the input to the system (humidity
variations) with the impulse response of the system, to give the output (sensor capacitance

variation). This is illustrated in Fig. 17-2.

Impulse
RH Input Q| Response c| Output
/S * -
time time time

Figure 17-2: Simulation model

Impulse Response

The impulse response of the system is the solution of Fick’s diffusion law subject to an
input impulse. In other words, the impulse response is the solution of the partial
differential equation shown below (Equation 15) for boundary conditions that
corresponds to an impulse input.

dA _l'l-ff(ﬁ.'_,_‘pj =, f:l - 8: M 5: M 5: M

. D —+D.—= ... 15
at *dx? ¥ ay? =9zt (15)

Equation 7 is a 3-dimensional partial differential equation (PDE). This represents the
diffusion of vapor molecules in all three dimensions (X, y, and z directions). This 3-
dimensional case can be simplified by treating the 3-dimensional diffusion phenomena as
separate unidirectional diffusion cases. For diffusion in one direction only, Fick’s

diffusion law can be written as:

dAM E_‘.'J I':',I -D 5‘: M
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This simplifies computation in that the system is now described by a 1-dimensional PDE
instead of a 3-dimensional PDE. The impulse response of the overall diffusion process
will be the sum of the impulse responses of the individual 1-dimensional cases. The
impulse response of Equation 8 can be calculated by first finding the step response and
then taking the derivative of the step response to get the impulse response. By studying
the mathematics of diffusion [1], the step response of the PDE in Equation (16) can be

computed to be:

AM_ O (—1)"
-
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In Equation 17, Ms is the step response, M, is the initial surface vapor concentration, D is
the rate of diffusion in the polymer, L is the thickness of the polymer, y is the distance
from the surface of the polymer into the bulk of the polymer, and ¢ is time.

The impulse response can be obtained by taking the time derivative of the step response.
To compute the impulse response for the total amount of water vapor in the polymer film,

M; is integrated over the thickness of the polymer as shown in Equation 18.

T

"L 2DM_ —D(2n+ 1)t
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Lo L 417

n=0

Equation 18 shows the impulse response for diffusion in the y-direction (vertical
direction). The impulse response for diffusion in the other directions will be similar,
except that the parameter, L, will represent a thickness in a different direction. The overall
impulse response of the system is the sum of the individual 1-dimensional impulse

responses.
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3. Fabrication/Testing / CMOS Integration

3.1. Microfabrication

Recipes to deposit the required thickness of each layer in the process flow with high
quality were developed and optimized in the microfabrication lab. The complete detailed
process flow, along with all the recipes, techniques, and materials used are described in

separate documents.

—3.1.1. Packaging

Once the devices were fabricated, they were diced manually at the McGill Nanotools
Assembly Room and packaged in 28-pin Leadless Chip Carrier (LCC) packages. Fig. 1-3

below shows a picture of a packaged die containing multiple sensor devices.

Figure 1-3: Packaged die with sensors

3.2. Testing Procedures and Results

— 3.2.1. Deliquescent Salts Testing

Once the first batch of devices was successfully fabricated, they were tested for basic
functionality simply to make sure that the devices were operational and to confirm that

s
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the fabrication was done adequately. This was done by verifying that the sensor devices
had the expected capacitance values and that their capacitances varied with humidity. An
LCR meter was used to measure the capacitance (at 10 kHz and 1V input). Initially, there
was no humidity chamber available, and hence deliquescent salts were used to provide

varying humidity levels.

Deliquescent salts have a strong affinity for moisture and absorb large amounts of water
vapor from the surrounding air. If a saturated solution of the salt is enclosed in an air-tight
environment, the humidity of the surrounding air is set to a very specific value. There are
a variety of deliquescent salts, each providing a different humidity level. These salts
provide a very reliable and accurate humidity setting and are used commercially for

humidity sensor calibration.

Four different salts were used to generate four different humidity levels. The sensor to be
tested was enclosed in an in-house custom-made air-tight chamber with each salt and its
capacitance was measured. The test setup is shown in Fig. 2-3. The sensor package was
placed on the test PCB. The PCB was then mechanically sealed to a chamber containing
the saturated deliquescent salt solution. Electrical connections were made to the other

face of the PCB using SMA connectors.

Sensor in Package PCB

C-Ring

EBefore Sealing After Sealing

Figure 2-3: Deliquescent Salts Testing Setup
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The seal was achieved using a lubricated O-ring and 4 clamps, providing a very air-tight
setup. The clamps can easily be released for changing the die or the salt solution, enabling
the testing of as many dies as required, using multiple salt solutions. The saturated salt
solutions were prepared by mixing the salt with de-ionized water in a very specific ratio.
This ratio was obtained from the user manual of the Vaisala relative humidity sensor
calibration kit [1]. The salts used and their corresponding humidity levels, as well as the

mixing amounts of salt and de-ionized water are shown in Table 1-3.

After sealing the PCB to the chamber, the solution was allowed to stand for 24 hours
before taking measurements. This is to ensure that the humidity inside the chamber

stabilizes to the desired value.

Salt Amount of %RH at
N Salt/De-ionized Water | Room Temperature
Lithium Chloride (LiCl,) 15g/12ml 11
Magnesium Chloride (MgCl,) 30g/3ml 33
Sodium Chloride (NaCl) 20 g/ 10 ml 75
Potassium Sulphate (K;SQOy) 30g/ 10 ml 97

Table 1-3: Deliquescent salt/de-ionized water ratio and corresponding relative humidity

Testing all the devices against the salts showed that the sensors had the expected
capacitance values and their capacitance was different for every salt (humidity). All
devices showed a very linear capacitance-humidity relationship. An example of a plot

obtained is shown below.

As can be seen from the plot, the response is very linear (R? = 0.9996), and the sensitivity
is around 24.56%. This device has a sensing area of 0.25 mm x 0.25 mm, with a flat
bottom electrode and a top electrode patterned with square holes (W =25 pm, Wy, =5
um). The simulated sensitivity is 27.45 %. The measured sensitivity is expected to be
lower due to the parasitic capacitances added from the die, package, and test PCB. Also,

as mentioned earlier, the simulations were based on certain theoretical values such as the
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Figure 3-3: Sensor capacitance against relative humidity obtained using deliquescent salts testing

total moisture absorption of the polymer and the calculated values of the dielectric
constant of the polymer at 0 and 100 %RH. These values may be different for the actual
devices. Finally, for practical measurements, the variation of the dielectric constant of the
polymer with humidity depends on the LCR meter test frequency, which is not the case in

simulations.

The deliquescent salt testing was only done as a preliminary test to check if the initial
fabricated devices were functional. Only a few devices were tested using this method
when there was no humidity chamber available. All further tests were done using a

humidity/temperature climate chamber.

— 3.2.2. Sensitivity / Hysteresis Testing

A humidity/temperature chamber was used for sensitivity and hysteresis tests. The
chamber was maintained at a constant temperature (25 deg C) and the humidity was
cycled up and down. Five different humidity settings were used (from 30 %RH to 90
%RH) and the chamber was allowed to stabilize for 20 minutes at each setting. The
minimum humidity level the chamber could reach at room temperature was 30 %RH. The
chamber has an accuracy of £2 %RH and it fluctuates about the set humidity value by up

to 6 %RH. A reference humidity meter from Vaisala was used as a reference to record the
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relative humidity values. This meter has an accuracy of about £2 %RH. An LCR meter
was used to measure the capacitance at 10 kHz and 1V input. Each test die had several
sensor devices on it. A different test PCB was designed which had multiplexers and a
microcontroller to enable switching between the various devices on the die through a
computer from outside the chamber. The results obtained for all the various devices are

shown and discussed next.

Fig. 4-3 below shows the sensitivity and hysteresis plot obtained for one of the devices.
The device is Design-A type with a flat bottom electrode and W= Wg,, =5 um. The
measured sensitivity is around 22.51% and the maximum hysteresis at 60 %RH is around

3.52 %RH.
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Figure 4-3: Measured sensor capacitance against relative humidity

The sensitivity and hysteresis of a whole variety of other devices were tested. These
included both Design-A type and Design-B type devices with varying W and Wy, other
variations which had circular and honeycomb structure holes on the top electrode, and
devices which had both flat and patterned bottom electrodes. In terms of sensitivity, it
was impossible to compare the various devices since there was no particular trend. This is
expected because the sensitivity differences are expected to be very small amongst the

various devices as noticed from simulations. For example, the sensitivity difference
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between having W =2 um and =25 um is about 7%, the sensitivity difference between
having a flat bottom electrode and a patterned bottom electrode is only about 2.5%, while
the sensitivity difference between Design-A type and Design-B type is also about 2.5%.
These small differences are very hard to notice from practical measurements. It was
noticed that exactly identical devices showed difference in sensitivities as large as 6%.
This combined with parasitic capacitances, measurement errors, different capacitance
values for the various devices, and inaccuracies of the humidity chamber and reference
humidity meter, all serve to mask the small sensitivity differences amongst the various
designs, and hence cannot be noticed from practical measurements. One possible solution
could be to fabricate and test a large number of identical devices of each design type and
compare the mean sensitivities. This was not done in this work. Only two identical
devices of each design type were fabricated and tested, which is not sufficient to notice

any trend amongst different designs.

The sensitivities of all devices tested ranged from 21% to 24.5% and they all showed
very high linearity (R* > 0.99).

The hysteresis was also measured for each device. Theoretically, the hysteresis is a
property of the polymer and should not depend on device geometry. However, there was
one trend noticed from the hysteresis measurements. The devices that had a patterned
bottom electrode showed a higher hysteresis than the devices which had a flat bottom
electrode. All devices exhibited maximum hysteresis around 60 %RH. The maximum
hysteresis values of several devices with flat and patterned bottom electrodes are shown

in Fig. 5-3 below.

The possible reasoning behind this observed result could be that the polymer in the small
pocket regions formed by the openings in the bottom electrode boosts the clustering of
vapor molecules and hence, enhances hysteresis. With a flat bottom electrode, these

pockets are not present and as a result, hysteresis is lower.
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Figure 5-3: Maximum hysteresis of several devices with both flat and patterned bottom electrodes

— 3.2.3. Response Time Testing

A crucial performance specification for relative humidity sensors is the response time.
This is defined as the time it takes for the sensor to respond to an abrupt humidity change
(a humidity step). Testing for response time can be a very difficult task since a setup has
to be designed that allows the sensor to be exposed to a relative humidity step. In other
words, the sensor has to be stabilized in one environment with a particular humidity level
and introduced into another environment with a higher stable humidity level. This switch
has to be immediate like a step function and the corresponding instantaneous capacitance
change of the sensor has to be measured. The setup which was in-house custom devised

to achieve this is shown in Fig. 6-3.

A thin latex membrane is tightly stretched (as indicated by the dashed arrows) over the
circular surface of the stand. The PCB, with the sensor on its underside, is pushed into the
circular opening on the stand. The opposite side of the PCB has all the electrical
connectors providing connections to the sensor devices in the package. The protruding
ring (with the o-ring) from the underside of the PCB pushes the membrane through and

perfectly fits into the circular opening on the stand surface, with the membrane
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Figure 6-3: Response Time Test Setup

conforming around it. The o-ring, when lubricated, serves to form a perfect seal. As a
result, the sensor is sealed in a small pocket formed between the PCB and the membrane.
This sealing is done at room humidity and temperature (~ 45 %RH and 25 °C). The whole
setup is then placed inside a humidity/temperature chamber. The long cable comes as well
as the electrical connecting cables, comes out through a small opening in the chamber so
that knob A is accessible outside the chamber. This small hole in the chamber is closed
with a silicone rubber. The chamber is closed and allowed to stabilize to 70 %RH and 25

°C.

While the chamber is at 70 %RH, the sensor is still sealed in the small pocket between the
membrane and the PCB at room humidity. Once the chamber has stabilized at 70 %RH,
knob A is pulled from outside the chamber, which causes the sharp pin to move upwards.
This swiftly snaps the latex membrane, exposing the sensor immediately to the chamber
environment. The sensor is thus exposed to a humidity step — an immediate change from
room humidity environment to the 70% chamber humidity. The corresponding
instantaneous capacitance change of the sensor is monitored using an LCR meter. The
LCR meter is used in remote mode and controlled using a MATLAB script which tracks

the capacitance change. The results obtained are discussed next.
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Fig. 7-3 below shows the response of a Design-A type and Design-B type device, both
with a top metal width, W of 5 pm. The simulation result is also shown in the form of the

dashed curve.
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Figure 7-3: Response time plot of to devices along with the simulation result

As can be seen from Fig. 7-3, the response of the Design-A type device is slightly faster.
The table below shows the calculated response time values of these devices, along with
the values of other devices with different top metal widths. The response time is
calculated by first curve fitting the raw data from the LCR meter and calculating the time

constant, which is the time it takes for 63% of the capacitance to occur.

Response Time (s)
W (um) Design-B Design-A
(Fingers) (Square Holes) Stmulation
2 1.5 2.2 1.1
3 2.5 3.1 2.6
4 4.0 4.6 4.6
5 6.7 7.3 7.2
10 27.5 30.8 28.9
15 50 69.5 64.9

Table 2-3: Measured and simulated response time values for Design-A and Design-B type devices of varying W
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Design-B type devices with the smallest top metal width (W = 2pm) showed the fastest
response with a response time of 1.5 s. The table clearly shows that sensors that have
square holes in the top electrode (Design-A) have a slightly slower response than the
sensors with fingers as the top electrode (Design-B). As can be recalled from chapter 2,
the simulation model shows identical response for Design-A and Design-B type devices.
However, the measured results show that there is a difference between the responses of
the two types of devices. This could be due to the fact that the diffusion constant in reality
is a function of the moisture concentration profile. The entire simulation model is based
on Fick’s Diffusion Law, which was solved assuming a constant diffusion constant
throughout the response duration. In reality, this constant is a function of the moisture
concentration profile, which is a function of distance and time. In Design-A type devices,
the moisture diffuses into 4 different directions (4 sides of each square hole). As a result,
the moisture concentration in each diffusion direction is lower than in Design-B where
diffusion occurs in only two directions. This results in a lower total effective diffusion
constant in Design-A devices, giving them the slower response. Also, as moisture diffuses
deeper into the polymer, the concentration reduces, which serves to reduce the effective
diffusion constant in reality. This is perhaps why the measured results show a slower
response than the simulation for larger W and also probably why the difference between

Design-A and Design-B devices become larger for a higher W.

From the response time results, it was seen that the pattern of the top metal influences the
response time. Some other patterns (circular holes and a honeycomb structure) were
fabricated and tested to see how the response time is influenced. The plot below (Fig. 8-3)
shows the response of the 4 different patterns for /=10 um. A large top metal width (W)
was used for comparison in order to be able to clearly differentiate the response. For
faster devices, the response time values are small and the differences between different

designs may be masked by measurement and calculation errors.

As can be seen from the plot, the best response is obtained when the sensors have fingers

as the top electrode pattern (27.5 s). The square-hole pattern offers slightly slower

76



response (30.8 s). The honeycomb structure is even slower (38 s) and the sensors with

circular holes exhibit the slowest response (54 s).
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Figure 8-3: Comparison of the responses of sensors with different top electrode patterns

Recovery Time

The recovery time of the sensors is of the same order and proportional to the response
time. The plot below (Fig. 9-3) shows the recovery time of fast and slow devices for both
Design-A and Design-B and Table 3-3 gives the exact values. Similar to the response
time, the recovery times for Design-B devices are faster than Design-A and this
difference becomes more prominent for larger W. The recovery times are slightly slower

than the response times or even faster in the case of Design-B with W= 15 um.

The rate of diffusion of moisture from the ambient air into the pores of the polymer is
usually faster than the rate of diffusion out of the pores into the surrounding air. Most of
the previous work reported in literature show recovery times that are much slower than
the response times for polymer based capacitive humidity sensors. However, the designs
in this work show recovery times that are only slightly larger or even smaller in some
cases. This shows the excellent humidity sensing quality of the polymer film used in this

work, with no imperfections, and very uniform pore sizes and distribution.

s
77




Normalized Capacitance Change

== Design-B (W =15 pm)

===Design-B (W =2 pm)

== Design-A (W =15 pm)

~ = Design-A (W =2 um)
Yy s*’"\
‘\ "N‘-h -
~ .
Y ~
'\\ -.,-....
\h.‘ -..,_..-..
‘N—,..\-. l-..._---.- —
"'llr.‘-." "----__--.
.-""l-._ -_--_'-.
. | \ | | \ | \
0 10 20 30 40 50 60 70 80 90
Time (s)

100

Figure 9-3: Plot showing the recovery times of fast and slow devices for both Design-A and Design-B type devices

— 3.2.4. Stability Testing

Design-A Design-B
W=2um  W=15pum | W=2um W=15 um
Recovery Time (s) 3.0 72 2.3 46
Response Time (s) 2.2 69.5 1.5 50

Table 3-3: Recovery and response time values of fast and slow devices for both Design-A and Design-B type

Deliquescent salts were used for this test. The sensors were sealed in a chamber (Fig. 2-3)

with a saturated solution of sodium chloride. This provides a very accurate relative

humidity level of 75%. After allowing 24 hours for the chamber environment to stabilize,

the capacitances of the sensors were monitored with time. The stability of the devices was

tested both over a short period (3 hours) and a long period (120 hours).

Stability - 3 Hours

Over three hours, the average value of the capacitance of each device remained perfectly

stable with no drift.
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Stability — 120 Hours

When exposed to high humidity over an extended time period, the sensors undergo a
reversible drift - the sensor capacitance slowly increases with time. This phenomenon is
known as ‘sensor creep’. The average creep over 120 hours at 75 %RH was about 0.9%
capacitance variation for both Design-A and Design-B type devices. This creep is a

reversible process — it resets once the sensor is removed from the high humidity exposure.

—3.2.5. Long Term Drift

As the sensor ages, it will experience some level of drift over the years, which is a
random process. It is not practical to measure the performance of the sensor over multiple
years. In this work, the aging of the sensors was achieved by exposing the sensors to a
high temperature over certain duration. The aging at a higher temperature corresponds to
a much longer aging period at a lower temperature and this can be calculated by using the
Arrhenius equation which relates reaction rate to temperature. This equation is shown
below.

E
k = Aex: (—“) ......... 19
ke = dexp (22 (19)

A 1s a constant, E, is the activation energy, R is the Boltzmann constant, 7 is the
temperature in Kelvin and £ is the reaction rate. This equation can be modified to express

the relation between reactions at two different temperatures. This relation is shown below.

t, = tyexp (% [i — %] )_ ......... (20)

Ty and T} represent the high and low temperatures (in Kelvin) respectively, while ¢ and
¢, correspond to the aging duration (in hours) at the high and low temperatures
respectively. If the sensor is aged at a higher temperature for a given time, the
corresponding aging duration at a lower temperature can be calculated using this

equation.
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The sensors were aged at 125 °C for 50 hours. Using equation (20) and 0.69 eV as the
activation energy for hydrolytic degradation of the polymer, this corresponds to an aging

of about 5 years at 25 °C.

Once the high temperature exposure is completed, an offset was noticed in the sensor
capacitance values. This is due to the baking of the sensors which results in all moisture

being driven away. This offset can be corrected by rehydrating the sensors.

It should be noted that it is quite difficult to determine the exact rehydration process. If
done too long, the sensors will be over hydrated and the offset due to baking will be over
compensated for. If done too short, the sensors will not be rehydrated enough and the
offset will not be nullified completely. In this work, the sensors were rehydrated by
exposing them to 75 %RH at 25 °C for about 24h. This was done by sealing the sensors
with a saturated solution of Sodium Chloride, which provides an accurate relative
humidity level of 75%. The sensor capacitance values were then measured and the
differences from the initial measurements before the high temperature exposure were
calculated. This difference divided by the aging duration gives the long term drift of the

Sensors.

Average long term drift of devices in the 2-8 pF range = 0.1 % RH/year

Average long term drift of devices in the 40-90 pF range =~ 0.9 %RH/year

Average long term drift of devices in the 150-180 pF range = 1.7 % RH/year

It was noticed that the long term drift was higher for devices with larger capacitances.
This is because more of the aged polymer is part of the active capacitance of the device.
Larger capacitance devices are basically devices that have a larger electrode overlap area.
This implies that more of the aged polymer is part of the active capacitance of the device,
and hence there is a greater effect of aging on the sensor. Design-B type devices (devices

with fingers) generally have lower electrode overlap area than devices with holes, and
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therefore show less long term drift. It can be concluded that minimizing the overall sensor
size and the electrode overlap area (through electrode patterning) will minimize the long

term drift.

—— 3.2.6. Reference Device Testing

As mentioned earlier, three different materials were tried as the moisture shielding layer

for the reference devices, namely silicon dioxide, silicon nitride, and parylene.

Silicon Dioxide

Devices with up to 1 pm oxide layers could be successfully fabricated. Upon testing, they
showed some amount of shielding, but there was still significant capacitance variation
with humidity. Thicker layers could not be used due to adhesion problems. Once thicker

layers were deposited and patterned, it was noticed that parts of layer would break off.

Silicon Nitride

Thick layers of nitride could be successfully deposited and patterned without any

adhesion or break-off problems. However, this material did not show any indication of
shielding moisture. The sensitivity was almost the same as a device without the nitride
layer. It was concluded that the silicon nitride is very porous and the moisture diffuses

right through it.

Parylene

This material showed the best resistance to moisture. Fig. 10-3 shows the capacitance
against relative humidity plot for a device with and without parylene protection. As can
be seen, the sensitivity is reduced quite a bit by the parylene, especially for relative
humidity levels below 70 %. However, for higher humidity levels, there is a fair amount
of sensitivity. The thickness of parylene used was 900 nm and it is possible that thicker
layers will shield much better. Unfortunately, thicker layers could not be used due to

adhesion problems. Once thicker layers were deposited and patterned, they would start
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peeling off. In the next phase of this project, chemical vapor deposition (CVD) recipes

will be developed and optimized for depositing thicker layers using adhesion promoters.
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Figure 10-3: Plot of capacitance against relative humidity for a device with and without 900 nm parylene shield

3.3. CMOS Integration

— 3.3.1. Background on MEMS/CMOS Integration

MEMS components or systems have to be interfaced with their control and signal
processing CMOS circuitry. This is referred to as CMOS integration of MEMS. There are
two main methods to achieve this integration. The first is Aybrid integration in which the
MEMS and IC are on separate dies placed in the same package and interconnected using
bond wires. The second integration method is referred to as monolithic integration in

which the MEMS and IC are on the same die.

Majority of MEMS products today are hybrid integrated with their associated IC. Hybrid
integration allows for a shorter development cycle as well as the independent
optimization of the MEMS and IC components. However, the assembly and packaging
costs are higher. Monolithic integration allows for a smaller, compact system in which
only one die is placed in the package. Having only one die reduces the packaging

complexity, which is a huge part of production costs. It also increases the reliability since
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the number of off-chip connections is reduced. The MEMS and IC are interconnected on-
chip and the use of bond wires for interconnecting both is eliminated. This reduces
performance-limiting parasitic effects for both the MEMS devices and the IC. This is
particularly important when there are many interconnections between the MEMS and
CMOS. On the other hand, since the MEMS and IC are processed on the same die, longer
development times and a higher initial investment are required. These disadvantages can
be negated if high volume batch-manufacturing is done. In that case, the lower assembly
and packaging cost makes up for the longer development time and higher initial

investment.

Monolithic integration favors miniaturization, compactness, reliability, and increase in
overall system performance. The industry is constantly driving towards the monolithic
integration of MEMS and CMOS, in order to achieve fully-monolithic systems with the
MEMS devices and the associated electronics on the same die. There are three ways to

monolithically integrate MEMS with CMOS:

1) MEMS First or Pre-Processing -
This involves fabricating the MEMS first, followed by the CMOS.

2) Interleaved Processing -
CMOS and MEMS are fabricated in a single process flow. Basically, the
fabrication steps for the MEMS process and CMOS process are carried out in

parallel, but in an interleaved fashion.

3) MEMS Last or Post-Processing -
In this case, the CMOS is fabricated first, followed by the MEMS. The MEMS is
usually fabricated on top of the IC die.

The first two methods are usually used for MEMS processes that require a high thermal
budget. For the interleaved processing [3], the standard CMOS process flow will be
altered and this can cause reliability issues for the IC as well as an increase in the

development time. Since both MEMS and CMOS processes run in parallel, this technique
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of integrating MEMS and CMOS is very expensive. Very often, existing materials from
the IC process are used to define layers of the MEMS devices and since these materials
are usually chosen to favor electronic performance, there may a tradeoff between optimal

MEMS or IC performance.

With pre-processing [4, 5], both processes are independent of each other and hence, there
are no changes introduced in the standard CMOS process flow. However, the process is
complicated since the MEMS have to be fabricated in a way that minimizes topographical
errors for the subsequent CMOS process. Also, interconnecting the MEMS and CMOS is
difficult since the MEMS have to be protected during the CMOS process flow. These
disadvantages impose a lot of restrictions on the MEMS process flow steps and hence, the
varieties of applications that can be monolithically integrated by MEMS pre-processing

are highly limited.

With post-processing [6, 7], the integration is carried out after the IC process flow has
been completed. The MEMS process flow has to be compatible with the IC in terms of
the temperature and chemicals used. However, there is great versatility in terms of the
thicknesses and materials that can be used to define the layers of the MEMS devices. As a
result, materials like silicon carbide, which possesses very desirable mechanical
properties, can be used as a MEMS layer without any effects on the IC performance. With
post-processing, there is no alteration to standard CMOS processes. State-of-the-art
CMOS foundries can be used to fabricate the IC and the MEMS can then be grown on top
of the IC die. The IC and MEMS process can be combined into a single process flow or
two separate process flows. In the latter case, the IC can be fabricated in one facility and
the MEMS process flow can be carried out in another facility. This provides a very

desirable flexibility.

For MEMS processing in university clean rooms, post-processing is perhaps the only
option because academic fabrication facilities usually don’t have the capabilities for
carrying out interleaved or pre-processing techniques. MEMS last approach is beneficial

since individual CMOS dies can be obtained from a second party and the MEMS can then
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be fabricated on top of the IC die. This is the process that was used in this work do
demonstrate a practical and convenient prototype method for integrating MEMS and IC.
Commercial transimpedance amplifier (TTA) dies were obtained from Texas Instruments
and the humidity sensors were then grown on top of these dies. The integration process
used to successfully grow working sensor devices on top of the TIA dies is described

next.

—— 3.3.2. CMOS Integration Process Description

As mentioned earlier, the MEMS-last or post-processing approach was used in this work
to integrate the humidity sensors with CMOS [10]. Since dedicated microfabrication
masks were not made for CMOS integration, it was much desirable to work with
individual IC dies instead of using whole semiconductor wafers. This also reduces cost
and wastage since this work is only at the MEMS process development and prototyping
stage. In this work, the intention was to report and use a prototype method to demonstrate
the capability to successfully integrate the MEMS sensors with IC. Therefore, individual
CMOS dies were used for this purpose. The sensor devices were fabricated on top of
transimpedance amplifier (TIA) dies obtained from Texas Instruments. Normally, the
sensors will be integrated with their associated control and signal processing IC, but the
goal was to demonstrate the capability of integrating the MEMS sensors with any CMOS
IC. Hence, TIA dies from Texas Instruments were used for this purpose. Figure 11-3

shows the TIA die used.

Figure 11-3: TIA die obtained from Texas Instruments

Fabricating MEMS on top of a single IC die is quite difficult since the handling of the IC
becomes a major issue. The dies have to survive steps such as wet etching, spin-coating,

and spin washing and drying. It is quite easy to damage or lose the dies during such
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treatments. Also, equipment in university clean rooms usually process whole wafers and
not individual dies. Therefore, in order to grow the humidity sensors on top of the CMOS
die, the die had to be attached to a carrier wafer and then processed. The attachment has
to be done so that the die holds firmly to the wafer for the entire process flow and
survives all steps without falling off or getting damaged. It was found that a thin layer of
a certain type of finely cured polymer can be used to stick the TIA die to the carrier wafer

and this holds adequately for the entire MEMS humidity sensor process flow.

However, simply sticking the CMOS die to the carrier wafer is not sufficient. The
problem of edge beads need to be avoided. Since the attached die introduces a significant
step in the wafer surface, any sort of spin-coating will introduce massive edge beads (Fig.
12-3). The MEMS process flow involves a lot of patterning using photolithography. This
implies that the CMOS die and the carrier wafer have to be spin-coated with photoresist
at several points during the process flow. The edge-beading effect will cause the resist at
the edges of the die to be thicker than the center of the die. During photolithography,
these edge beads can significantly degrade the quality of the patterning around the edges
of the die or completely prevent it. Hence, it is very crucial that these edge beads be
avoided. A very good method of achieving this is to create a mold for the die. The die will
be placed in the center of the mold with its active surface facing up. The mold serves to
extend the effective planar surface of the die and any edge beads after coating resist will

occur at the edges of the mold and not the die.

Edze Beads

Fhotoresist / \

: - _.-- IC Dhe

Carrier Wafer

Figure 12-3: Cross-section of die on carrier wafer showing edge-beading effect from spin-coating photoresist

In [8], custom molds are used to hold the dies. However, with very small dies, placing
and picking up the dies from these cavities has to be done with great accuracy and care.

Also, a custom mold has to be made for every different sized IC die. In this work, a very
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reliable method was reported for creating a mold for the CMOS die, regardless of its size
[10]. The die is embedded in the mold during the mold creation process and is very easy
to remove later. This mold, with the die in the center, is then attached to a carrier wafer,
which is then processed to grow the humidity sensors on top of the IC die. The process

steps of creating the mold and attaching it to a carrier wafer are described below.

a) Making a layer of Polydimethylsiloxane (PDMS)

XGE RTV615 (silicone rubber compound in liquid form) and its curing agent are mixed
in a ratio of 3:1 respectively. The mixture is then stirred for about 5 minutes and poured
in a Petri-dish to about 25% of the dish’s height. It is then allowed to settle and distribute
evenly, after which it is placed in a desiccator for about 10 minutes to remove all bubbles.
There may still be bubbles left after removing from the dessicator. Holding the dish about
10 inches above a smooth surface and dropping it bottom flat on the surface several times
serves to remove all remaining bubbles. The mixture is then cured in an oven at 60 "C for
about an hour to induce polymerization and cross-linking of the material. This solidifies

the mixture and forms a solid layer of PDMS.

b) Forming the mold to hold the die

The steps used to make the die mold and attach this mold to the carrier wafer are
described next. The figure below shows the process flow steps and the description of each

step follows after.

Glass PDMS Optical CMOS  Carrier  Sticking
Glue Die Substrate  Polymer

(1) Place the CMOS die face down on PDMS piece
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(2) Drop optical adhesive glue on top

/ —"\

(3) Place a 2™ piece of PDMS on top

(4) Expose to UV light

EREER!

rereet

(5) Peel off the PDMS and glue layer

(6) Spin-coat the polymer / attach mold to carrier wafer

*

Figure 13-3: Steps for die mold fabrication and carrier attachment

(1) A blade is used to cut out two identical square pieces of the PDMS. Each side of the
PDMS pieces should be around 5-6 times the length of the die. One PDMS piece is
placed on a glass slide to facilitate handling and provide a flat working surface. The
CMOS die is placed face down on the PDMS piece. A tweezer is used to slightly press
down on the die and hold for a few seconds so that the die adheres to the PDMS surface

and cannot move or slide around easily.

88



(2) Pour a drop or two of optically-curable adhesive glue (in liquid form) on the back of
the die. Before placing the drops on the die, ensure that the glue drops are bubble free.
This can be done by pouring several dummy drops elsewhere before pouring it on the die.
The temporary adhesion between the die and the PDMS surface prevents the glue from
seeping underneath and contaminating the active surface of the die. However, in some

cases, a little bit of the glue may infiltrate and this can be removed in later steps.

(3) As soon as the optical glue is dropped on top of the die, place the other piece of
PDMS gently on and press down VERY SLIGHTLY on all edges to level the glue layer

at the same thickness as the die. It is very crucial that the pressing is done with very little

force. Pressing a bit hard will form an uneven and inadequate mold for the die.

(4) After pressing very slightly on top of the second PDMS piece, expose immediately
with UV light from both top and bottom for about 60 seconds each side. This cures and
solidifies the glue.

(5) Remove the top PDMS layer and gently remove the glue layer using a tweezer. The
CMOS die will be contained within the glue layer, with its active surface exposed. The
glue would have formed a well-leveled mold enclosing the die. An illustration of this

mold is shown in Fig. 14-3.

Figure 14-3: CMOS die mold with the CMOS die inside the mold

(6) Spin-coat the attaching polymer on the carrier wafer. Immediately place the die mold,

with the exposed die active surface facing up, on top of the wafer and gently press down
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on all sides of the mold. Then place the wafer in an oven at 200 ‘C for about 2 hours to
cure the polymer. The curing solidifies the polymer and the die mold securely adheres to

the carrier wafer surface.

¢) Clean the die

Any residues that may be on the active die surface needs to be removed. Place the wafer
in an Asher and expose to oxygen plasma for about 15 minutes. This etches away any

glue that may be present on the die surface.

The CMOS die is now ready for MEMS processing. The humidity sensor fabrication
process steps are carried out above-IC in the same manner as for a standard wafer
substrate. After MEMS fabrication completion, the mold can easily be removed by
applying a light mechanical force to all sides. The die can then be removed from its mold

by using a razor blade. The removal process is very clean and repeatable.

All MEMS process steps were carried out in the same manner as in the fabrication of
stand-alone sensors. The only difference was that the alignment for every
photolithography step had to be done visually. To avoid this in the future, special masks
will be made for CMOS integration which will have alignment marks for fabricating the

MEMS on top of an IC die.

—— 3.3.3. CMOS Integration Test Results

One specific relative humidity sensor design was grown on top of the TIA CMOS die.
This was a Design-B type device (top electrode patterned with square holes) with W=
Weap =10 pm. The picture of the CMOS die with the MEMS sensor on top is shown in
Fig. 15-3. The size of the CMOS die is around 654 um x 1030 pm. The area of the sensor
grown on top is around 210 um x 210 um (without the GSG pads). A dedicated package
and PCB was designed to hold the MEMS-processed TIA CMOS die.
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Humidity Sensor

Figure 15-3: TIA CMOS die with MEMS sensor on top

TIA S-Parameters
The first tests done were to verify that the MEMS processing did not alter the

performance of the CMOS TIA. This was done by comparing the S-parameters of the

TIA before and after growing the humidity sensor on top of it. The S-parameter plots are

shown in Fig.16-3 below. The solid lines represent the curves obtained before MEMS

processing, while the dashed lines represent the curves obtained after the sensor had been

grown on top. As can be seen, the correlation between both is quite close. Some

oscillations can be noticed, but these are due to capacitive loading of the test setup and

not due to the IC itself.
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Figure 16-3: S-parameter plot for bare TIA die and TIA die with sensor grown on top

** Plots courtesy of Mr. Karim Allidina
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Sensor Sensitivity and Hysteresis

Next, the MEMS sensor on top of the CMOS die was tested to verify that it was
functional. A humidity chamber was used to cycle the relative humidity between 30 to 90
%RH at 25 °C. At this temperature, the minimum humidity the chamber can maintain is
30 %RH. To test the sensor at lower humidity levels, the temperature was increased to 50
°C and the humidity was cycled between 10 to 90 %RH. The plots of sensor capacitance
against humidity at both temperatures are shown in Fig. 17-3. The performance

parameters are shown in Table 4-3.

The sensitivity of the CMOS integrated sensor is lower than the corresponding stand
alone sensor (21.7% vs. 22.5%). This can be due to higher parasitic capacitances from the
CMOS die or simply due to process variations and measurement inaccuracies. The
sensitivity increases at a higher temperature as expected. It can be noticed from the results

that the hysteresis also increases with temperature.
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Figure 17-3: Sensor capacitance vs. relative humidity for the MEMS sensor grown on top of CMOS die

25°C 50°C

Sensitivity 21.7 % 25.9 %
Max Hysteresis 3.4 %RH at 60 %RH 4.19 %RH at 60 %RH

Linearity (R%) 0.9911 0.9927

Table 4-3: Performance parameters for the MEMS sensor on top of CMOS die
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Sensor Repeatability

The sensor capacitance variation as humidity is varied from 30 to 90 %RH was measured
three different times to test how repeatable the results are. The plots for each of the 3 runs
are shown in Fig. 18-3. As can be seen, the results are very repeatable. The maximum
difference between the curves is around 0.5 % at 90 %RH. As mentioned earlier, the
chamber humidity constantly fluctuates, and this fluctuation is larger at high humidity
levels — up to 8% variation at 90%RH. This chamber humidity fluctuation could be a

contributing factor to the slight difference in sensor capacitance in each of the 3 runs.
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Figure 18-3: Sensor capacitance vs. relative humidity for 3 different test runs

Sensor Response Time

The response of the sensor to a humidity step from room humidity (~40 %RH) to 70
%RH is shown in Fig. 19-3 along with the response of a stand-alone sensor and the
simulated response for the same design. As can be seen, the response of the CMOS-
integrated sensor is faster than the stand-alone sensor (25 s and 30.8 s respectively). The
difference could be due to thinner or narrower regions of the polymer (resulting in lower
diffusion time) as a result of the highly non-planar nature of the CMOS die surface and

due to process variations.
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The response time of the integrated sensor is high due to the large top metal width (W =
10 um). Faster devices were not integrated due to size limitations. Only a few devices on
the mask were small enough to fit within the CMOS die dimensions without shorting out
or insulating the CMOS connection pads and they were the slower devices. In the next
phase of the project, dedicated masks will be made for CMOS integration to avoid such

1SSues.
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Figure 19-3: Relative humidity step (40 %RH to 70 %RH) response of sensor device grown on top of CMOS die along

with the response of the stand-alone sensor and the simulation response
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4. Conclusion

Using all the simulation and measurement results obtained, a design strategy was

developed for MEMS capacitive relative humidity sensors. This is discussed below.

4.1. Design Strategy

(a) Use minimum top and bottom electrode thickness — maximizes sensitivity

(b) Minimize polymer thickness — improves sensitivity and response time

(c) Keep bottom electrode flat — reduces hysteresis

(d) Pattern the top electrode as rectangular fingers — best response/recovery time
and also provides better long term drift

(e) Use minimum top electrode width — fastest response/recovery time

(f) Keep the gap between fingers the same as finger width — larger gaps will
reduce sensitivity and smaller gaps will worsen long term drift

(g) Minimize sensing area and electrode overlap area — improves long tern drift

(a) Using minimum thickness for top and bottom electrodes maximizes sensitivity. The
sputtering recipes developed for depositing the electrodes allowed thicknesses as low as

60 nm.

(b) Sensitivity and response time are both improved with a thinner polymer layer. Recipes

were developed for depositing sensing polymer layers as thin as 100 nm.

(c) Patterning the bottom electrode to be identical to the top electrode improves
sensitivity, but the hysteresis increases. The latter is much more pronounced than the
former, and hence, it is preferable to avoid patterning the bottom electrode and keep it flat

instead.
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(d) Sensor devices with the finger structure show the fastest response and recovery times.
Devices with holes patterned into the top electrode are slower. However, if holes are

used, the shape of the hole is important. Square holes show the best response.

Long term drift is dependent on the area of the polymer that is part of the active
capacitance of the device (i.e. the polymer between the overlap area between the top and
bottom electrodes). Therefore, minimizing the electrode overlap area serves to reduce
long term drift. The finger structure generally provides smaller overlap area since the

overall top metal area is smaller, and hence shows less long term drift.

(e) The width of the top metal is very critical for the speed of the sensor. Minimizing this
width maximizes the speed. However, the sensitivity is reduced slightly. The effect on the
response time is significantly greater than the effect on sensitivity and this parameter

should be optimized for response time.

(f) The width of the top metal opening should not be too large. This will reduce the
sensitivity slightly. If it is too small, the electrode overlap area is increased and this will
worsen the long term drift slightly. The effect of this parameter is not too significant.

Using a gap size the same as the top metal width is sufficient.

(g) As mentioned already, long term drift is dependent on the area of the polymer that is
part of the active capacitance of the device (i.e. the polymer between the overlap area
between the top and bottom electrodes). Therefore, minimizing the sensor size serves to
reduce long term drift. Using the mask and process flow developed in this work, a whole

variety of sensor sizes can be fabricated. The table below shows the variety.
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Sensing Area S.e nsor
Capacitance (pF)

1 mm x 1 mm 100
0.5 mm x 0.5 mm 25
0.25 mm x 0.25 mm 7
190 pm x 190 pm 4
170 pm x 170 pm 3

120 pm x 120 pm 1.5

80 pm x 80 pm 0.5

Table 1-4: Various sensor sizes that can be fabricated

4.2. Future Work

(1) The microfabrication masks used in this work were not designed for CMOS
integration. As a result, only a few devices could be fabricated on top of the IC die and
alignment during photolithography had to be done visually due to absence of CMOS die
alignment marks. In the next phase of this work, dedicated masks will be made for CMOS
integration which will have alignment marks for aligning MEMS with IC and allow a

whole variety of devices to be grown on top of the IC die.

(2) Silicon Oxide and Nitride showed poor resistance to humidity, but parylene showed
good resistance to moisture diffusion for use as the humidity shield in the reference
devices. However, there was still some sensitivity. Thicker parylene layers could
potentially provide the perfect shield, but could not be used due to adhesion problems.
Future work will include developing recipes for depositing thicker parylene layers
successfully and also researching on other possible materials that can be used as moisture

shield.
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(3) The heaters underneath the sensors were fabricated, but were not tested in this work.

This will be done in the next phase of the project.

(4) Finally, many identical versions of the each design variation will be fabricated and the
mean sensitivities will be compared in order to notice small differences in sensitivity
between designs, which is otherwise not detectable due to process variations, parasitic

capacitances, and measurement inaccuracies/errors.

4.3. Summary

A complete literature review on humidity sensors has been presented. Polymer-based
MEMS capacitive relative humidity sensors were designed, fabricated, and tested. A
completely CMOS compatible process flow was developed for the fabrication of the
sensors. All the fabrication issues that were faced and their solutions have been outlined
and discussed. Upon successful completion of fabricating the devices, various testing
methodologies were devised and setup, which allowed the successful testing of all
devices and specifications. Different designs were compared and analyzed based on
simulation and experimental results, and these results were used to outline a design

strategy for polymer-based MEMS capacitive relative humidity sensors.

Finally, the sensors were integrated with commercial CMOS dies. A simple and versatile
process was reported and used for fabricating the sensors on top of IC dies of any size.
Pre-integration and post-integration testing verified the MEMS process to be fully IC-
compatible. Test results show the proper operation of both MEMS and electronics before

and after integration.
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