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Introduction



2 1. Introduction

1.1. More than Moore Roadmap - Sensors

With the development of the first transistor in 1947, the progress of semicon-
ductor industry is mainly driven by Moore’s Law. Moore’s law published in
1965, states that the number of transistors on a chip doubles every 2 years|[1].
The increase in the number of transistors on a chip is relative to the pro-
duction of smallest feature size transistor using the available semiconductor
equipments during the period. In 1971, the feature size of the minimum tran-
sistor was 10pm and, in 2018 the feature size currently produced is 7Tnm. This
continuous progress led to miniaturization of the chips and reduction of the
cost per chip.

Moore’s law further enabled the growth of the semiconductor industry
starting from materials, semiconductor devices, instruments to a complete
electronic systems for many applications. However, Moore’s law mainly fo-
cused on increasing the capability of the semiconductor chips for information
processing termed as digital content as described in Figure 1.1[1][2]. The de-
vices forming the digital content block are developed with a baseline CMOS
technology for CPUs, memory and logic circuits. The non-digital blocks devel-
oped with silicon technology include devices for sensing and interacting with
the environment, Analog/RF devices for communications, passives and power
devices. It is seen that the scaling of More than Moore technology does not
follow a similar guideline based on Moore’s law due to the diversity of system
requirements. This diversity require development of integration concepts such
as system-in-package (SiP). In order to increase the functionality per chip for
the integration of non-digital content, a new direction was developed in the
International Technology Roadmap of Semiconductors (ITRS) known as More
than Moore (MtM).

More than Moore: Diversification
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Figure 1.1: International Technology Roadmap for Semiconductors [1][2]
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Among the components of the non-digital block, sensors form the most
important devices developed in the electronics industry. In a broader per-
spective, we can classify sensors as natural and artificial man-made devices.
Natural sensors are sensors that are present in living organisms. In humans,
there are mainly five senses, such as, hearing, vision, taste, smell and touch.
When we see an object, the light reflected from the object is captured by the
sensory layers of the eyes. The photoreceptors in the retina respond to this
light to produce a signal that are transmitted to the optic cortex through the
optic nerve. The result of this process is vision[3]. The artificial man-made
sensors can be defined as devices that enable interaction with the environment
receiving a stimulus, and responds with an electrical signal as output[4]. The
stimulii that are received by a sensor may include property, condition or quan-
tity within the environment in which a sensor is placed. Some examples of
such stimuli are, light intensity, sound, force, acceleration, infrared radiation,
magnetic flux, electric field and chemical composition.

A generic block diagram of a sensor is shown in Figure 1.2. A sensor can
be classified as direct sensor and a hybrid sensor. A direct sensor can con-
vert a stimulus into an electrical signal. An example of a direct sensor is a
photosensor such as photodiode. Based on the photoeffect, a photodiode gen-
erates a current when light falls on the p-n junction. A hybrid sensor require
one or more transducers before a direct sensor to convert the stimulus into an
electrical signal. Transducers are devices that convert one form of energy into
another form of energy. An example of a hybrid sensor is a label-based op-
tical biosensor known as fluorescent-based immunoassays for the detection of
biological components in liquids. In this sensor, a label with a bio-recognition
element binds to a specific molecule in the liquid sample to generate a fluo-
rescent signal. The fluorescence excitation is achieved by using a laser and
the resulting image is captured by a CCD camera to quantify the presence
of biological component in the sample. The combination of the two devices
makes this device a hybrid biochemical sensor for the detection of biological
components in liquids([5].

Stimulus Sensor Output

|

! |
| .

—»| Direct sensor
|

I

|

|
Chemical |

|
|
|
|
: compostion Ly
|
|
|
|
|

e
F—— Electrical signal

|
|
Light Intensity |
|
| |
|

Sound
Electric Field

| S,
|

Intenstity :
|

—> Transd » Direct sensor —»

Hybrid sensor

Figure 1.2: Block diagram of a sensor: Direct sensor and Hybrid sensor[4].

Based on the stimulus received at the input of the sensor, they can be
classified as physical sensor and chemical sensor. A physical sensor measures
physical quantities such as force, temperature or pressure. A chemical sensor
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is a device that detects and measures the chemical/biological components,
composition or concentration of the analyte in liquid or gas phase. In this
thesis, the focus is on one particular type of chemical sensor used to detect
and measure the concentration of gases present in the atmosphere or a gas
sample in a cell. These types of chemical sensors are called gas sensors. In the
next section, an overview and need for gas sensors is discussed.

1.2. Need for Gas Sensors

Air in the atmosphere contains a mixture of several gases. The major compo-
nents in the air include nitrogen (78.1%), Oxygen (20.9%) and argon (0.9%).
The other components in the atmosphere include water vapor, carbon dioxide,
and a number of trace gases. Plants and living organism affect the composition
of the gases in the atmosphere by the process of respiration. Plants take up
carbon dioxide for photosynthesis and release oxygen to the atmosphere. On
the other hand, animals during respiration process inhale oxygen for biochem-
ical reactions in the bodies to produce energy and release carbon dioxide in
the atmosphere[6].

In living organisms, the olfactory system is the sensor system responsible
for the sensation of smell. The olfactory system’s main parts consist of the
nasal cavity, olfactory epithelium, and olfactory receptors. On average, a
person breathes approximately 15 times per minute, which accounts for 500ml
of air per breath, which sums to 10,800 liters per day[7]. During the inhalation
process, the air is sampled into the nasal cavity due to the relative negative
pressure created by the diaphragm in the lungs. The air molecules interact
with the sensory cells in the olfactory epithelium called olfactory receptor cells
(ORC). The ORCs contain about several hundred olfactory sensory neurons
that respond to range of gas molecules in the inhaled air. In humans, the
number of olfactory sensory neurons is in the order of 10° to 108[7]. The
signals produced by the interaction of gas molecules with olfactory receptors
cells are transmitted to the brain. The olfactory system uses a combination
of receptor coding schemes to form a specific pattern for an odor and helps
to discriminate among the different odors. Although the biological olfactory
system in humans is capable of detecting and distinguishing several hundreds of
odors, there are limitations due to the amount of ORCs. In contrast, a canine
olfactory system has several hundred times the ORCs found in the human
olfactory system that allows the detection of low concentrations of odors and
gases in the atmosphere. This is one of the prime reasons that canines are
often used in the detection of explosives such as TNT in landmines[7][8]. Thus
the human olfactory system has limitation in the detection of extremely low
concentrations of many gases in the atmosphere that are harmful to humans
resulting in sickness and long term health concerns.

Air pollution can be defined as the introduction of gases higher than the
nominal concentration to the environment that are harmful to humans and
living organisms[9]. The sources of air pollution are mainly due to large-scale
activities of humans such as industrial process plants(metallurgy, crude oil pro-
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Figure 1.3: (a) Hlustration of components of gases found in the atmosphere (Indoor and
Outdoor). (b) Illustration to provide comparisons of gas sensing in human, canines and
artificial gas sensors

cessing, production of solvents), energy production plants, combustion engines
used in gasoline and diesel powered automobiles, landfills used for solid and
sewage waste treatments. These activities causes emission of large amounts of
gases such as carbon monoxide (CO), carbon dioxide (CO2), nitrogen dioxide,
sulphur dioxide, volatile organic compounds (VOCs) and particulate matter
in the atmosphere as illustrated in Figure 1.3a. The presence of such pol-
lutants in large quantities in the ambient air in the environment of humans
for long periods can cause various health effects. Several Chronic Obstructive
Pulmonary Diseases (COPD) such as coughing, asthma and other respiratory
diseases are closely related to short-term exposure to pollutants in air. The
long-term health effects due to air pollution include cardiovascular diseases,
chronic asthma and perinatal disorders[9].

Among the different pollutants harmful to human health, VOCs are found
to be significantly present in the indoor ambient air. VOCs are class of or-
ganic chemical compounds that have lower boiling point and exist mainly in
the gas phase in ambient temperature and humidity ranges[10]. In indoor
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environment, VOCs are known to be emitted by many sources such as build-
ing materials, furniture, paints, adhesives, carpets, rubber , vinyl, textiles
and many household items. The emitted compounds are mainly hydrocarbons
such as benzene, methanol, propanol, ethanol, toluene, acetone, formaldehyde,
xylene[10]. Several studies have reported that on average people spend about
80% to 90% of the time indoors mainly at home, offices, transportation, shop-
ping malls, school and other closed spaces inside buildings[10][11]. The amount
of time spent indoors is even higher for elderly, children and ill people. Due to
the increased time spent indoors people are constantly exposed to more than
500 identified VOCs that are found to cause problems to human health such
as headaches, nausea, irritation of nose, eyes and throat[11]. These effects
are even more severe for people with allergies and respiratory diseases such
as asthma, shortness of breath. The deterioration of the indoor air quality
are also associated with sick building syndrome (SBS) such as fatigue, loss
in concentration, suffocation and headaches leading to concerns in health at
workplaces and living inside buildings [12].

Table 1.1: Threshold Limit Value (TLV) for STEL and LEL of different VOCs identified in
the indoor air environment[12]{13][14].

Volatile Organic STEL LEL Sources
Compound (15 mins period) (8-hour period)
ppm ppm
Acetone 1500 500 Textile
polish removers
Ethanol - 1000 Dish washing liquids
detergents
Formaldehyde 2 2 Wood, Particle boards
Thermal insulation
Methanol 250 200 Paints
Benzene - 1 Tobacco smoke
Toluene 100 50 Adhesives
Xylene 100 50 Fuel combustion
Ammonia 35 25 Concrete, Self-leveling mortar

The amount of exposure to VOCs identified in the indoor air that are
harmful to human health vary based on the nature of VOCs and exposure
duration. The duration of exposure to VOCs also known as workplace exposure
limit (WEL) are defined by two time periods limits, long-term exposure limit
(LEL) - 8 hour period and short term exposure limit (STEL) - 15 minutes
period. The thershold limit value (TLV) for the concentration of the VOCs
are usually expressed in parts per million (ppm) or mmiligrams per cubi meter
(mg.m~3) for both STEL and LEL[13]. The TLV for the exposure of certain
VOCs such as ketones, alcohols, aldehydes commonly found in the indoor air
environment is tabulated in Table 1.1. As an example, constant long term
exposure to methanol, ethanol found in house items such as paints, wallpaper,
detergents deteriorate the indoor air environment. Long-term exposure to
methanol above a value of 200ppm can lead to health effects for people such
as nausea, vomiting, and affects the nervous system[15]. Hence, it becomes
increasingly necessary to have gas sensors to monitor the indoor air quality
frequently to create awareness of the exposure level VOCs. As discussed in
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the earlier part of this section, human olfactory system have limitation for
the detection of gases and VOCs present in the atmospheric air. Thus, there
is a need for an artificial gas sensor system. A machine olfactory system or
an artificial gas sensor system also corresponds to the structure of human
olfactory system. The main units are a gas handling unit, sensor unit, a signal
processing and data analysis unit to monitor the concentration of levels of
gas analytes in the atmosphere air as illustrated in Figurel.3b. In the next
section, the various technologies that are used for the development of artificial
gas sensors are discussed.

1.3. Technologies for gas sensors

Gas sensing achieved by different technologies are mainly categorised based
on the type of stimulus received at the input of the sensor for converting the
concentration of gaseous analyte to an electrical signal. The different stimuli
for gas sensing are, thermal, mechanical, optical, electrochemical or electronic
as described in the schematic in Figure 1.4.

’ Gas-phase chemical sensor ‘

! ' ! !

Stimulus ’ Thermal ‘ ’ Mechanical ’ Optical ‘

Electrochemical

’ Electronic ‘

M d ' h . Changes in Light Changes in lon Changes in
easuran Heat Flow Change in Mass Intensity concentration Current/ Voltages
Examples Catalytic Cantilever based ﬁ#g:’;g?ﬂ;:’% Ampherometric Chemi-resistive
Pyroelectric Quartz Micro . X .
i i balance (QCM) Optical Fiber Potentiometric M_etal-oxuje
Calorimetric based semiconductors
Surface Acoustic
Surface plasmon Impeadance Polymer based
Wave (SAW)
resonance (SPR)

Figure 1.4: Overview of different types gas sensor technologies

The characteristics of gas sensors are defined by sensitivity, selectivity, de-
tection limit, response time and stability. Sensitivity of a gas sensor is defined
as the ability of the sensor to detect specific gaseous analyte within the range
of concentration. Selectivity is defined as the ability of the gas sensor to distin-
guish the gaseous analyte withing the range of concentration in the presence
of different gaseous analyte that can also produce sensor responses. The de-
tection limit or the limit of detection(LOD) of a gas sensor is the minimum
concentration of the gaseous analyte that can be reliably detected by the sen-
sor. Response time of a gas sensor is the time taken for the sensor output
signal to reach 90% of a stable value after the detection of gaseous analyte
within the range of interest. Finally, Stability of a gas sensor refers to the
period of time in which the sensor baseline and response are reliable within
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specifications[16].

Based on the applications that include indoor/outdoor pollution monitor-
ing or industrial environment monitoring, certain gas sensors technologies are
preferred over others. For indoor air pollution monitoring, which is the main
focus of this thesis, the important criteria for the artificial gas sensor system
include, portability, real-time detection and low cost of manufacturing. In this
section, the sensing principle, measurement methodologies, advantages and
challenges for the different types of gas sensor that are suitable for indoor air
pollution monitoring is discussed.

1.3.1. Electrochemical gas sensor

An electrochemical gas sensor consists of an electrochemical cell in a two-
electrode or a three-electrode configuration housed in a cell consisting of an
solid or liquid ion conductive electrolyte. In a two-electrode system, the two
electrodes are namely working electrode and reference electrode. A three-
electrode system consists of a working electrode, reference electrode and a
counter electrode. A schematic of a three-electrode electrochemical gas sensor
is shown in Figure 1.5. In this configuration, a voltage is applied between
the reference electrode and the working electrode. The detection and quantifi-
cation of gaseous analytes in an electrochemical gas sensor is a combination
of two mechanisms namely, electrochemical recognition and electrochemical
transduction. In the electrochemical recognition mechanism, an electrochem-
ical reaction occurs at the surface of the working electrode by reduction or
oxidation reaction based on the properties of the gaseous analytes. This elec-
trochemical reaction is converted to an electrical output signal by electrochem-
ical transduction mechanism to quantify the concentration of the gaseous an-
alyte. The electrical output signal is obtained mainly by potentiometric and
ampherometric measurements|16].

w w w Gaseous analyte

5! R Porous gas diffusion
membrane
T —»  Working Electrode
Voltage control
—»  Reference Electrode
L \ —»  Counter Electrode
f » Solid or liquid
Current measurement electrolyte

Figure 1.5: Schematic of a three electrode electrochemical gas sensor

In a potential based electrochemical sensor, an electric current is produced
at the surface of the working and reference electrode due to the electrochem-
ical reaction on exposure to gaseous analytes. The measured electrochemical
potential for the sensor is defined by the Nernst equation given by[16],
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RT Cmeasured
— —_— 1.1
nk )ln( Creference ) ( )

where, E is the electrochemical potential measured in the electrochemical
cell on exposure to gas analytes, Eg is the reference electrochemcial potential,
R is the gas constant, F is the faraday constant, n is the moles of electron,
T is the absolute temperature in Kelvin, C,,cqsureq is the concentration of
gas analyte measured, Cycference is the concentration of gas analyte measured
at known reference compositions. From this equation, it can be seen that
there is a linear relation between the measured electrochemical potential and
In (Chieasured/Creference). Based on a calibrated known value of Cyeferences
the concentration of the analyte can be obtained by the linear relation between
E and In (Cpeasured) with the slope of (RT/nF).

In an amperometric based electrochemical sensor, an electrochemical po-
tential with respect to the reference or counter electrode is applied to the
working electrode. On exposure to gaseous analytes, an electrochemical reac-
tion occurs at the surface of the working electrode to produce a limited current
between the working electrode and the counter electrode. The measured cur-
rent is directly proportional to the molar concentration of the gaseous analyte
given by[17],

E=Ey—(

Il = Kcmeasured (12)

where, I; is the limited current measured, C,,eqsureq is the concentration
of gas analyte and K is the proportionality constant.

Electrochemical gas sensors are one of the oldest developed gas sensors.
Some examples of electrochemical gas sensors are Type I oxygen sensor that
uses solid electrolyte yttria stabilized zirconia (YSZ), K2COg electrolyte for
carbon-di-oxide and antimonic acid for hydrogen gas sensing [16][18]. The
advantages of electrochemical sensors include, linear relation between concen-
tration to the measured output, good resolution and good repeatability. The
electrochemical gas sensors are usually calibrated to a known concentration
of the target gas before they are used in on-field operation. However, they
have limited shelf life due to aging of the electrolyte, limited selectivity and
difficulty in miniaturising the electrochemical sensor for portable devices.

1.3.2. Optical gas sensors

Gas molecules can absorb radiation according to their quantized vibrating en-
ergy with the degree absorption being proportional to the gas concentration[11].
Based on this principle, the different types of gas sensor with optical spec-
troscopy include, Non-dispersive gas sensors (NDIR), surface plasmon reso-
nance (SPR) gas sensor and Optical fiber based gas sensor.

NDIR sensors are the commonly available commercial sensors for the de-
tection of CO2 and hydrocarbons. In NDIR sensor, the detection is based on
the absorption of infrared light by gaseous analytes. A schematic of a NDIR
sensor is shown in Figure 1.6. The sensor consists of an infrared light source, a
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l Optical filter

w Readout

electronics
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Figure 1.6: Schematic of a NDIR sensor gas sensor

gas cell having a path length of L and an infrared detector. According to Beer-
Lamberts law, the measured output light intensity by the infrared detector is
given by[17],

I(t) = Ip(t)e @WEC (1.3)

where, I(t) is the output light intensity, Iy(¢) is the input light intensity, a
is the absorption coefficient, L is the optical path and C' is the concentration
of the gaseous analyte in the gas cell. The reduction in the measured output
light intensity is proportional to the concentration of gas in the chamber.

Optical gas sensors have fast response time, good stability and operational
in the absence of oxygen. However, they have moderate selectivity due to
interference with water vapor, complex readout electronics and difficulty in
miniaturization[11].

1.3.3. Mechanical gas sensors

Mechanical gas sensors are based on the principle of changes in the mass
by interaction with gaseous analytes detected by transducers. Mass sensitive
transducers mainly contain a resonator or surface acoustic devices with gas
sensing layer deposited on the surface of the devices. In these devices, target
gaseous analytes interact with the sensing film on the surface of the resonator
to produce a shift in the resonant frequency or cause damping or change in
the wave velocity of the devices. Gas sensing using quartz crystal microbal-
ance(QCM), surface acoustic wave(SAW) and micro-cantilever based devices
are some of the examples of mechanical gas sensors.

A schematic of the operation of a quartz crystal microbalance device for
gas sensing application is shown in Figure 1.7a It consists of a quartz crystal,
a piezoelectric material placed between two electrodes, with a gas sensing film
deposited on the surface of the top electrode. The applied electric potential
causes a tangential deformation at the top and bottom surface of the quartz
crystal in a way that they oscillate. At a particular frequency, the disk will be
in resonance. The device is exposed to gaseous analyte, specific gas molecules
bind to the surface, increasing the mass of the device causing a shift in the
resonant frequency which is calculated using Sauerbrey’s equation given by[16],
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Figure 1.7: (a) Schematic of a Quartz microbalance gas sensor. (b) Schematic and measure-
ment setup of a Surface Acoustic Wave (SAW) gas sensor. (¢) Schematic and measurement
setup of Micro-cantilever based gas sensor.
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where, Af is the change in frequency due to the mass change Am by ab-
sorption of gas molecules, fy is the resonant frequency of the QCM, p is the
density of the piezoelectric material, y is the shear modulus and A is the pro-
portionality constant based on the mechanical and electrical characteristics
of the QCM. QCM devices have relatively low cost in manufacturing, faster
response time and good sensitivity. They have limited selectivity that is de-
termined by the sensing properties of the coating layers and lower sensitivity.

Surface Acoustic Wave(SAW) devices consists of an array of two sets of
aluminum, gold or platinum interdigitated electrodes (IDE)s fabricated on a
bulk piezoelectric substrate as shown in Figure 1.7b. The two IDEs are sep-
arated by a gap that is coated with a thin film of gas sensing material. In
these devices, one set of the IDE array acts as a transmitter that generates a
surface acoustic wave which propagates along the surface of the device. During
sensing operation, the gaseous analyte is adsorbed onto the sensing film that
can cause changes in the mass of the film. This causes changes in the propa-
gation of the acoustic wave in the device. The receiver IDE array receives this
modified acoustic wave signal and the changes in the amplitude and phase of
the acoustic wave is measured. These variations measured are proportional
to the amount of gas adsorbed on the film[19]. SAW devices fabricated using
semiconductor photolithography tools can have lower cost of manufacturing
and can be miniaturised. However, these type of gas sensors have strong de-
pendency on the environment as the acoustic waves can be distorted due to
changes in the temperature, pressure and humidity. SAW sensors also require
complex readout electronics that needs to be carefully designed to have good
signal to noise ratio.

A micro-cantilever is a device that consists of thin free standing beam
anchored to a bulk substrate. Micro-cantilever are used as sensing platforms
for chemical (gas and liquid)and biological applications[20]. A schematic of a

Af =

Am (1.4)
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micro-cantilever based gas sensor device is shown in Figure 1.7c. The surface
of the free standing area of the micro-cantilever is coated by sensing material
for gaseous detection. Upon electrical excitation the resonant frequency of
the micro-cantilever is measured using a laser and a optical detector. During
exposure to gaseous analytes, the adsorbed gas molecules on the sensing layer
changes the mass of the surface of the cantilever, resulting in the change in
the resonant frequency of the cantilever. The change in resonant frequency is

given by,
fr

2fn
where, Af is the change in frequency due to the change in mass Am , f. is
the resonant frequency of the cantilever and m, is the effective mass of the
cantilever.

Some of the advantages of mechanical gas sensors include sensitivity to the
changes in mass adsorbed by the sensing materials and ability of miniaturising
the transducers. However, due to suspended elements in the transducers, dif-
ficulty in packaging the devices and complex readout electronics requirement
hinder applications in portable equipments.

Af =27 Am (1.5)

1.3.4. Thermal gas sensor

Pellistor based gas sensor are a type of thermal gas sensor used in the detection
of flammable gases such as benzene, methane[11]. This sensor consists of two
platinum coils that are coated with ceramic beads or pellets. One coil consists
of an active pellet that is activated with catalyst such as platinum or palladium.
The second coil consists of an inactive pellet that does not contain any catalyst
but serves as a compensating element in the detection. These coils are placed
on the elements of a Wheatstone bridge configuration. The function of the
platinum coils is to heat the pellets and also serve as a resistance based thermal
sensor.

Inactive beads Platinum wire
Membrane X !

B
\ 5 Heating current
25 —
z 55 R1
% 35 R2

[
Active beads

Figure 1.8: Schematic of a pellistor based thermal gas sensor.

A schematic of a pellistor gas sensor is shown in Figure 1.8. The coils are
heated to about 300°C to 500°C by supplying a current. As flammable gaseous
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analytes above a certain threshold diffuse into the sensor package through the
membrane and come in contact with the pellistor element, the reaction at the
catalytic surface of the pellet increases the temperature in the coil, which in
turn increases the resistance of the coil. Due to this temperature change, the
output signal obtained from the bridge is proportional to the heat of reaction
caused due to the presence of the gaseous analyte[21]. The pellistor based
sensors are simple to manufacture and can detect flammable gases with high
sensitivity. However, presence of oxygen is a requirement for operation of
pellistor sensors. The pellets can be poisoned by lead, sulphur or chlorine[21].

(a) ey (b)

Polymer film
—
Ceramic

Support Sensing electrodes

Capacitor
Interdigitated
metal electrodes

Inert substrate

Figure 1.9: Schematic illustration of (a) Metal-oxide chemi-resistive gas sensor. (b) Polymer
based chemi-capacitive gas sensor

1.3.5. Chemi-resistive and Chemi-capacitive gas sensors
Thin film materials that undergo changes in its electrical property by the ad-
sorption or chemisorption of gaseous analytes are classified into resistive-based
and capacitive-based gas sensing materials. By using suitable transducers such
as resistor or capacitor transducers, the concentration of gaseous analytes can
be converted into an electrical signal. These type of gas sensors are classified
as chemi-resistive and chemi-capacitive gas sensors.

In a chemi-resistive gas sensor, n-type or p-type semiconducting metal-
oxides(MOX) are mainly used as the sensing layer and deposited on electrodes
made of platinum or gold. A schematic of a commercial chemi-resistive gas
sensor is shown in Figure 1.9a. The metal-oxides are heated to a temperature
of 400°C using platinum or tungsten heaters. At these temperatures, oxygen
in the atmosphere are chemisorbed on the surface of the sensing layer. A
depletion region is formed at the surface of the semiconducting metal oxide
also known as active sites. Upon exposure to reducing or oxidising gases,
adsorption and reaction between the gases with the active sites lead to an
increase or decrease of the resistivity of the metal oxide layer[11]. Metal oxide
gas sensors are portable, have high sensitivity and low-cost of development.
However, MOX based gas sensor have low selectivity and require high power
in the range of mW to W for operating the heating element.
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A schematic of a basic chemi-capacitive gas sensor is shown in Figure 1.9a.
The capacitive transducer platform consists of parallel comb metal electrodes
having a fixed gap patterned on silicon or ceramic substrates. This configura-
tion of electrodes are known as interdigitated electrodes(IDEs). A thin film of
dielectric material that can adsorb target gas molecules are deposited or grown
on the IDEs. The adsorption of target gas molecules changes the effective di-
electric constant within the sensing film leading to changes in the capacitance
measured as a function of vapor concentration. Chemi-capacitor gas sensors
have the ability to detect gaseous analytes at room temperature, have low-
power consumption and simple fabrication methodology. However, polymer
films have disadvantages such as cross-sensitivity to water vapor, lower long

term stability and reversibility[22].

Table 1.2: Comparison of gas sensor technologies[11][23](24].

Sensor Advantages Limitations
Technology
Electrochemical Short response time Aging of the electrolyte
Detect wide range of gases Difficulty in miniaturisation
Long term stability Require frequent calibration
Optical Short response time Complex readout electronics
Operation under Difficulty in miniaturisation
absence of oxygen Lower selectivity to Moisture
Long term stability
Mechanical High Sensitivity Low selectivity
Fast response time Complex readout electronics
Can be miniaturised Reliability issues
Thermal High sensitivity High power consumption

Metal-Oxide

Capacitive gas sensor

Selective to flammable gases
Simple manufacturing process

High sensitivity
Simple readout circuitry
Low cost
Can be miniaturised

Room temperature operation
Low power consumption
Can be Miniaturised

Require oxygen environment
Deterioration of the pellets

Low selectivity
High power consumption

Cross-sensitivity to humidity
Lower long-term stability

1.3.6. Comparisons of various types of gas sensors

In the previous section, the detection of gaseous analytes using various tech-
nologies was presented. The sensing response and characteristics of the gas
sensors among the different technology platforms are dependent on the am-
bient environment operating conditions, varying read-out electronics and cost
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of development of the sensors[18]. In Table 1.2, a comparison of various type
of gas sensors technologies detailing advantages and limitations is presented.
Electrochemical sensors and optical sensors are used in most commercial gas
sensing system for monitoring gas concentration levels in urban cities, indus-
trial and home environment. However, the limitation of these commercial
sensors are in the development of miniaturised gas sensor modules in devices
such as mobile phones, wearable and IoT devices. One of the requirement
of sensors in mobile and wearable devices are the form factor of the sensors
combined with packaging need to have dimensions of less than 5mm-10mm
in thickness. Furthermore, the power consumption need to be within ranges
of uW to few mW during operation. Although, micro-cantilever based gas
sensing devices can be miniaturised, the reliability of mechanical components
during packaging and operation can be a limiting factor for long-term. Metal-
oxide based chemi-resistive and polymer based chemi-capacitive sensors are
prime candidates for the development of miniaturised sensors due to the ease
of transducer fabrication, low cost and ability to integrate read-out electron-
ics within the package in a miniaturised form factor. Moreover, resistive and
capacitor transducers developed using silicon technology enable fabrication of
sensor arrays and on-chip signal processing with CMOS analog circuits. In the
next section, the development of silicon MEMS gas sensing devices is discussed.

1.4. Silicon MEMS gas sensor

Micro-electromechanical systems (MEMS) consists of electrical and mechanical
components manufactured in the micro-scale to nano-scale dimensions. MEMS
technology is used in the development of sensors and transducers. MEMS
technology adopts the manufacturing process used in the CMOS semiconduc-
tor industry, such as lithography, metal deposition, metal/substrate etching,
and packaging tools. The development of MEMS devices using silicon sub-
strate enabled the production of commercial MEMS based sensors that include
microphones, accelerometers, gyroscopes, pressure sensors and chemical/bio-
sensors[25]. Some of the driving technologies for MEMS sensors include devel-
opment and integration of sensors in portable, wearable and battery powered
systems. Wearable sensors and on-body sensors have gained considerable in-
terest due to their promise for real-time monitoring of the wearer’s health and
fitness, exposure levels of air quality or water quality in various applications,
such as sports, patient care, assisted living, and others. Environment sensing
and bio-sensing wearables drive the next generation of wearable technologies
that allow continuous monitoring in a wide range of form factors. Such wear-
able devices require minimization of electronics, cost-effective packaging, and
increased reliability to achieve more functionality ("More than Moore") in a
single miniaturized package. A portable real-time air quality monitoring sys-
tem provides valuable information on air pollution levels around us. One of
the most critical requirement for mobile or wearable gas sensor systems are to
operate with lower power consumption in a miniaturized form factor. In Figure
1.10, an illustration of integration of MEMS gas sensors in various portable de-
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vices and wearable devices such as mobile phones, smart watches, face masks
and earphones is described. Solid-state gas sensors developed using MEMS
technology offer various benefits such as miniaturization, compatibility with
CMOS technology, and mass manufacturing capability. In the previous sec-
tions, we have seen that there are many technologies that can be employed for
gas detection for both portable and mobile system. However, miniaturisation
of gas sensors to achieve integration in devices such as mobile phones, wear-
ables and earphones can be achieved by development of sensors using MEMS
technology.

Gas sensor integration in mobile b Gas-phase sensing of
(a) phone and wearable devices ( ) Volatile Organic
) Compounds (VOC)s o
Frameworks (MOFs) nanoparticles
o 2T r
Poed
2

P49
Porous
Organic Frameworks
(POFs)

Ethanol
Methanol

MEMS gas

sensor SnO, - CuO
Dielectric \ 4~ Semiconducting
material Material

MEMS Capacitive and
resistive transducer

Figure 1.10: (a) Illustration of the devices for miniaturised MEMS gas sensors[26][27][28][29].
(b) Illustration of a MEMS gas sensor with different materials

In Figure 1.11, the methodology utilised in the development of a silicon
MEMS gas sensor is illustrated. The three main steps include, functional ma-
terial development, MEMS device development and integration of the func-
tional material and gas sensing measurements. In the next section a brief
explanation of the three steps are discussed.

1.5. Functional Material Development

In this thesis, the functional materials investigated for the detection of volatile
organic compounds such as methanol and ethanol are listed below,

1. Thin film dielectric materials

(a) Metal Organic Framework (MOF) namely, CuBTC and ZIF-8 MOF.
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Figure 1.11: Systematic methodology in the development of silicon MEMS gas sensors.

(b) Porous Organic Framework (POF).
2. Thin film metal oxide materials

(a) SnO; nanoparticle film.

1.5.1. Thin Film Metal Organic Framework and Porous
Organic Framework

Metal organic frameworks (MOFs) are a new class of nanoporous materials
with applications in the field of catalysis, gas sensing, gas storage and sepa-
ration. MOFs have highly ordered structure, high porosity and large surface
areas. MOFs are formed when metal ions or cluster of ions known as centers
are linked together with organic connectors known as ligands. These ions and
linkers form a highly regular structure or framework that are chemically stable.
The modular process of forming diverse structures with MOFs enable forming
tunable pore sizes and modification of the properties of the internal surface[30].
MOFs can be synthesised by several methods that follow conventional solution
based chemical synthesis methods. The various methods for the synthesis of
MOFs are solvothermal method, electrochemical synthesis, microwave assisted
synthesis method, mechanochemical and sonochemical synthesis method. The
different synthesis method have an impact on the structure and properties
of MOFs such as crystal size, morphology, pore size and surface area[31]. In
this thesis, the synthesis, characterisation and application of thin film MOFs as
functional materials towards sensing methanol and ethanol vapors is discussed.

MOFs have shown superior sorption properties in comparison to zeolites
and activated carbon for carbon-dioxide and hydrogen gas storage applica-
tions. The molecules of hydrogen are adsorbed within the framework of MOFs
without being covalently bounded at low partial pressure, enabling release of
hydrogen molecules from the framework completely[32]. The reversible ad-
sorption and desorption of gaseous analytes behaviour in MOFs are an added
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advantage for utilising MOFs as functional materials for gas sensing appli-
cations. Furthermore, the large surface area of MOFs enable adsorption of
specific gaseous analytes within the porous framework of the MOFs thereby
enhancing the sensitivity and reversible interaction with gaseous analytes. The
modification of the physical and chemical properties of MOFs can further im-
prove the selectivity by exclusion of gas molecules based on the pore size and
affinity of the gas molecules with the MOF framework[33]. MOFs being inher-
ently non-conductive materials, the adsorption and desorption of gas molecules
within the surface of the MOF causes a change in the effective dielectric con-
stant causing changes in the impedance of the MOF. These changes in the
impedance can be measured as a function of concentration to enable detection
of the amount of gaseous analytes adsorbed in MOF[32][33]. A list of metal-
organic framework used for the detection of volatile organic compounds are
tabulated in Table 1.3.

Table 1.3: Metal Organic Framework as sensing material for VOC gas sensing in literature.

Sensing Material Transducer vVocC Concentration
and Reference detected range (ppm)
CuBTC-MOF[34] Optical(SPR) Acetone, Ethanol 290,230

ZIF-8(35] Optical fiber Ethanol 100-700
CuBTC(MOF-199)(36] Capacitive Ethanol,Methanol 250-2000
Cu3(BTC)2 [37] micro-cantilever Toulene 100-1000

HKUST-1[38] micro-cantilever ~ Methanol,Acetone 13000,27000

Figure 1.12: Illustration of crystal structure (a) CuBTC MOF, Cu, O, C and H are repre-
sented as orange, white, black and cyan respectively. (b) ZIF-8 MOF with Zn, N, C and H
described by red, purple, grey and white spheres, respectively[39].

As seen from the tabulated results, MOF thin film coated on devices such
as optical fiber, micro cantilever and capacitive transducers have shown the
ability to adsorb VOC gases. In this thesis, two type of MOFs namely CuBTC
and ZIF-8 MOF coated on capacitive transducers are investigated for the de-
tection of volatile organic compounds such as methanol and ethanol. An il-
lustration of crystal structure of CuBTC MOF material is shown in Figure
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1.12a. In this MOF, the metal ion is Copper (Cu?*) and the organic linker is
benzene tri-carboxylate molecule. The copper ion reacts with benzene group
to form paddle wheel structure in a cubic lattice with porous centres. The Cu
paddle wheel framework are formed from two Cu ions coordinated with four
tridentate benzene-1,3,5-tricarboxylate (BTC) ligands. CuBTC has affinity for
small-size gases such as NH3z, CO, NOy, NO, H,S, and volatile organic com-
pounds (VOCs) such as methanol and ethanol. Thus, CuBTC MOF is seen as
a potential candidate for application as affinity layer on capacitor IDEs for the
detection of volatile organic compounds[36]. Zeolitic imidazolate frameworks
(ZIFs) are another class of MOFs that contain metal ions such as Zn or Co with
imidazolate organic linkers. ZIF-8 MOF belong are one type of ZIFs that have
high surface areas, high porosity and high thermal stability. The illustration
of the crystal structure of ZIF-8 MOF is shown in Figure 1.12b.

Porous organic framework(POFs) are one type of micro-porous polymers
derived from organic precursors being covalently bonded[40]. POFs have high
surface areas and large porosity that are very advantageous for gas sensing
applications. POFs can be synthesised with solution based method that al-
low a simple fabrication process and coating on transducers[41]. Melamine
based POFs functionalised with platinum(Pt) nanoparticles coated on silicon-
nanowires was used for the detection of methanol[40]. In this thesis, melamine
based POFs as functional materials are coated on capacitor transducer devices
to study the interaction with ethanol and methanol.

Ethanol SnO..
nanoparticle

(C2HsOH) / film
\_O- 9 O

7/
v
Metal [/ L(V\ ~ Metal

Figure 1.13: Schematic illustration of sensing mechanism of ethanol in SnOg nanoparticle.

1.5.2. Thin film SnO, nanoparticles

SnO, is an n-type semiconductor oxide having a wide band gap (3.6eV). At
elevated temperatures above 150°C, oxygen molecules are chemisorbed in the
form of O~ and 02~ by accepting electrons from SnO,. A space charge region
is formed at the surface of the SnOs, also referred to as active sites. Upon
exposure to reducing gases, adsorption and reaction between the gases lead
to the formation of free electrons as reaction products. This results in the
reduction in the thickness of the space charge region, thereby increasing the
conductivity of SnO3. The ratio of the change in conductance upon exposure
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to the reducing gas and the baseline conductance in dry air determines the
sensitivity of the sensor[42—45]. The reversible interactions at the surface of
SnOs film, and high thermal stability are some of the benefits of SnO, utilised
as a material for gas sensing applications[45]. The sensing mechanisms in
SnOy and most metal-oxide materials are determined by the number of sites
available at the surface of the material for the chemisorption of oxygen and
gas molecules.

1.6. MEMS Device Development

The development cycle of the MEMS devices follow similar approach to CMOS
device development cycle. The steps include modelling and simulation of
MEMS device by finite element method(FEM), layout design specific to the
available fabrication process, device fabrication, packaging and room temper-
ature device characterisation to select obtain good dies for characterisation.
In this thesis, the requirement is to develop the capacitive interdigitated elec-
trode (IDE) and microhotplate devices using silicon MEMS micro-fabrication
technology for chemi-resistive and chemi-capacitive gas sensors.

1.6.1. Device design and fabrication
The capacitance of a parallel plate capacitor is given by the following relation,

C= eoe,oé (1.6)
d

where €, is the permittivity of free space, €, is the permittivity of the
material between the parallel plate, A is the area of the capacitor and d is
the distance between the parallel plates. The development of a parallel plate
capacitor in planar silicon MEMS technology process would need the dielectric
material to be sandwiched between two metal electrodes. This would increase
the complexity in device fabrication and special techniques to deposit metal
over the dielectric without shorting the two metal electrodes. Capacitors made
of interdigitated electrodes in alternate finger capacitor allows planar finger
electrodes on silicon. A cross-sectional view of IDE capacitor coated with a
thin film dielectric material is shown in Figure 1.14a. The capacitance that
can be measured between the electrodes will be dependent on the dielectric
material, substrate material and the parasitic capacitances.

A silicon MEMS microhotplate(MHP) based metal oxide sensors consists
of a silicon substrate, a thin dielectric membrane, typically thermal oxide
or silicon nitride on which a metal resistor of platinum, molybdenum, or ti-
tanium nitride are patterned to form the heater layer, a passivisation layer
that serves as an insulating layer between the heater and the sensing elec-
trodes and the sensing material. The sensing material is deposited across the
sensing electrodes, typically made with platinum(Pt) or gold(Au) to establish
good electrical contact between the sensing material and the electrodes. A
schematic illustration of a microhotplate with sensing film deposited on the
sensing electrodes is shown in Figure 1.14b.
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In a microhotplate device, the electrical power supplied to the resistor is
converted to thermal energy by joule heating mechanism. The heat generated
in the microhotplate is dissipated to the surroundings by three heat trans-
fer process that includes, conduction from the microhotplate device area to
the substrate, convection from the microhotplate device area to the air and
radiation to the environment. The heat loss due to conduction and convec-
tion mechanism are the dominant losses in the microhotplate devices[46]. The
heat loss due to conduction from the microhotplate area to the substrate can
be minimised by fabricating the microhotplate on a closed membrane or sus-
pended membrane type structures. In a closed membrane structure, the bulk
silicon at the backside of the microhotplate device area is etched by anisotropic
etching. In a suspended membrane structure, the microhotplate active area
is suspended with the support of beams to the substrate by etching the bulk
silicon at the front and backside of the device. Although a closed membrane
structure can offer better mechanical stability for high-temperature operation,
microhotplates fabricated on a suspended membrane structure have lower ther-
mal mass, thereby reducing the device power consumption. The mechanical
stability of the suspended membrane structure can be improved by fabricating
microhotplates on a low-stress dielectric membrane material. Along with re-
ducing the device power consumption, the temperature uniformity across the
microhotplate active area needs to be considered. The temperature uniformity
can be improved by optimising various designs of the heater geometry such as,
meander, double spiral, or drive wheel using the finite element method (FEM)
multiphysics software modules from COMSOL, ANSYS. Another method to
improve the temperature uniformity is by having a layer of high thermal con-
ductivity material like silicon as a heat-spreader layer below the microhotplate
active area[46][47]. Thus, consideration of material, process parameters and
geometry of the microhotplate enable efficient design and fabrication of micro-
hotplate based devices for gas sensing applications.

(a) Al Capacitor (b) $nO: nanoparticle thin
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Substrate
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Figure 1.14: Schematic illustration of (a) MOF based chemi-capacitive gas sensor. (b)
MEMS chemi-resistive gas sensor
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1.7. Integration and testing

1.7.1. Integration of functional materials

The integration of MOFs on optical transducers were done by using the ma-
terial as a bulk powder and monitoring the change of luminescence proper-
ties upon analyte binding[48][49]. MOFs deposited on resistive or capaci-
tive transducer to investigate the interactions with analytes and measure the
changes of conductivity or dielectric properties have been reported in several
studies[32, 50, 51]. The layer-by-layer deposition method has also been used to
make thin films of MOFs on the transducer surface[52-54]. In this thesis, two
approaches for synthesis and deposition of MOF/POF is investigated. The di-
rect growth of CuBTC MOF are done by electrochemical synthesis method on
interdigitated Cu electrodes and the interaction with analytes such as methanol
and water vapors at room temperature are studied. The synthesis of ZIF-8
MOF and melamine based POF is done by solution based methodology and
coated by drop-casting on the transducers.

SnO, nanoparticles can be synthesized by different methods by several
methods such as sol-gel process, hydro thermal, mechanical grinding, flame
spray pyrolysis, laser ablation and spark discharge[55]. Among these methods,
vapor-phase based synthesis of SnOs nanoparticles has advantages such as re-
duced contamination of the nanoparticles due to impurities, utilising non-toxic
organic solvents, reduced waste generation, continuous and flexible processing
of nanoparticles than batch-wise process[55][56]. In this thesis, SnO2 nanopar-
ticles synthesised by spark discharge method deposited on MEMS microhot-
plate devices are used to study the sensing response towards ethanol.
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Figure 1.15: Schematic illustration of the gas sensing setup.

1.7.2. Gas sensing measurements

The sensing experiments of the device coated with functional materials for
vapors of ethanol, methanol and water are done in a custom-built gas setup
schematically illustrated in Figure 1.15. In this system, dry nitrogen or dry air
was passed through two bubblers containing ethanol, methanol or water vapor
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(MFC 2, MFC 3) to generate saturated stream of the vapors. The saturated
concentration of the analyte was calculated using the Antoine equation[57][58],

B

LogP = A T+C (1.7)

Where, P is the saturated vapor pressure of the analyte and T is the tem-

perature of the bubbler. A, B and C are the analyte-dependent constants.

The vapors were diluted with a parallel stream of dry nitrogen and passed

to the gas chamber. A LabVIEW software application was used for control-

ling the mass flow controllers (MFCs). The capacitance of the sensor devices

are measured using a HP4284A LCR meter. The resistance of the devices

are measured using a DC source measurement unit (SMU) such as Keithley
2611B.

1.8. Thesis Outline

The thesis is focused on an interdisciplinary study that involves the develop-
ment of resistive and capacitive transducers by micro fabrication technology
and process development of functional materials for gas sensing applications.
The chapters of the thesis is summarised pictorially in Figure 1.16 and the
details are mentioned in the following paragraphs,

e In Chapter 2, the electrochemical growth of Cu-MOFs on interdigitated
Cu electrodes and its ability to detect methanol and water vapors at
room temperature is studied. Methanol is mainly used as the analyte to
study the feasibility of this MOF-transducer integration technique due to
their known affinity toward CuBTC. The interdigitated electrode (IDE)
structure allows capacitive detection of the affinity process.

e In Chapter 3, a low-power MEMS microhotplate with IDE capacitor
coated with thin film ZIF-8 MOF for the detection of methanol is stud-
ied. The device design, fabrication and experimental set up is first dis-
cussed. The thermal characterization of bare devices and devices coated
with ZIF-8 MOF is presented. The temperature-dependent sensing re-
sponse of ZIF-8 MOF-coated devices towards methanol, and water vapor
is presented. The modeling of temperature-dependent adsorption and
desorption kinetic coefficients of methanol in ZIF-8 MOF is discussed.

e In Chapter 4, we have synthesized melamine based porous organic frame-
work(POF) by schiff based chemistry. Thin film of POFs are coated on
capacitor transducers and its sensing response to methanol and ethanol
is investigated. The design and fabrication of the IDE capacitor device
used in this study and the synthesis of POF and the procedure for coating
the surface of the IDE devices are discussed. The morphology of the de-
posited POF film and thickness are measured by SEM. Furthermore, the
analysis of the Ny adsorption isotherm and surface area calculation with
BET method are discussed. Finally, the sensing response of the POF
coated IDE device towards ethanol and methanol vapors are discussed.
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e In Chapter 5, SnO, nanoparticles synthesized by spark discharge method

are deposited on a MEMS microhotplate device integrated with sensing
electrodes to study the sensing response towards ethanol. The design
and fabrication of the device developed, methodology for the synthe-
sis of tin oxide particles, and preparation of devices for sensing experi-
ments are discussed. The particle size, crystal structure, and morphology
of the films characterized by transmission electron microscopy(TEM),
X-ray Diffraction(XRD), and scanning electron microscopy(SEM) are
presented. Finally, the characterisation of the fabricated device and
the sensing response of the synthesized SnO2 nanoparticle film towards
ethanol is discussed.
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2.1. Introduction

Recent advances in the microelectronics industry have resulted in the develop-
ment of miniaturized transduction devices for accurate, real-time detection of
various analytes. Such systems require, in addition, affinity layers for the intro-
duction of sensitive, selective and reversible interactions with the analytes to be
detected[2][3]. While most of the commercially available sensors utilize metal-
oxides as the affinity layer, there is interest for extending the range of affinity
materials to reduce cross-sensitivity and to lower energy consumption[4][5].
Recent studies have focused on utilizing Metal-Organic Frameworks (MOFs)
for making the affinity layer, because of their high porosity, selective gas ad-
sorption properties and tunability of their well-defined structure[6][7]. These
MOFs belong to the class of hybrid materials composed of coordinatively linked
metal ions via organic ligands to form the porous crystalline frameworks|[8][9].
Hitherto, most of the sensing studies with MOFs were carried out using the
material as a bulk powder, while monitoring the change of luminescence prop-
erties upon analyte binding[6][10]. Only a few studies have appeared on
post-synthetic deposited MOFs on a transducer surface, able to transform
the interactions with the analyte into changes of conductivity or dielectric
properties[11-13]. The layer-by-layer deposition method has also been used
to make thin films of MOFs on the transducer surface[14-16]. While all these
multiple-step approaches illustrate well the attractiveness of using MOFs to
make selective affinity layers for sensor devices, their further applicability will
benefit from developments that shorten the fabrication process of the MOF
coatings[17][18].

An interesting approach to grow MOF films directly on metal (transducer)
surfaces in a fast and controllable way makes use of the anodic dissolution of the
metal ions in the presence of the organic linkers[19-22]. Such an electrochemi-
cal deposition procedure can be easily integrated with semiconductor process-
ing techniques[23][24]. The possibility to grow Cu-MOFs as uniform films on
flat Cu electrodes making use of cyclic current pulses have been discussed in
previous works[25][26]. In this study, we have investigated the electrochemical
growth of Cu-MOFs on interdigitated Cu electrodes and its ability to detect
methanol and water vapors at room temperature. These analytes were cho-
sen as the model candidates to study the feasibility of this MOF-transducer
integration technique due to their known affinity toward CuBTC|[27] The inter-
digitated electrode (IDE) structure allows capacitive detection of the affinity
process[28][29]. IDEs can easily be fabricated, are compatible with CMOS
technology and are able to operate at room temperature allowing for a low
power consumption[28][30].

2.2. Device Design and Fabrication

The capacitor IDEs were fabricated on p-type silicon substrates by optical
lithography to pattern the IDE structures (Figure S2.1, Supporting informa-
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tion Section 2.6.2). Next, Cu was electroplated utilizing a pre-sputtered 300
nm Cu seed layer as cathode to obtain the planar electrodes with varying
widths (W) and gaps (G) ranging from 5 to 50 pum (Figure 2.1(i),(ii),(iii)).
For our study, we have used the IDEs with W=G=50pum and a number of
electrodes (N) of 100, to ensure a good coverage of the MOF and to prevent
electrical shortcuts which might arise at smaller G. Since the total capaci-
tance is a linear function of N, it was set at the indicated value to enhance the
overall sensitivity. The height of the Cu electrodes was 6-8um, as determined
by cross-sectional Scanning Electron Microscopy (SEM, Figure 2.1(iv)) and
by Dektak profilometry (Figure S2.2, Supporting Information). The spatial
wavelength(\) of the IDE device is defined by[31][32],

A =2 +G) (2.1)

Si Substrate ‘

z/ pum

-30 g

-40,

0 10 20 30 40 50 60 70 80 90 100
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Figure 2.1: Fabricated devices with Interdigitated Electrodes (IDEs). (i) optical image of
the fabricated IDE with 4 bond pads in the end for external connections and (ii) optical
image of a region of the IDEs with electrodes (black region) with width (W) and gap (G) of
each 50pum. (iii) schematic of the device illustrating the dimensions (width (W), gap (G) and
height (H) of the electrodes) and spatial wavelength (\) of the device. (iv) SEM image of the
IDEs width of 50um and gap of 20um captured at 6° angle view and (v) Figure indicating
the distribution and electrical field strength (V/m) calculated across x and z dimensions.
Color map indicates a distribution from the weakest (in blue) to the strongest (in red) field
strength (V/m).
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of the affinity layer increases with a smaller value of \. We have performed
theoretical calculations of the electric field properties and the capacitance of
our IDE structures making use of COMSOL Multiphysics for a configuration
of two electrodes (half spatial wavelength () [31]. The total capacitance was
estimated by multiplying the resulting modeled capacitance with (N-1) = 99,
to yield a (N-1)*Cejectrode- The width (W) and gap (G) of the IDE structure
were both set to 50pm in COMSOL[33], and the height of the electrodes was
set to 6um and 3um, to simulate the situation before and after the MOF
growth process, respectively. From Figure 2.1(v), it can be seen that the field
strength remains strongest near the surface of the electrodes. About 75 %
of the field lines are found at a distance z, as measured perpendicular to the
electrode surface. Near the edges of the electrodes (i.e. region between x=0-
25pum and x=75-100pm in Figure 2.1(v)(red colored) the maximal electrical
field strength was found. A capacitance of 132pF was calculated for IDE
with W=G=50pum and N = 100. Experimentally, the capacitance of the IDE
was 3940 + 0.017pF at 20 kHz (Figure S2.3, Supporting Information). The
observed larger capacitance compared to the calculated capacitance is due to
the parasitic contributions from the substrate and the wire bonding (/3000
pF; see Supporting Information, Section 2.6.3).

2.3. Direct growth of CuBTC MOF on Cu-IDE electrodes

The Cu IDEs were used to electrochemically grow thin films of CuBTC MOFs.
CuBTC is one of the well characterized and studied MOFs[34][35]. It consists of
a Cu paddlewheel framework formed from three Cu ions coordinated with two
benzene-1,3,5-tricarboxylate (BTC) ligands[34]. CuBTC has affinity for small-
size gases and volatile organic components (VOCs), making it a promising
candidate for application as affinity layer on our IDEs[36-39]. CuBTC are
grown electrochemically on the Cu IDE structures with a Cu counter-electrode
(cathode) in a 10 mL electrochemical cell containing a H3BTC solution in
96 vol.% ethanol (Supporting Information, Section 2.6.4). Cyclic pulses of
the current (6 mA for 5 s followed by no current for 5 s) were applied for 5
min[25]. This resulted in the deposition of crystalline materials on the IDE
structure. From X-Ray diffraction (XRD) studies, the formation of CuBTC
was proven (Figure 2.2(i))[34][40]. The crystalline layer was uniformly grown
and showed a thickness of 5-7 um as deduced from SEM micrographs (Figure
2.2(iii) and Figure S2.4). Cracks in the CuBTC layers were observed and
also some crystallite detachment if the pulses were applied during a longer
time period (7.5 min). This is most likely due to induced mechanical stress
by the partial dissolution of the copper finger-electrodes and the concomitant
formation of CuBTCJ20] (Figure S2.5, Supporting Information). The thickness
of the IDE electrodes was reduced from 6-8 pum to 3-5um (Figure 2.2(vi)).
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Figure 2.2: (i) Comparison of the XRD pattern for the IDEs with and without CuBTC
layer with the simulated pattern of CuBTC. (ii), (iii) SEM images of CuBTC grown over
the electrodes. (iv), (v) and (vi) cross-sectional SEM of a coated IDE.

2.4. Sensing study

Sensing measurements of the coated and non-coated devices were carried out
at a frequency of 20 kHz and a voltage of 0.1 V using a HP 4284A precision
LCR meter. The frequency was chosen as 20 kHz to reduce the noise and
parasitic in the measurement. The devices were kept in a custom-built gas
mixing and sensing equipment at 30 £+ 0.05°C[13]. During the measurements,
a continuous stream of dry Ny was passed over the devices at a flow rate of
200 mL/min using Mass Flow Controllers (MFCs) and perturbations in the
form of different analytes (methanol or water) were introduced after a stable
base-line was established. The vapors of methanol or water were introduced
by first passing dry Ny through a series of two bubblers containing the analyte
to generate a saturated stream of vapors and then diluting it with a parallel
stream of dry Ns. The saturated concentration of the analyte was calculated
using the Antoine equation[41][42],

LogP = A — —— (2.2)

Where, P is the saturated vapor pressure of the analyte and T is the tem-
perature of the bubbler. A, B and C are the analyte-dependent constants.
After the stabilization and equilibration of the capacitive signal during the
measurements, the devices were recovered to the baseline by replacing the
stream of Ny and methanol (or water) with dry No.

The obtained CuBTC-modified IDEs were exposed to different concen-
trations of methanol and water vapor present in a nitrogen carrier gas at
30°C in a custom-built gas mixing and sensing equipment system described
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Figure 2.3: (i) Capacitive response of unmodified IDE (red) and CuBTC-coated IDE (blue)
towards methanol. (ii) Capacitive response vs time of CuBTC-coated IDE towards 1000
ppm of methanol vapour. (iii) Quantitative behavior of the sensor device towards methanol
vapour and its fitting with the Langmuir model. (iv) Comparison between the response
towards methanol and water vapour normalized with respect to the dielectric constants
of analyte. (v) Estimated dielectric constant(red) and capacitive change(blue) of these
devices with methanol concentration as deduced by finite element analysis. (vi) Simulated
distribution of the electric field strength, |E| over the IDE geometry. Color map indicates a
distribution from the weakest (in blue) to the strongest (in red) field strength (V/m).
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previously[13]. The capacitance changes were determined by using impedance
spectroscopy at a constant frequency of 20 kHz. In Figure 2.3(i), the capac-
itive response of 5-25 pF is shown upon the exposure to 1000-8000 ppm of
methanol at a constant flow rate of 200 mL/min and compared with the un-
modified IDE, which showed no response. The response of the modified device
to methanol vapor was completely reversible. The desorption time is longer
than the adsorption time, reflecting the favorable methanol affinity.

The capacitive response started a few seconds after applying the methanol
and reached a stable value in 120-150 s (Figure 2.3(ii)). Such fast response
clearly reflects the presence of the thin CuBTC layer with its high poros-
ity (having a BET surface area of 1300 m?/g and a pore volume of 0.73
cm?®/g)[27]. In contrast, Amino-MIL-53(Al) MOF blended in a Matrimid poly-
meric matrix, show a 12 times slower response[13]. This slower response is
the result of the presence of the polymer, which acts as a diffusion barrier[13].

The capacitance response, (AC) in the measured methanol concentration
range was further related to the concentration of methanol in the CuBTC
affinity layer near the transducer by applying a Langmuir isotherm model as
indicated in Figure 2.3(iii) and described by Equation 5:

ANC K. cm,

AC, 1+ K. o (2:3)

where Cg, K, ¢, indicate the saturation capacitance, affinity constant,
concentration of methanol in the measurement chamber and saturated amount
of methanol adsorbed, respectively. K. and Cg were determined to be 174.8
bar~! and ~44.8 pF by non-linear least square fitting of Equation 2.3 to the
experimental sensor response. Even though C; indicates that the adsorption
capacity is still far from saturation, extrapolation to higher concentration has
to be done carefully as multiple-site adsorption and pore filling in CuBTC can
result in deviations from Langmuir behavior[27].

With an accuracy of our equipment (HP 4284A LCR meter) in the fF range,
the sensitivity of the devices is clearly indicated by changes of 5 pF/1000 ppm
of methanol. The CuBTC-modified IDEs were also exposed to different con-
centrations of water vapor and the results were compared with the responses
observed to methanol (Figure 2.3(iv)). The responses were therefore corrected
for the differences of dielectric constants of methanol and water by dividing the
observed capacitance change by the respective dielectric constants (€, methanot
= 32.7, €rwater = 78). The affinity of the CuBTC towards water vapor shows
to be much stronger than the observed affinity to methanol. This observation
confirms earlier studies[36].

The methanol adsorption by the CuBTC framework also changes the ef-
fective local dielectric constant (e.). This (e.) was approximated utilizing the
Bruggeman effective medium approximation[43] which is based on changes in
the volumetric fraction(f) (Supporting information, Section 2.6.5). The rela-
tive static dielectric constant of CuBTC[44] (in vacuum) was assumed to be
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e, = 1.7. It can be seen in Figure 2.3(v) that the calculated (e.) roughly
increases from =~1.5 to =2.7 on exposure from 0 to 8000 ppm of methanol
(e, =32.7). The calculated capacitance (by finite element modeling) for these
dielectric constant changes indicated correspondence with the measured capac-
itance changes confirming the role of changes in local polarity on the adsorption
of polar molecules like methanol. Finally, the simulated electric field strength
of these MOF-modified electrodes indicated a slight decrease with this increase
of €, to 2.7 as shown in Figure 2.3(vi) and Figure S 2.8(Supporting informa-
tion).

2.5. Conclusions

In this study, the methodology and development of electrochemical grown
CuBTC MOFs on Cu IDEs was discussed. These devices show a fast response
(120-150s to saturation), are sensitive and have reversible sensing properties
useful for the quantitative detection of methanol and water vapor in the 1000-
8000 ppm range. Equilibrium capacitive responses also followed the Langmuir
adsorption model with an affinity constant of 174 bar~' for methanol con-
centrations up to 8000 ppm. Comparative sensing studies with methanol and
water indicated higher sensitivity towards water due to its stronger affinity
to the CuBTC. Theoretical estimations of the local dielectric constants by
application of the Bruggeman approximation, indicated that on the exposure
to different methanol vapor concentrations (0-8000 ppm), the relative dielec-
tric constant of partially filled CuBTC layer increases from ~1.5 to ~2.7 as a
result of the uptake of methanol. The calculated capacitance changes corre-
late very well with the experimentally observed data, supporting our applied
methods. In conclusion, we have shown that CuBTC MOFs can be formed
in situ electrochemically on micro-structured copper IDEs in a fast and easy
way. These devices act as fast, reversible and sensitive sensors for the quanti-
tative detection of methanol and water vapor in the range of 1000 to 8000 ppm.
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2.6. Supplementary Information

2.6.1. Experimental section

All chemicals were purchased from Sigma Aldrich and used as received. The
device fabrication was carried out in a clean-room environment. Scanning
Electron Microscopy (SEM) micrographs were acquired at different magnifi-
cations using a JEOL JSM 6360 microscope and a Nova NanoSEM*M (for
cross-sectional images). The powder X-Ray Diffraction (pXRD) patterns of
IDEs with and without MOF deposition were recorded using the Bruker D8
Advance diffractometer with Co-Ka radiation (A = 1.788897 A).

2.6.2. Device Fabrication

The copper (Cu) interdigitated electrode (IDE) devices were fabricated on a p-
type Silicon substrate (100) with a thickness of 300um. The fabrication process
is summarized schematically in Figure S2.1. First, a 500 nm thick SizNy4 layer
was deposited by low pressure chemical vapour deposition (LPCVD) at 850°C
followed by the deposition of 300 nm adhesion layer of Titanium Nitride (TiN)
using a TRIKON SIGMA sputter coater. A Cu-seed layer of a 300 nm thick
was deposited on top of the TiN layer in a similar fashion. IDEs were patterned
using an AZ960 positive photo-resist by photo-lithography for 60 s using a
contact aligner. After the IDE patterning, the wafers were developed using
AZ400K for ~120 s. The Cu electrodes were then electroplated in the non-
patterned region containing Cu seed layer by applying a current of 1 A for 900
s using the MECO electroplating equipment. After electroplating, the photo-
resist was stripped by using acetone and iso-propanol. The exposed Cu seed
layer and TiN layer (below the photo-resist patterns) were removed by first
immersing the wafer to a solution of 5 g of NayS2Og in a mixture of 1.25 mL
H5S504 (96%) and 500 mL distilled water for 20 minutes to remove the Cu seed
layer followed by dipping the wafer to a solution containing 25 mL NH,OH
(25%), 100 mL H302 (30%) and 100 mL distilled water for removing the TiN
layer. After the fabrication, the wafer was diced and wire-bonded for external
electrical connections. These devices are then used for electrochemical growth
of MOFs.

2.6.3. Calculation of the parasitic contribution of the de-
vices

Parasitic contribution in the IDE structure is mainly introduced by the sub-
strate and can be approximated using the following standard capacitance equa-
tion:

B coerA
ot

c

(2.4)

where ¢, is the dielectric constant of SizNy layer ((¢,) = 9.7) and A is
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Figure S 2.1: (a) Schematic of the fabrication process for the Cu-interdigitated electrode
devices. (b) Lithographic pattern of the Cu-IDE structure. (c) Optical image of the fabri-
cated devices (d) Cu IDE layout with dimensions in pm indicating width (W) and gap (Q)
of 50pum each and number of electrodes (N) of 100.

the area and the t (= 500 nm) is the thickness of SisNy layer. There are
4 components in the IDE structure which contribute for the capacitance in
parallel to the capacitance of the IDE structure (labeled 1-4 in Figure S2.6.2d).
These components are classified as (1) Square bond pads (0.2932 nF), (2) Side
electrode lines (1.8677 nF), (3) 2nd Bond Pad (0.666 nF) and (4) Connecting
electrode line (0.2083 nF). The total parasitic contribution from both finger
electrodes was calculated to be 3.06 nF. The difference between the calculated
capacitance with the measured capacitance can be attributed to the parasitic
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from the soldered wiring.
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Figure S 2.2: DEKTAK 8 profilometer data of the bare IDE with a width = 50um, a gap
= 20um and a height of 7-8um. The measurement was done over the reference points (not
over the electrodes) in IDE structure to avoid damage to the device.
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Figure S 2.3: Measured capacitance of the non-coated IDE with width and gap of 50um
each at different frequencies
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2.6.4. Electrochemical Synthesis of MOFs

100 mg of the organic linker (HsBTC or H3TATB) and 25 mg of the elec-
trolyte Methyl-TriButylammonium methyl Sulfate (MTBS) were dissolved in
8 mL of 96 vol.% ethanol solution. The solution was mixed in the 10 mL elec-
trochemical cell at room temperature[25]. The MOF synthesis over the IDEs
was carried out in a two-electrode system by using both electrodes of IDEs
as anode (by electrically shorting) with a copper plate as the cathode. Cyclic
pulses of current with 6 mA/5 s and 0 mA /5 s were applied for 5 min using
an Autolab potentiostat PGSTAT302N. After the MOF growth, the devices
were washed in the ethanol solution overnight at room temperature and dried
at 100°C for 2 h.

The SEM images of the electrochemical synthesis of CuBTC MOF is shown
in Figure S2.4 and Figure S2.5.

Figure S 2.4: Electrochemical synthesis of CuBTC over IDEs prepared with negative pho-
toresist and different dimensions. SEM micrograph of (a) a bare IDE, (b) CuBTC coated
device with width and gap of 50um and 20um, respectively, (c¢) the coated IDEs with width
and gap of 50um and 10pm, respectively and (d) the coated IDEs the width and gap of 5um
and 20pm, respectively.
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Figure S 2.5: SEM micrographs indicating crack formation in the CuBTC layer over synthesis
for longer duration (7.5 min). (a) and (b) show the regions of a CuBTC-coated IDE at
different magnifications.

2.6.5. Theoretical estimation of changes in the dielectric
constant

For a porous structure like present in CuBTC, the effective dielectric constant
(ee) can be approximated utilizing the Bruggeman effective medium approxi-
mation based on the changes in the volumetric fraction(f)[43],

EMeOH — €e

€ECuBTC — €e EN, — €e
u — 5 ——— + fMe =0 2.5
fousTo €cuBTC + 2€c I, €N, T 2€¢ fueon €EMecOH T 2€¢ (25)
feubre + fn, + fyueonm =1 (2.6)

Where ecuprc, €n, and epeom are the dielectric constant of CuBTC,
nitrogen and Methanol respectively. foupre, fn, and fareon are the volume
fraction of CuBTC, nitrogen and Methanol in the total volume of the film.
All the parameters used for the calculations are listed in Table 2.1. The static
dielectric constant of CuBTC (without air) was assumed to be 1.7[44].

In order to estimate the changes in the dielectric constant of the layer, first
the amount of the MOF deposited on the IDEs was estimated based on the
measured thickness across the dimensions of the electrode.

mcurc = Voubrc+ipe — Vibg) X p (2.7)

Where mecy,pre is the mass of the CuBTC deposited on top of the elec-
trodes, VouBro+1pe is the total volume of the coated IDEs and Vipg rep-
resents the volume of the electrodes. Assuming the Langmuir behaviour in
the measured concentration range, the total number of moles of methanol ad-
sorbed inside the pores of MOF was estimated utilizing the parameters listed
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Table 2.1: Parameters used for calculation of the effective dielectric constant.

Parameters Value
Patm 101325 Pa
R 8.3145 m®*Pa/K mol
Temperature 303 K
Number of electrodes (N) 100
Length of the electrode 7.5mm
Width of the electrode 46 m
Thickness of the electrode 3pum
Length of the electrode with MOF 7pm
Width of the electrode with MOF S56pm
Thickness of the electrode with MOF um
Saturation amount of MeOH 0.64 g/g
K, equilibrium constant 174.8 bar~!
Bulk Density of CuBTC 0.35 g/cm?
Pore Volume of CuBTC]27] 0.731 cm?/g
Dielectric Constant of CuBTC[44] 1.7
Dielectric Constant of Methanol 32.7
Dielectric Constant of Air 1
03¢
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Figure S 2.6: Changes in the volume fraction of methanol and N3 in the pores of MOF over
the exposure to different concentrations of methanol.

in Table 2.1. This amount of methanol was then converted into volume fraction
with the assumption of rigid MOF structure and replacement of nitrogen by
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methanol. The changes in the volume fraction (f) of methanol inside the pores
of CuBTC calculated on exposure to different concentrations of methanol va-
por with the assumption of a Langmuir behavior of adsorption is shown in
Figure S2.6. For 1000 ppm of methanol in Ny, fy;con was calculated to be
0.038.

2.6.6. Theoretical calculations of changes in electric field
strength

The electric field distribution of MOF coated IDEs is shown in Figure S2.7.
The changes in the dielectric constant over changes in the methanol concen-
tration also result in changes in the electric field. A higher dielectric constant
lead to a slight reduction in the electric field strength due to increase in the
charge storage (Figure S2.8).
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Figure S 2.7: Distribution of the electrical field strength across the x-axis over the MOF
modified IDEs in a geometry of half-spatial wavelength. (\/2).
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Figure S 2.8: Distribution of the electrical field strength at a localized position over the
increase in concentration of methanol (0-8000 ppm)
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3.1. Introduction

Methanol is an organic solvent found in dyes, paints, perfumes and automotive
fuel. Methanol is a colorless liquid, with a mild odor and flammable volatile
organic compound (VOC). The threshold limit value (TLV) of exposure to
methanol without causing adverse health effect is 200 ppm [1]. Monitoring
of exposure to VOCs is important for health and well-being in an indoor air
environment. Prolonged exposure to methanol for concentrations higher than
TLV can cause headaches, drowsiness, and eye irritation. Methanol sensors
developed using various metal-oxide semiconductors, such as SnOs, Iny0O3,
a-Fe303 and ZnO operating at temperatures of 250 °C—-350 °C require high-
power transducers [1]. The development of a low-power sensor for the detection
of methanol is not only interesting from a research point of view, but also useful
for portable and wearable air quality systems.

In recent years, there has been much interest in the synthesis and devel-
opment of porous materials such as zeolites and metal-organic frameworks
(MOFs) for gas adsorption and sensing applications [2]. Metal-organic frame-
works are crystalline materials formed of metal ions connected by organic
linkers. The availability of various metal ions, organic linkers, and structure
motif enables infinite topology combinations with unique chemical and phys-
ical properties [2]. MOFs as affinity layers is particularly interesting for var-
ious chemical vapors and gases due their high surface area, porous structure,
tunability in material processing and development of thin film on electronic
sensor devices [3]. Most MOFs inherently have low conductivity and the de-
tection of gases has been mainly investigated using electronic devices such
as chemi-resistive, chemi-capacitive cantilevers, quartz microbalance (QCM),
and Field-effect transistors (FETS) [3, 4]. Recent progress has been done in
the development of conductive MOFs as affinity layers for chemi-resistive sen-
sors [5-7].

Among the several MOF structures, Zeolitic imidazolate frameworks (ZIFs)
are a class of MOF with metal ions (Zn, Co) with imidazolate linkers. They
possess high porosity, ultra-high surface areas, and good thermal stability [8].
The adsorption and desorption of methanol have been investigated in the mi-
croporous structure of ZIF-8 MOF films deposited on silicon substrate [9].
ZIF-8 MOF consists of cages with an effective diameter of 12.5A and a hexag-
onal aperture of 3.3 A. Methanol, with a kinetic diameter of 3.8 A, can enter
the microporous cage of ZIF-8 MOF and interact with the Zn atoms. On
average, 2.7 molecules can adsorb per Zn atom [10]. ZIF-8 MOF have large
surface area (1030 m2?g~!) and high adsorption capacity of methanol, making
it a suitable affinity layer for its investigation as a methanol sensor [10]. The
detection of adsorbed alcohols using ZIF-8 MOF has been studied using several
optical-based techniques [11, 12]. ZIF-8 films grown on Fabry-Perot device en-
ables detection of ethanol vapor by measuring the shifts in the interference of
transmission spectrum [13]. Thin film ZIF-8 MOF-coated on optical fiber long
period grating (LPG) has been shown to detect ethanol, methanol and acetone
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vapors in ranges up to 10,000 ppm [12]. However, ZIF-8 films as affinity layer
for sensing of alcohols using techniques apart from optical-based techniques,
such as capacitive sensing studies, have not been investigated. Detection of
alcohols with thin film MOFs has been studied by measuring the changes
in permittivity of the material using capacitive interdigitated electrode (IDE)
transducers [14]. Cu paddlewheel MOFs using benzene-1,3,5-tricarboxylic acid
as organic linkers (CuBTC) grown on IDE capacitor and NHp-MIL-53(Al)
MOFs in Matrimid polymer matrix coated on IDEs show capacitive responses
towards the detection of methanol at room temperature [14, 15]. Owing to its
simplicity of fabrication, compatibility with the complementary metal-oxide
semiconductor (CMOS) process and availability of sensitive capacitance mea-
surement systems, IDE capacitor transducers provide a reliable platform for
sensing studies. Most studies with IDEs are done by measuring changes in
capacitance at ambient temperature. A transducer with an IDE capacitor
integrated with a micro-electromechanical system (MEMS) such as a micro-
hotplate could enable the study of sensing performance as a function of tem-
perature. The modeling of adsorption and desorption kinetics of gas analytes
with temperature also enables development of temperature-modulated sens-
ing operation. Using such a platform, the temperature-dependent capacitive
sensing towards detection of methanol with ZIF-8 MOF as the sensing layer is
studied in this paper. A MEMS microhotplate integrated with parallel plate
electrode has been used for on-chip curing of polyimide films at 350 °C [16].
In this device, polyimide films were placed in between chromium electrodes
forming a parallel plate and integrated with a microhotplate underneath the
electrodes. The device was used for temperature-dependent capacitance and
dielectric measurements. However, materials placed within parallel plate elec-
trodes do not allow reliable measurements of changes in capacitance with ex-
posure to air and various gaseous analytes. Interdigitated electrode capacitor
with polysilicon heaters were used for the analysis of recovery and thermal
reset of polyimide sensing film during humidity measurements [17, 18]. A
chemi-capacitive sensor with integrated molybdenum heater has been used for
the study as COq sensor [19]. The power consumption of this heater was in the
range of 237 mW at 75 °C, which is high for continuous operation of portable
battery powered electronic devices [19, 20]. Thus, the development of IDE
capacitor transducers with a low-power, integrated microhotplate would be a
suitable device for in situ, temperature-dependent gas sensing measurements.
In comparison with conductometric MEMS microhotplate platforms, the devel-
opment of IDE capacitor with integrated microhotplate have challenges since
capacitance measurements are sensitive to temperature, frequency, and para-
sitic capacitances variations. The changes in the isolation layer capacitance
due to temperature also influences the overall measured capacitance. Hence, it
is essential to consider the calibration factors due to isolation layer capacitance
during temperature-dependent capacitance measurements.
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3.2. Experimental
3.2.1. Device design
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Figure 3.1: Device concept of ZIF-8 MOF coated MEMS IDE capacitor with integrated
microhotplate: (a) Illustration of ZIF-8 MOF drop-casted on the final device. (b) 3D
view of the crystal structure of ZIF-8 MOF with Zn, N, C and H described by red, purple,
grey and white spheres respectively[21]. (¢) Cross section of the device with deposited ZIF-8
MOF. (d) Description of equivalent electrical circuit of the IDE capacitor with microhotplate
electrodes.

In this paper, a multilayered vertical stacked device structure is developed.
The device concept and the cross-sectional view of the device is illustrated in
Figure 3.1a,c, respectively. A circular microhotplate is fabricated on a thin
dielectric membrane and forms the first metal layer. The IDE capacitor is
fabricated above the circular microhotplate with an isolation layer between
the two metal layers. The synthesized ZIF-8 MOF is deposited on the device
by drop-casting as illustrated in Figure 3.1a. The capacitances obtained due
to the thin film coating of ZIF-8 MOF on the device are, the isolation layer
capacitance (Cg;n,) and the capacitance of ZIF-8 MOF layer (Cz;p_s) (Fig-
ure 3.1d). The isolation layer is used to electrically insulate the two metal
layers. However, the dielectric property of the isolation layer depends on both
temperature and frequency of capacitance measurement. Thus, it is important
to investigate the effects of the isolation layer capacitance (Cg;n,) at differ-
ent temperatures on the total measured capacitance of the bare device. This
would serve as a capacitance calibration factor during temperature-dependent
capacitance measurements of ZIF-8 MOF-coated devices. In addition to the
calibration factor, a good shielding mechanism needs to be designed close to
the IDEs to negate the parasitic effects of the substrate capacitance, inter-
connects, and bond pads capacitance. One possible approach followed in this
study is by using the underlying microhotplate electrodes as a shielding elec-
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Table 3.1: Design parameters for fabrication of the devices.

Design Parameter Value Unit
Thickness of silicon nitride membrane 500 nm
Diameter of membrane 1 mm
Thickness of silicon nitride isolation layer 1 pm
Thickness of TiN electrodes 400 nm
Thickness of Al electrodes 1 pm

Width of IDE (W) 2 pm

Gap between IDE (G) 1 pm

Number of IDE pairs (N) 164 -

trode during capacitance measurement [22].

A microhotplate fabricated on a thin dielectric membrane with a tempera-
ture range up to 250 °C is desirable since the organic linker imidazole present
in ZIF-8 MOF has a thermal stability up to 257 °C [23]. The key param-
eters considered in the design and fabrication of microhotplate are mainly
temperature uniformity, power consumption and mechanical stability of the
device [24]. Low-pressure chemical vapor deposited (LPCVD) silicon nitride
(SiN,) exhibits tensile stress preventing buckling of the membrane at higher
temperatures, thus making it a suitable choice as a membrane material in
comparison to compressive stress exhibited by silicon dioxide [25]. The tem-
perature uniformity of the device is greatly improved by efficient design of the
microhotplate geometry. Many studies have investigated temperature unifor-
mity of various microhotplate geometry that includes meander, spiral, double
spiral, drive wheel, and honeycomb [24]. However, design guidelines for im-
proving the temperature uniformity has been mainly investigated by variation
of the ratio of the widths of the metal lines of a circular microhotplate [26]. By
modifying this design guideline to enable four-probe IV measurements, a circu-
lar microhotplate is designed. In comparison with metals such as platinum and
molybdenum as heating metal, titanium nitride (TiN) is a CMOS compatible
material and capability of dry etching of TiN electrodes allows a simpler fab-
rication processing steps. The resistivity of TiN shows a linear dependence on
temperature in the range up to 600 °C [27]. Plasma enhanced chemical vapor
deposited (PECVD) silicon dioxide and silicon nitride are considered for the
isolation layer material. Silicon dioxide has compressive stress whereas silicon
nitride used as membrane material exhibits tensile stress. To reduce the stress
mismatch between the membrane and isolation layer, PECVD silicon nitride
is used as the isolation layer material.

The design parameters used for the fabrication of the device are described
in Table 3.5. Membranes with smaller diameter allow a reduction in power
consumption but also decrease the area and the number of IDEs for capacitance
measurement. To increase the measured base capacitance of the device with
less influence from parasitic capacitances, a larger area for the circular IDE
is required. Along with these considerations, the geometry parameters that
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determine the capacitance of circular IDEs are the width of the electrodes
(W), the gap between the electrodes (G) and the number of electrode pairs
(N) [28]. The device dimensions were thus optimized to enable lower power
consumption of the device and larger area for the capacitor electrodes. A
circular LPCVD (SiN,) membrane with a diameter of lmm and thickness
of 500nm supported by four beams is designed. A circular TiN microhotplate
with a thickness of 400nm is deposited and patterned on the (SiN,) membrane.
Within the membrane dimensions, the number of circular IDE capacitor pairs
(N) designed is 164. The optimized dimensions for the width of the capacitor
IDEs within the process limitations are W = 2 um and gap between the
electrodes G = 1 pm.

3.2.2. Device fabrication

A double-sided polished 300um thick 4 inch p-type <100> silicon wafer is
used as the starting material (Figure 3.2a). A layer of low-stress LPCVD
SiN, of thickness 500nm is deposited both sides of the wafer using a Tempress
LPCVD furnace. A 4pm thick PECVD silicon dioxide (SiOs) is deposited
and patterned on the back side of the wafer. This is used as a hard mask
during back side deep reactive ion etching (DRIE). A 350nm thick Titanium
nitride (TiN) metal layer with Titanium(Ti) of thickness 50nm as the adhesion
layer is deposited by sputtering on the front-side of the wafer. The TiN heater
design is etched by a plasma etching process using a Trikon Omega 201 plasma
etcher (Figure 3.2c). In the next step, an isolation layer of 1um of PECVD
SiN,, is deposited on top of the TiN electrodes (Figure 3.2d). Next, a layer
of aluminum (Al 1% Si) with a thickness of 1um is sputtered on PECVD
SiN,. The electrodes are etched by plasma etching to form the IDEs (Figure
3.2e). This isolation layer electrically isolates the TiN heater electrodes and
the aluminum (Al) IDE capacitor. Finally, DRIE of silicon is performed on
the backside of the wafer to release the suspended membrane (Figure 3.2f).

3.2.3. Synthesis of ZIF-8 MOF

All chemicals were purchased from Sigma Aldrich and used as received. Typ-
ically, 734.4mg (2.469mmol) of Zn(NO3)2*6H20 and 810.6mg (9.874mmol) of
2-methylimidazole (Hmim) are each dissolved in 50mL of methanol (MeOH).
The latter clear solution is poured into the former clear solution under stirring
with a magnetic bar. Stirring is stopped after combining the component so-
lutions. After 24 h, the solid is separated from the milky colloidal dispersion
by centrifugation. Washing with fresh MeOH and centrifugation is repeated
three times[29]. The product is dried at room temperature under reduced
pressure. The synthesized ZIF-8 MOF is dispersed in ethanol and drop-casted
on the devices using a 1uL pipette. The synthesized ZIF-8 MOF is dispersed
in ethanol and ultrasonicated to obtain a uniform suspension of 4.5wt% ZIF-8
MOF in ethanol solution. The prepared solution is drop-casted on the devices
using a 1upL pipette.
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Figure 3.2: Fabrication process flowchart of the device (a) Silicon substrate. (b) 500nm low
stress LPCVD silicon nitride. (c) Patterned 400nm Ti/TiN microhotplate on the front side
of the wafer. (d) 1pm PECVD silicon nitride isolation layer on top of the microhotplate. (e)
Patterned 1um Al/1% Si IDEs. (f) DRIE etching of Si to obtain a suspended membrane.

3.2.4. Structural characterization

Scanning Electron Microscopy (SEM) were acquired at different magnification
using JEOL JSM 6010LA and Philips XL50. SEM chapter-3 were acquired
after sputtering with gold layer for a device coated with ZIF-8 MOF using
JEOL JFC-1300 auto fine coater with current setting at 20mA for 120s. X-Ray
Diffraction (XRD) of as-synthesized ZIF-8 MOF were recorded using Bruker
D8 Advance diffractometer with Co-K radiation (A = 1.788897 A). A step size
of 0.02° with a scan speed of 0.2s per step was used to acquire the diffraction
pattern. The measurement of the thickness of the deposited ZIF-8 MOF on
the devices was done using Keyance laser profilometer. Optical images were
acquired with SENTECH STC-6255C-CM camera connected to a Cascade
microtech probe station.

3.2.5. Experimental setup and measurement procedure

A thermochuck temperature controller, connected to a Cascade Microtech
wafer probe station and Agilent 4156C parameter analyzer, was used for the
electrical characterization of the TiN microhotplates at different temperatures
(Figure 3.3a). In this experiment, the temperature of the chuck was increased
to eight temperatures steps in the range from 20°C to 200°C. A small current
of 50pA was supplied through the TiN microhotplate (to avoid self-heating of
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the microhotplate), and the voltage drop across the microhotplate was mea-
sured using an Agilent 4156C parameter analyzer at each temperature steps.
The temperature coefficient of resistance (TCR) of the devices were extracted
by this measurement. This calibration data allows monitoring of the average
temperature of the devices during device operation.

The steady-state power consumption of the devices before and after depo-
sition of ZIF-8 MOF was measured in vacuum and nitrogen. This was done to
understand the thermal performance of the devices under different conditions.
The device was wire-bonded and packaged in a 40 pin dual-inline package.
The packaged device was sealed in a closed metal chamber with an electrical
feedthrough and placed in an oven. A schematic of the experimental setup for
the measurement of the devices is conceptually illustrated in Figure 3.3b. A
Keithley 2611B source measurement unit (SMU) was used for controlling the
current flow through the microhotplate. The voltage across the microhotplate
was measured, and thereby the resistance and corresponding operating tem-
perature were determined. The chamber was connected to a vacuum pump,
enabling a low-pressure control down to 1 mbar. A current sweep from 0.2mA
up to bmA was used to characterize the heater performance in vacuum (1
mbar), while a current sweep from 0.2mA up to 8mA was used for nitrogen (1
bar) environment.

The capacitance measurement of the device is very sensitive to parasitic ca-
pacitances due to the connections. Thus, a good shielding between the devices,
HP4284A LCR meter, and Keithley SMU must be made. The connections to
the LCR meter and Keithley uses SMA connectors which were shielded to the
system ground. The outer conductors of the coaxial cables are shielded to
the system ground to avoid measurement errors due to interference. The TiN
microhotplate device below the IDE capacitor provides a shielding mechanism
during measurement of the capacitance. The DC ground of the microhotplate
was coupled to the ground shielding of the LCR meter for shielding the IDE
capacitor (Figure 3.3b). The capacitance characterization of the bare device
was done in vacuum at different operating temperatures using the microhot-
plate. The current flow through the microhotplate was controlled using the
Keithley 2611B for operating the microhotplate at the desired temperature.
The capacitance was simultaneously measured using an HP4284A LCR meter
at a constant frequency of 10kHz and voltage of 1V.

Sensing experiments of the packaged ZIF-8 MOF coated device with va-
pors of methanol and water was done in a chamber as described in Figure 3.3b.
Before the measurements, dry nitrogen at a flow rate of 200mL/min was intro-
duced until a stable baseline was obtained. The vapors of water and methanol
were generated through a series of two bubblers to attain a saturated stream
of the analyte as described in our previous works[14]. The vapors were then
diluted with a parallel stream of dry nitrogen and passed over the packaged de-
vice in the chamber at a constant flow rate of 200mL/min. The corresponding
changes in the capacitance for exposure to different concentration was mea-
sured with the HP4284A LCR meter at a frequency of 10kHz and oscillation
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Figure 3.3: (a) Electrical characterization of the microhotplate. (b) Schematic representa-
tion of the gas sensing measurement setup.

voltage of 1V. Using the integrated microhotplate enabling in-situ heating,
the temperature-dependent sensing response of ZIF-8 MOF was obtained for
methanol and water vapor.

3.3. Results and Discussion

3.3.1. Device and material characterization

The synthesized MOF was examined for morphology and crystallinity by SEM
and XRD. The rhombic dodecahedral crystals and the diffraction pattern of
the obtained MOF showed similarity with ZIF-8 as indicated by the theoret-
ically simulated pattern of ZIF-8 (Supplementary Information, Figure S3.1a
and S3.1b), and as reported by literature[30][31]. It clearly demonstrated that
the synthesis of ZIF-8 was successful, and was then further used for depo-
sition over the active area of the devices. The device having a dimension of
10mmx2.5mm with the active area at the top and contact pads at the bottom is
shown in Figure 3.4a. The bare device with patterned circular aluminum IDEs
having a width(W) of 2pm and gap(G) of 1pum above the TiN microhotplate
(darker electrodes) is shown in Figure 3.4c. The as-synthesized ZIF-8 MOF
is deposited on the device area. Figure 3.4d and 3.4e shows that the IDEs is
completely covered with ZIF-8 MOF. The thickness of ZIF-8 drop-casted on
the devices was measured along the diagonal profile of the device as shown in
Supplementary Information, Figure S3.2. The thickness obtained was larger
than 3 pm and the average thickness is 20um. It is seen that due to drying
effects, there is slightly less coating at the centre of the device. In the current
design of the IDE capacitor, the width(W)= 2um and gap(G) = lum, so the
spatial wavelength (A\) = 6um. The thickness of the affinity layer should be
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greater than half the spatial wavelength (>0.5 * A\)[32]. The obtained thick-
ness of the coating was about 6-10 times the half spatial wavelength (0.5 * X),
verifying that the thickness of the affinity layer is large enough to completely
enclose the electrical field lines. In such case, no performance change in the
equilibrium/static response will be observed [14][32]. The response will only
be affected with respect to diffusion of molecules to sensitive region of the
device. However, the density of the film might change with thickness, because
drop casting does not control the density/void spaces of the deposited layer.
The stability of density/void spaces of the deposited film on the device was
further verified by characterizing the sensor to the analyte for several days.

Figure 3.4: (a) Fabricated device. (b) SEM image of the suspended microhotplate with
capacitor IDE. (c) A close-up image showing the active area of the device. (d) ZIF-8 MOF
coated device (e) A close-up image of ZIF-8 MOF on top of the electrodes.

The device having a dimension of 10mmx2.5mm with the active area at
the top and contact pads at the bottom is shown in Figure 3.4a. The bare
device with patterned circular aluminum IDEs having a width of 2mm and
gap of lmm above TiN microhotplate (darker electrodes) is shown in Figure
3.4c. The as-synthesized ZIF-8 MOF is deposited on the device area. Figure
3.4d and 3.4e shows that the IDEs is completely covered with ZIF-8 MOF.

3.3.2. Thermal Characterization

In this section, the temperature coefficient of resistance (TCR) of the fab-
ricated TiN microhotplate device is extracted. The steady-state power con-
sumption of the bare device and the device coated with ZIF-8 MOF in nitrogen
and vacuum is measured and compared. Next, thermal modeling using Finite
Element Method (FEM) is done to analyze the temperature distribution across
the ZIF-8 coated device.
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The measured resistance of the TiN microhotplate as a function of temper-
ature for five devices is shown in Figure 3.5a. The average resistance at 20°C
is 50092. The TCR («) of the heater is extracted by the below equation,

R(T)=Ro-(1+a- (T —Tp)) (3.1)

where Ry is the resistance at room temperature and R(7T) is the resistance at
temperature T. From the Figure 3.5a, it is seen that due to process variation,
there is a slight difference in the values of Ry of the samples. However the slope,
and thus the TCR, of the microhotplate is nearly constant. The average TCR
of five devices is 0.000717/°C. The thermal characterization of bare device in
vaccum and nitrogen, and heat losses in the device is analyzed in Section 3.5.3,
Supplementary Information.
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Figure 3.5: (a) Power consumption in bare device. (b) Comparison between power con-
sumption in bare device and ZIF-8 coated device in vacuum and nitrogen.(c) FEM thermal
analysis of ZIF-8 coated device. (d) Comparison between power consumption of ZIF-8
coated device and FEM results.

The steady-state power consumption of the device coated with ZIF-8 MOF
and the bare device is shown in Figure 3.5b. The input power required to
attain an operating temperature of 200°C with ZIF-8 coated device is 26mW in
comparison to the bare device which is 25.8mW (Supplementary Information,
Figure S3.4). The small increase in input power for ZIF-8 MOF coated device
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could be due to the extra MOF coated on the suspension, which decreases the
thermal resistance slightly for heat loss due to conduction. The achieved power
consumption for the device coated with ZIF-8 MOF at 200°C is much lower
than the reported IDE capacitor transducer with integrated microhotplate as
shown in Table 3.6.

To further analyze the temperature uniformity across the device, a FEM
model of the device with joule heating module is developed in COMSOL
Multiphysics® 5.3 (Section 3.5.3, Supplementary Information). The extracted
convection coefficient for the device in nitrogen (hcony), TCR of the TiN mi-
crohotplate («) obtained from the above measurements are used in the joule
heating module of the multiphysics model. The temperature uniformity ob-
tained from FEM analysis across the active region of the membrane coated
with ZIF-8 MOF is +/- 4 °C (Figure 3.5¢). The comparison between the
steady-state power consumption of the FEM model and measured results with
ZIF-8 MOF is shown in Figure 3.5d. The observed difference between power
consumption versus temperature of simulated and measured results at a tem-
perature of 200°C is found to be 7% in vacuum, and in nitrogen it is 11%.
This shows that the FEM thermal modeling follows closely to expected mea-
surement results. The observed difference can be attributed to the deviations
in the reference thermal conductivity values of the materials and non-ideal
extraction of the convection coefficient[33].

Table 3.2: Comparison of power consumption and operating temperature of MEMS capacitor
sensors with integrated microhotplate.

Device Temperature Power Material Reference
(S)) (mW)
75 237 3-AMOTand 30% PTMS? [19]
60 300 Similar as [19] [34]
50 37 Polyimide [17]
46 155 Polyimide [35]
200 26 ZIF-8 This Work

T aminopropyltrimethoxysiloxane(AMO)
2 propyltrimethoxysilane(PTMS)

With the capability of in-situ heating, thermal stability tests of ZIF-8 MOF
were done at various temperatures to observe the physical changes in ZIF-8
MOF. The surface morphology of ZIF-8 MOF at 50°C and 100°C is shown in
Supplementary Information, Figure S5b and S5c respectively. The degradation
of ZIF-8 MOF film is not observed optically at these low temperatures. The
changes in the morphology and distribution of the ZIF-8 thin film are clearly
visible on heating from 20°C to 300°C as shown in Supplementary Information,
Figure S3.5. This shows the thermal limitation of ZIF-8 MOF which coincides
with the reported TGA experiments[36].

3.3.3. Sensing measurements

The impedance characterization of both the bare device and ZIF-8 coated
device were done in the frequency range from 1kHz to 100kHz. It is seen
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Figure 3.6: (a) Impedance and Theta versus frequency. b) Comparison between capacitance
of bare and ZIF-8 coated device versus frequency.

that the deposition of ZIF-8 MOF on the devices causes a decrease in the
overall impedance measured and increase in the capacitance as shown in Figure
3.6a and Figure 3.6b. The values of theta of the devices lie within a small
range around -90° for frequencies of 1kHz-100Khz (Figure 3.6a), indicating
the capacitive nature of the devices. In more detail, this indicates that the
addition of ZIF-8 thin film MOF on top of the IDE still shows capacitive
behaviour similar to previous studies of ZIF-8 MOF grown on top of silicon
substrate[9]. A stable capacitance response is seen in the frequency range from
1kHz to 100kHz (Figure 3.6b).

The device coated with ZIF-8 MOF was exposed to increasing concentra-
tion of methanol from 500ppm to 7000ppm in dry nitrogen. The resulting
changes in capacitance was measured at an oscillation voltage of 1V and a
frequency of 10kHz. Methanol, having a kinetic diameter of 3.4 A, and a di-
electric constant of (e, = 32.7) is able to enter and condense within the flexible
porous structure of ZIF-8 MOF having a pore diameter of 3.8 A[9]. The ad-
sorption of methanol in ZIF-8 MOF increases the effective dielectric constant
resulting in the increase in the measured capacitance. The observed changes
in the measured capacitance are in low fF ranges(60fF). A baseline drift was
observed during the sensing study (Supplementary Information, Figure 3.6).
The baseline drift was calibrated, and the resulting change in capacitance (AC)
for increasing concentration of methanol is shown in Figure 3.7a. The capac-
itance of the device (AC) changes from 9-60fF for methanol concentration in
the range from 500-7000 ppm (Figure 3.7b). The changes in the measured ca-
pacitance (AC) in ZIF-8 MOF for increasing methanol concentration is fitted
with Langmuir adsorption isotherm model given by[14],

AC  K.Cp
C, 1+K.C,

where, C; is the saturation value of the capacitance, K. is the affinity con-
stant and C,, is the concentration of methanol. The obtained values for K,

(3.2)
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Figure 3.7: (a) Sensing response for methanol concentration from 500ppm to 7000ppm.
(b)Langmuir isotherm fit.(c) Response to 5000ppm of methanol. (d) Comparison between
methanol, ethanol and water vapor normalized with the dielectric constant.

and C, are 101 bar~! and 131.7fF, respectively. The saturation value of the
capacitance (Cy) is obtained at much higher methanol concentration indicat-
ing a higher capability of adsorption of methanol in the porous framework of
ZIF-8 MOF[37]. The calculation of the minimum detection of the capacitance
using the current system is done by considering the baseline variation of ca-
pacitance in nitrogen as shown in Figure S3.7, Supplementary information.
The standard deviation o is 0.3fF. Considering 3¢ value, the minimum de-
tectable capacitance change on exposure to methanol for this device is about
1fF. The detection limit of the sensor for methanol with a capacitance change
of 1fF is 100ppm. The obtained sensing performance can be further improved
by 1000 fold using sensitive capacitive read-out system with lock-in princi-
ple for aF-level capacitance detection[38]. However, development of sensitive
capacitance read out system was not the focus of our study. A compari-
son of various methanol sensor in literature over a wide concentration range
with sensing materials such as, metal-oxide/metal-oxide composites, MOFs
and epoxy acrylate polymer film is shown in Table 3.7. In metal-oxide/metal-
oxide composites sensing materials, methanol vapor mainly reacts with the
chemisorbed oxygen on the surface of the film at high temperature (150°C -
350°C), thus requiring higher power during sensor operation. However, sensing
materials such as CuBTC MOF, NHy-MIL-53(Al) MOF in Matrimid polymer
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and Epoxy acrylate film show methanol sensing response at near room tem-
perature. In comparison with these sensing materials, the sensitive detection
of methanol obtained at 20°C with ZIF-8 MOF as affinity layer further enables
the development of miniaturized low-power sensors.

The reversibility behaviour of methanol at a concentration of 5000ppm
after baseline drift correction (Supplementary Information, Figure S3.8a and
S3.8b) is shown in Figure 3.7c. It can be seen that methanol adsorbed by
ZIF-8 is completely reversible in dry nitrogen. Next, a comparative study for
increasing concentration of methanol, ethanol and water vapor from 500ppm to
7000ppm is performed. The obtained capacitance response (AC) is corrected
with the dielectric constant (AC/e,) for water (e, = 78), methanol (e, = 32.7)
and ethanol (e, = 24.2) as shown in Figure 3.7d. The response to ethanol is
found to be less than methanol. This is due to both concentration taken up
in the ZIF-8 film, and the contribution to the change of dielectric constant.
Ethanol having a lower dielectric constant than methanol thus contributing
to lower signal strength. The measured response (AC/e,) to water vapor is
found to be higher than the response towards methanol in the concentration
range from 500ppm to 7000ppm. Water molecules with a higher dielectric
constant (e, = 78) and kinetic diameter of 2.8 A, can enter and condense in
the porous framework of ZIF-8 MOFI9], resulting in higher changes in the
measured capacitance.

Table 3.3: Comparison of the developed ZIF-8 MOF methanol sensor and methanol sensors
in literature.

Sensing Material Operating Temperature  Concentration Detection
and Reference o) range (ppm) limit (ppm)
CuBTC-MOF[39] 25 250-1500 62

NHo-MIL-53(Al) MOF in Matrimid[14] 28 1000-8000 -

ZnO hexagonal nanorods[40] 150- 250°C 190-3040
CdS-doped tin oxide[41] 200 70-5000
Copper (II) oxide[42] 350 100-2500
MoSg nanoflakes[43] 200 200-400
Epoxy acrylate film[44] room temperature 200-16000 -
ZIF-8 MOF (This work) 20 500-7000 100

3.3.4. Temperature-dependent adsorption and desorption
kinetics

The device coated with ZIF-8 MOF was operated at a constant temperature by
the TiN microhotplate at 20°C, 30 °C, 40°C and 50°C. The resulting change
in capacitance (AC) for a constant concentration of 5000ppm of methanol and
water vapor was measured.

The data analysis procedure for the measured response is described in
Figure 3.8a and the below equation,

AC(t) = Cmeasured(t) - ACS’LNT - Cbaseline (t) (33)

The measured capacitance response (Cpeasured(t)) is first calibrated with
temperature-dependent isolation layer. The calibration curve obtained for
ACsg;n, versus temperature is explained in detail in Section 3.5.6, Supplemen-
tary Information. Next, a baseline drift calibration Cpgseiine(t) is done for both
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methanol (Section 3.5.7, Supplementary Information, Figure S3.18a - S3.18i)
and water vapor (Section 3.5.7, Supplementary Information, Figure S3.19a -
S3.19i). The final response AC(¢) for different operating temperatures from
20°C to 50°C for methanol and water vapor is shown in Figure 3.8b and 3.8c
respectively.
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Figure 3.8: (a) Data analysis procedure. Capacitance response at different temperatures for
5000ppm of (b) Methanol (¢) Water vapor d) Arrhenius relation between capacitance and
temperature.

The change in capacitance (AC) for both methanol (Figure 3.8b) and water
vapor (Figure 3.8c) decreases with the increase in temperature. At a temper-
ature of 20°C the saturation value of the change in capacitance AC is 45fF,
whereas at 50°C the saturation value of AC decreases to 18fF. In the case
of water vapor, a similar decrease in the saturation value of capacitance is
observed at increased temperatures. The saturation value of AC obtained at
20°C is 300fF and it reduces to 100fF at 50°C. These results indicate that the
amount of analyte adsorbed by ZIF-8 MOF decreases with increasing temper-
atures. The adsorption process is further studied by determining the enthalpy
of adsorption. An Arrhenius plot of the change in capacitance versus tem-
perature is shown in Figure 3.8d. This behavior is described by the following
equation[14],

—AH

AC = Crpage T (3.4)
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where, C),q. represents the equilibrium capacitance, (AH) is the difference
in the activation energy of the adsorption and desorption process.

The calculated values of enthalpy of adsorption (AH) is -23kJ/mol for
methanol and for water vapor is -30kJ/mol. The negative value obtained for
AH indicates the exothermic nature of the adsorption process. The slight
higher enthalpy of adsorption for water vapor observed at low water uptake
is due to the structural defects present in the ZIF-8 MOF that increases the
interaction energy with water vapor molecules[45]. The sensing measurements
were performed for several weeks for testing the long term stability of ZIF-8
MOF. The response to 5000ppm of methanol at 20°C in a three week period
is shown in Figure S3.20, Supplementary information. The observed changes
in delta C is less than 3fF. The measured response to methanol concentration
of 5000ppm at different temperature done once every week for three weeks,
(Supplementary information, Figure S3.21) show good stability of the ZIF-8
MOF with temperature upto 50°C. These measurement also indicate that the
density of the deposited film by drop-casting process on the device does not
change over a period of time.

Based on the capacitance response and recovery curves at different temper-
atures, the time-dependent adsorption and desorption kinetics can be derived.
The measured capacitance at 20°C and 50°C normalized to the equilibrium
capacitance ((AC)/Cpqz) for adsorption and desorption of methanol is given
in Figure 3.9a and 3.9b respectively. The Langmuir adsorption and desorption
kinetics of gases in MOFs and porous materials are described using Double
Exponential Models (DEP) in various studies[46][47][48]. In this model, ad-
sorption is based on a two-stage process due to the energetic barriers during
diffusion of vapor molecules in MOFs. The first energetic barrier is due to the
diffusion through the windows of the porous framework and the second bar-
rier is diffusion along the pore cavities. With increasing temperature, the rate
of adsorption of methanol to attain equilibrium capacitance increases (Figure
3.9a).

The DEP curve fitting model is given by the following equation,

M,

S

= Ala(l — eikl) + Aga(]. - 671@2) (35)

where, M; represents the mass uptake at time t, My is the mass uptake at
equilibrium, k; and ko represents the kinetic rate constants and A1, and As,
are the relative contribution of the two energetic barriers during the adsorption
process.
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In Figure 3.9b, a higher rate of desorption of methanol is observed at
higher temperatures. The desorption process can also be modelled as a two-
stage process with a fast exponential decay in the first stage followed by slow
decay in the second stage. The modelling equation is given by,

M _ pa(e™) + Aga(e ™) (3.6)
M,

where, My represents the mass desorbed at time t, M, is the initial mass
adsorbed at equilibrium, ks and k4 are the kinetic desorption rate constants
and A1y and Aoy are the relative contribution of the rate constants during the
desorption process.

In ZIF-8 MOF, the capacitive sensing response towards methanol follows
Langmuir adsorption isotherm behaviour. Thus, the time-dependent adsorp-
tion and desorption process described in Equation 3.5 and Equation 3.6 can be
further related to the time-dependent capacitance changes during sensing and
recovery measurement. The capacitance response kinetics for the adsorption
(Equation 3.7) and desorption process (Equation 3.8) are described below,

AC

e = A (1 —e ™) 4 Ay (1 —eF2) (3.7
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AC
Cmaz

= Aya(e ™) + Agq(e™ ") (3.8)

The regression coefficients for the curve fitting of DEP models for sensing
and recovery curves at different temperatures are R? > 99% (Section 3.5.9,
Supplementary Information). The time-dependent adsorption and desorption
kinetic parameters for different temperatures are tabulated in Table 3.8. Based
on the sensing and recovery curves, the response time and recovery time is cal-
culated for different temperatures. The response time (¢7) is defined as the
time taken to reach 90% of the equilibrium capacitance value (Ci,q.) and the
recovery time (¢7) is defined as the time taken to reach 10% of the equilib-
rium capacitance value. The values for the response time and recovery time
for different temperatures is given in Table 3.8. It can be seen that during the
adsorption process the obtained kinetic rate constants ky is greater ky. Upon
increasing temperatures, the rate constant k; decreases whereas ko slightly
increases. The overall response time decreases with the increase in tempera-
tures. At a temperature of 20°C the response time is 207s, whereas at 50°C
the response time decreases to 147s. During the desorption process, it is seen
that the kinetic parameter k3 shows a decrease with increasing temperatures
whereas k4 increases with temperature. The recovery time decreased at higher
temperatures, at 20°C the recovery time is 981s, at 50°C the recovery time
obtained is 298s. With the increase in temperature, changes in the pore struc-
ture of the ZIF-8 MOF can occur influencing the diffusivity of gases within
the porous structure of ZIF-8 MOF[49]. These structural changes could lead
to the observed overall decrease in both response and recovery time as the
temperature increases.

Table 3.4: Table of kinetic parameters and response/recovery time for Methanol.

Temperature Kinetic parameters
Adsorption Desorption Response Time Recovery Time
(°C) k; ko k3 ky tt(s) t~(s)
20 0.0158  0.0029  0.0141 0.0010 207 981
30 0.0151 0.0021 0.0109  0.0021 198 633
40 0.0141 0.0035 0.0107  0.0020 181 585
50 0.0131 0.0049 0.0108  0.0060 147 298

Next, a comparison between the time-dependent methanol and water vapor
adsorption and desorption at 20°C for a constant concentration of 5000ppm
of the analyte is shown in Figure 3.10. It can be seen that methanol has a
higher rate of adsorption and desorption in ZIF-8 MOF in comparison to water
vapor. The response time obtained for methanol and water vapor at 20°C is
207s and 913s respectively. The recovery time obtained for methanol is 981s
at 20°C and for water vapor the recovery time is more than 3000s. This shows
that ZIF-8 MOF is kinetically selective for the adsorption of methanol than
water vapor.
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Figure 3.10: Methanol and water vapor sensing and recovery curves at 5000ppm at 20°C.

3.4. Conclusions

In this paper, we report a successful demonstration of ZIF-8 MOF capaci-
tive sensor with integrated TiN microhotplate. The sensor shows changes in
capacitance on exposure to methanol from 500ppm-7000ppm, having a capa-
bility for the detection of 100ppm of methanol vapor at temperature of 20°C.
Cross-sensitivity study with exposure to water vapor in the concentration from
500ppm-7000ppm shows that water vapor has a higher capacitance response.
However, at a temperature of 20°C it is seen that the adsorption of methanol is
faster than water vapor for a constant concentration of 5000ppm. The changes
in the morphology of ZIF-8 MOF was investigated by in-situ heating from 20°C
to 300°C using the TiN microhotplate. A systematic experiment methodol-
ogy was followed in this paper with careful consideration of the capacitance
changes with temperature due to the PECVD silicon nitride isolation layer on
the overall measured capacitance. The change in the capacitance of the bare
device was found to be linear with temperature, and it is used as a calibration
factor during sensing study with temperature. In-situ heating using integrated
microhotplate enabled to study the kinetics of adsorption and desorption of
methanol with temperatures from 20°C to 50°C . The temperature-dependent
kinetic rate constants for both adsorption and desorption of methanol were
derived. With increasing temperature from 20°C to 50°C, the response time
decreased from 207s to 147s. A similar decrease in the recovery time was ob-
tained from 981s to 298s at 20°C and 50°C, respectively. The ability for fast
temperature cycle times using the microhotplate allows for the determination
of the optimized temperature and reset time of the ZIF-8 MOF coated devices



3.4. Conclusions 71

during capacitive vapor sensing measurements. An array of such developed
devices also allows the possible solution to combine different type of MOFs
as affinity layer with different selectivity. This is an essential step towards a
multi-sensing platform.
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3.5. Supplementary Information

3.5.1. Structural characterization of ZIF-8 MOF
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Figure S 3.1: (a) SEM image of as-synthesized ZIF-8 at different magnifications. (b) Mea-

sured and simulated XRD plots.

Figure S 3.2: Laser profilometer data plot of ZIF-8 MOF coated device. (a) Measured
region. (a) 3D map of the ZIF-8 MOF coating. (c) Layer thickness profile.
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3.5.2. Thickness measurements of ZIF-8 MOF coated de-
vice

Keyance Laser profilometer was used and the resulting thickness measurements
along the diagonal of the device is shown in Figure S 3.2.

3.5.3. Thermal characterization of the micro-hotplate and
analysis using FEM

The steady-state power consumption of the bare device in nitrogen (Py,) and
in vacuum (Pygeyum) is shown in Figure S 3.3. The heat loss by different
means of heat transfer of the bare device is estimated as following[50][51],

e The radiative power loss is theoretically calculated for the top and bot-
tom area of the device using Stefan-Boltzmann law given by,

Praa(Th) = 2 x ea Ay (T} — T)) (3.9)

where € is the effective emissivity of the microhotplate taken as 1[50],
o is the Stefan-Boltzmann constant given as 56.7- 107 Wm™2K~2, A,
is the area of the microhotplate calculated to be 5.25-1077 m? , T}, is
the average temperature of the heater at a given input power and Ty is
the ambient temperature. The calculated radiative heat loss Pqq(Th) is
shown in Figure S 3.3. At a temperature of 200°C, P,,q4(T}) is 2.5mW.

e The conductive power loss through the membrane and beams of the
microhotplate is determined by subtracting the radiative power loss from
the power consumption of the bare device in vacuum given by,

Pcond(Th) == Pvacuum (Th) - Prad(Th) (310)

At a temperature of 200°C the obtained conductive power loss Peona(T)
is 6.8mW.

e The convective power loss P oy (1) (Figure S 3.3) due to nitrogen flow is
obtained by subtracting the power consumption of the device in nitrogen
with power consumption in vacuum given by ,

Pconv(Th) = PN2 (Th) - Pvacuum(Th) (311)

The obtained convective power loss Peony (1) at 200°C is 16.5mW.

Considering the convective power P .on.(Th), the convection coefficient
heonv (Th) is extracted using the following equation[50],

Pconv (Th)

h ) = ———— 3.12

conv( h) Ah (Th — TO) ( )

For the bare device an input power of 3.5mW and 25.8mW is required to

obtain a temperature of 50°C and 200°C in nitrogen respectively. The obtained

power loss due to convection is 64%, 26% due to conduction and 10% is due

to radiation. Hence, heat loss due to convection is the significant component

that inhibits low power operation for a long duration.
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Figure S 3.4: Thermal analysis (a) Heat transfer mechanisms in the device. (b) 3D geometry
for the FEM model with thickness of the materials. (¢) Micro-hotplate device design.

Thermal Analysis using FEM

The heat generated in the micro-hotplate is transferred by three methods
namely: 1) conduction through the beams of the device, 2) convection through
the top and bottom of the device and 3) radiation as shown in Figure S 3.4a.

A 3D geometry of the device is developed in COMSOL Multiphysics® 5.3
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(Figure S 3.4b). In this 3D model, the electro-thermal analysis is performed
by coupling the electrical domain to the thermal domain. The conjugate heat
transfer physics is selected for the entire domain, whereas the electric current
physics module is only selected for the TiN micro-hotplate with boundary
conditions for current input at terminal 1(;,,) and ground terminal 2 (GND).
The voltage output is measured at terminal 3 ( Viign) and terminal 4 (Viow)
enabling a four-probe IV measurement configuration.

The heat generated due to joule heating is proportional to the current
density given by [52][53],

Qo |JP (3.13)
2
0- 1 018

where o(T) is the electrical conductivity, T is the temperature and J is the
current density. The electrical conductivity is a function of temperature given
by,

1
o) po(1+ (T —Tp))
where pg is the electrical conductivity at room temperature (Tp) and «
is the temperature co-efficient of resistance (TCR). The value of TCR of the
device used for measurement is o = 0.000725°C~1.
The current density is proportional to the electric field E, which is the
negative gradient of potential V. Using this in Equation 3.14, we get,

(3.15)

[J? _ le(T)E? 2
Q= oy = ey = oDV (3.16)
The governing equations for the steady-state heat conduction for joule
heating process are described below[33],

(J%)
o(T)
where k(T) is the respective thermal conductivity of silicon-nitride mem-

brane, isolation layer, TiN and aluminum electrodes. The material parameters
for the FEM model is described in Table 3.5.

V- (k(T)VT) + =0 (3.17)

Table 3.5: Summary of material parameters for FEM analysis.

Material Thermal Conductivity (k) Density Heat Capacity (Cp)
W/mK Kg/m3 J/kgK
LPCVD silicon nitride[54] 10-13 3200 700
PECVD silicon nitride[54] 2-4.5 2800 700
Silicon[54] 157 2320 700
TiN[54] 19.2 5220 600
Al[54] 236 2700 900

ZIF-8[29] 0.326 950 700
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Table 3.6: Summary of design parameters for FEM analysis.

Design Parameter Value Unit

Thickness of silicon nitride (tmem ) 500 nm

Diameter of membrane (dmem ) 1 mm

Thickness of silicon nitride isolation layer (tsing) 1000 nm

Thickness of TiN electrodes (t7:n) 400 nm

Thickness of Al electrodes (ta;) 1000 nm

Thickness of ZIF-8 MOF (tz;p—g) 10 pm

3.5.4. Optical imaging

The surface morphology of ZIF-8 MOF at different magnification at 20°C,

50°C, 100°C and 300°C is shown in Figure S 3.5a, S 3.5b, S 3.5¢ and S 3.5d
respectively.

(a) (b)

Figure S 3.5: Optical chapter-3 Optical chapter-3 of ZIF-8 coated device (a) 20°C (b) 50°C
(c) 100°C (d) 300°C.
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3.5.5. Methanol sensing study

The sensing measurements for increasing methanol concentration from 500ppm
to 7000ppm with baseline drift calibration line is shown in Figure S 3.6a. After
the baseline drift calibration is done, the data for sensing response towards
methanol is shown in Figure S 3.6b.

(a) = Measured Data (b)
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Figure S 3.6: (a) Capacitive response for increasing methanol concentration. (b) Capacitive
response after baseline drift calibration.

The baseline capacitance measurement for ZIF-8 coated device in nitrogen
is shown in Figure S 3.7.

m  Capacitive response (AC)
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Figure S 3.7: Measured baseline capacitance of ZIF-8 coated device in nitrogen at 20°C.

The reversibility study for exposure to methanol concentration of 5000ppm
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with baseline drift calibration line is shown in Figure S 3.8a. The response
after the baseline drift calibration is shown in Figure S 3.8b.
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Figure S 3.8: (a) Capacitive response for 5000ppm of methanol with baseline drift fitting.
(b) Capacitive response after baseline drift calibration.
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Figure S 3.9: Capacitance of bare device with temperature steps in vacuum.

3.5.6. Temperature-dependent capacitance characterization
of the bare device

In this section, the changes in the capacitance of the bare device with temper-
ature due to the SiN, isolation layer is characterized.

Before the measurement of the capacitance of the bare device, two precon-
ditioning steps in vacuum were performed. In the first step, the entire gas
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chamber with the MEMS device was heated in an oven at 100°C for 1hr and
cooled to room temperature. In the second step, the operating temperature
of the device was increased to 200°C for 30 minutes using the microhotplate
and cooled to ambient temperature of 20°C for one hour. These steps were
done to remove moisture content that could be present on top of the IDEs
while placing the device in the chamber. The capacitance was measured at a
constant oscillation voltage of 1V, and at a frequency of 10kHz. The measured
capacitance of the bare device after the preconditioning steps was 6.969 pF.

Next, a sequence of temperature steps was programmed using the Keithley
2611B by changing the current through the microhotplate, and the capacitance
measured simultaneously as shown in Figure S 3.9. From the measurement
data, it is evident that during the temperature steps, there is a change in
the capacitance of the bare device. The changes in the capacitance for the
temperature steps to 55°C and 120°C is a combination of two behaviors, (i) a
sharp increase in AC could be due to the change in dielectric constant (e,.) of
the PECVD SiN,, isolation layer with increasing temperature, (ii) a slow decay
in the capacitance of the device caused by the desorption of residual moisture
adsorbed on the top of the IDEs from the chamber surrounding. This can
be due to the fact that the vacuum could not be high enough to remove the
moisture present in the chamber. For the next temperature steps to 165°C
and 220°C, the measured change in capacitance (AC) increases and remains
almost constant during the temperature cycle. At these high temperatures,
the water molecules are not adsorbed on the IDEs, and thus the slow decay is
not observed.

In order to accurately determine the observed changes in the bare device
capacitance with temperature (behavior (i) and (ii)), the following two exper-
iments were performed,

1. The sharp increase in capacitance (behavior (i)) and the slow decay (be-
havior (ii)) can be decoupled by changing the temperature of the micro-
hotplate between two temperature points rapidly. In this experiment,
the current through the microhotplate is changed per second to obtain
two temperature points (fast temperature steps). The capacitance is
measured simultaneously at a frequency of 10kHz and oscillation volt-
age of 1V. The measured capacitance for the fast temperature steps
is described in Figure S 3.10a. The temperature of the microhotplate
is changed between 30°C to 55°C, 55°C to 115°C, 115°C to 160°C and
160°C to 215°C. Figure 3.10c shows the temperature steps between 55°C
to 115°C with the capacitance of the bare device changing from 6.956pF
to 6.968pF. The difference in capacitance AC of the bare device for the
corresponding temperature steps is shown in Figure S 3.10b. The result-
ing average changes in capacitance AC for the fast temperature steps is
shown in Figure S 3.10d. It is seen that upon increasing the temperature
from 30°C to 220°C, the AC of the bare device increases linearly. This
change in capacitance is due to the change in the dielectric constant of
PECVD SiN, layer, which needs to be considered as a calibration factor
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Figure S 3.10: (a) Capacitance of the bare device with fast temperature steps in vacuum.
(b) Capacitance change AC in vacuum of the bare device by fast temperature steps. (c)
Capacitance change AC during temperature steps from 55°C to 115°C. (d) AC versus
temperature of the bare device in vacuum during fast temperature steps.

during temperature cycle measurements. It is seen that even during the
fast temperature steps, there is an inherent change in the capacitance
of the bare device. The resulting change in the bare device capacitance
(AC) obtained from the single temperature step and fast temperature
steps is shown in Figure S 3.11. The change in capacitance AC is found
to be linear with increasing temperatures. The AC obtained from the
linear fit at a temperature of 50°C is 7.5{F, and at 200°C it is 38 fF.

The change in capacitance purely due to the dielectric constant variation
(behavior (i)) can be determined by characterizing a metal-insulator-
metal (MIM) capacitor structure. In this experiment, a MIM capacitor
with 200nm PECVD SiN,, as the dielectric layer is fabricated and char-
acterized. The fabrication flowchart of the MIM capacitor with PECVD
silicon nitride as the dielectric layer is shown in Figure 3.12. A standard
4-inch p-type silicon wafer was used as the substrate for the device. A
metal layer of 1um aluminum was deposited using a Trikon Sigma sput-
ter coater. A layer of 200nm thick PECVD silicon nitride was deposited
using Novellus PECVD equipment. The contact opening mask layer was
exposed to etch silicon nitride to obtain the contact to the bottom alu-
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Figure S 3.11: Comparison AC versus temperature of the bare device in vaccum for single
and fast temperature steps.

(a) (b) (c)
I s
(d) f)

Top electrode

Bottom electrode

(e)
I
I si [ PECVDSiINe [ Al

Figure S 3.12: Fabrication process flowchart MIM capacitor (a) Silicon substrate. (b)
1pm Al 1%Si for bottom metal. (¢) 200nm PECVD Silicon nitride. (d) Bottom electrode
contact opening and silicon nitride etching. (e) 1pum Al/1%Si for top metal. (f) Schematic
representation of MIM capacitor Cg;n,, -

minum layer. For the top electrode, an aluminum metal layer of 1.4pm
was deposited on top of the PECVD silicon nitride.

The capacitance of the MIM capacitor with PECVD SiN,, is given by,
Acap

dcap

Csin, =€ € (3.18)

where, € is the permittivity of free space, €, is the dielectric constant
of PECVD SiNy, Acqp is the area of the MIM capacitor and dcqp is the
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thickness of the SiN, layer. The temperature steps were done using the
thermochuck temperature controller from 20°C to 200°C. The capaci-
tance was measured as a function of frequency from 1kHz to 100kHz for
different temperatures as shown in Figure 3.13. The measured capaci-
tance and the extracted dielectric constant for different temperatures at a
frequency of 10kHz and oscillation voltage of 1V is shown in Figure 3.14.
The capacitance of the MIM capacitor increases with increasing temper-
atures due to the increase in the dielectric constant of the PECVD SiN,,
layer. The measured capacitance Cg;n, is 227.78 pF at 20°C and Cg;n,
= 230.12 pF at 200°C. The extracted dielectric constant (e,) increases
from 6.554 at 20°C to 6.621 at 200°C.
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Figure S 3.13: Capacitance versus frequency of MIM capacitor at different temperatures.

FEM analysis of IDE capacitor

In this section, the increase in capacitance due to the temperature-dependent
dielectric constant of the SiN, isolation layer is validated by developing a 2D
FEM model of the IDE capacitor.

The obtained relation of ¢, vs temperature for the SiN, isolation layer is
used to determine the total capacitance of the device and contribution of the
shielded and unshielded electrodes by using a 2D FEM model. The total ca-
pacitance between the electrodes depends on the dielectric constants of the
substrate and dielectric constant of the layer above the electrodes. Due to
the design of the microhotplate electrodes, there are regions where the IDEs
are not adequately shielded by the underlying microhotplate electrodes. For a
microhotplate designed within a membrane having a diameter of 1mm, about
67% of the area underneath the IDE is shielded by the microhotplate pattern
whereas 33% of the area under the IDEs is not shielded. Thus, the total capac-
itance is obtained by the sum of two capacitances: shielded IDEs (Cgpicided)
and unshielded IDEs (Cypshicided)-
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Figure S 3.14: Dielectric constant and capacitance of MIM capacitor at different tempera-
tures.

Figure 3.15b illustrates a local cross-section of the IDE and heater struc-
ture, together with a corresponding circuit model (only capacitive components
are shown.). The total capacitance is given by,

Ctotal = Cshielded + Cunshielded (319>

where,
Cshielded and Ounshielded = CIDE + Cparasitic (320)

The parasitic capacitance contributing to the shielded IDEs is mainly due
to the isolation layer capacitance (Cy5). However, the parasitic capacitances
for the unshielded IDEs are due to the isolation layer capacitance (C;), mem-
brane layer capacitance (Cz), and capacitance through the space underneath
the membrane (C3) as described in Figure 3.15a.

A 2D FEM model is developed by considering the half spacial wavelength
for aluminum IDE pair with SiN, membrane, TiN electrode, SiN, isolation
layer (Figure 3.15¢ and 3.15d)[55][56]. One electrode terminal is defined with
potential Vo = 1V and second electrode terminal is defined as ground. The
other sides of the 2D model are at a boundary condition of zero charge. The
electric field for the FEM is computed by solving Gauss’s law with electric
potential Vg as the independent variable[56]. The capacitance of the IDEs
in the FEM model is calculated by computing the terminal charges at the
electrodes given by,

Ctotal = N . (321)

Q
Vo

where, N is the number of electrode pairs. The IDE dimensions based on
the design parameters are W = 2um, G = 1pum and the number of electrodes
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(N) is 164. The thickness of the isolation layer is 1ym and thickness of alu-
minum electrodes is 1um. The device capacitance is simulated at a frequency
of 10kHz. The capacitance Cj,:q; is obtained as a function of the dielectric
constant of the silicon nitride layer and the change in capacitance (AC) for
the temperature steps is calculated. The resulting change in capacitance (AC)
of the IDE capacitor is found to be increasing linearly with temperature as
shown in Figure 3.16.
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Figure S 3.15: FEM Modelling of IDE capacitor. (a) Mask layout of a circular IDE. (b)
Cross-section view of IDE with microhotplate electrodes. (c) Electric field distribution of
unshielded electrodes. (b) Electric field distribution of shielded electrodes.

Capacitance Calibration

The linear change in the capacitance of the bare device (AC) with increasing
temperatures as described in Figure 3.17, is found to be mainly due to the
change in the dielectric constant of PECVD SiN,, isolation layer with temper-
ature, and it is validated by the above two experiments. At a temperature of
200°C, the difference between FEM data and experimental calibration of AC
is 12% for single temperature steps, and 17% for fast temperature steps (Fig-
ure 3.17). The length of the electrode, the area of the shielded and unshielded
electrode pair need to be more accurately determined for the 2D model. Thus,
the FEM model can be used for flexible designs of the IDE capacitor inte-
grated with microhotplate. The linear fit derived in this section is used as
the calibration factor for temperature-dependent capacitance sensing study in
Section 3.5 in the main manuscript.
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Figure S 3.17: AC versus temperature of the bare device obtained by FEM model.

3.5.7. Temperature-dependent methanol and water vapor

sensing response

The measured response has two calibration steps for the data analysis of
temperature-dependent sensing response. First, the measured data is cali-
brated with temperature-dependent isolation layer capacitance (ACg;n,). In
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the second step, the baseline drift is calibrated. The data analysis for the
capacitance sensing response to exposure of methanol and water vapor at a
constant concentration of 5000ppm for different temperatures is shown in Fig-
ure 3.18a - 3.18i and Figure 3.19a - 3.19i, respectively.
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Figure S 3.18: Capacitive response for exposure to methanol concentration of 5000ppm at
(a) 30°C (b) 40°C (c) 50°C. Capacitive response after SiN; isolation layer capacitance
calibration (d) 30°C (e) 40°C (f) 50°C. Final Capacitive response (A C) after baseline drift
calibration (g) 30°C (h) 40°C (i) 50°C.
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3.5.8. Stability test
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Figure S 3.20: Stability test with ZIF-8 MOF to Methanol concentration of 5000ppm.
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Figure S 3.21: Temperature dependent capacitance response to 5000ppm methanol measured
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10
08t g
3 3 = 30°C
o O o6l — Fit ]
- -
Q Q
< < o4t 4
02H i
L L L L L 0.0 L L s . s
( ) 0 100 200 300 400 500 60! ( d) 0 100 200 300 400 500 600
10F
08
5 5 = 50°C
£ £ N
&) O o6f — it
= -
Q @]
< < 04}
02
00 L L L L L 00 . . . . L
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)
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3.5.9. Temperature-dependent adsorption and desorption
kinetic modelling

In this section, the time-dependent kinetics of methanol fitted using double
exponential model at different temperatures is described. The curve fit is ob-
tained using Equation 3.22 for the adsorption process and described in Figures
3.22a - d. Equation 3.23 is used for the curve fit of the desorption process and
shown in Figures 3.23a - d. The kinetic parameters extracted for the ad-
sorption and desorption curves with corresponding regression co-coefficients is
shown in Table 3.7 and Table 3.8 respectively.
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Figure S 3.23: Time-dependent adsorption kinetic fit for exposure to methanol concentration
of 5000ppm at (a) 20°C(b) 30°C (c) 40°C (d) 50°C.
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Table 3.7: Table of kinetic parameters and regression co-efficient for adsorption curves.

Temperature ki ko R?
20 0.0158 0.0029 99.95
30 0.0151 0.0021 99.81
40 0.0141 0.0035 99.86
50 0.0131 0.0049 99.89

Table 3.8: Table of kinetic parameters and regression co-efficient for desorption curves.

Temperature ks k4 R?
20 0.0141 0.0010 99.86
30 0.0109 0.0021 99.89
40 0.0107 0.0020 99.85
50 0.0108 0.0060 99.80
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4.1. Introduction

Volatile Organic Compounds (VOC)s are organic chemical compounds, having
low boiling point (50°C—250°C) and form vapors under ambient atmospheric
conditions[1]. Methanol and ethanol are the most common VOCs found in
indoor air environment that are obtained from sources such as paints, adhe-
sives and automotive fuels. Continuous exposure to VOCs above the threshold
limit values (TLV) for a period more than eight hours can cause drowsiness,
headache and difficulty in breathing. The TLV for methanol and ethanol is
200ppm and 1000ppm respectively[1]. Thus, continuous monitoring of expo-
sure levels of VOCs is important for healthy indoor air environment. Detection
of such VOCs for long duration require portable and mobile devices having
low-cost, miniaturized and low-power sensors. Wafer-scale semiconductor pro-
cess technologies allow fabrication of miniaturized and low-cost devices for
sensing studies such as, field effect transistor (FET), resistive and capacitive
transducers. Chemical sensors developed with capacitor transducers defined as
chemicapacitors, have advantages due to their low-power consumption, simple
device fabrication and ability to detect target analytes operating at ambient
atmospheric conditions|2][3].

A chemicapacitor sensor consists of two main components, a capacitor
transducer such as interdigitated electrodes (IDEs) fabricated by patterning
metal layer on a silicon substrate, and a thin film of the affinity layer deposited
on top of the IDEs that can selectively interact with certain analytes present
in the environment. In these sensors, the changes in the measured capacitance
are dependent on the changes in the effective dielectric constant of the affinity
layer, interaction of the analytes with the affinity layer by hydrogen bonding
or Lewis acid-base interactions, changes in the effective affinity layer thick-
ness due to swelling and amount of analyte absorbed in the affinity layer[2-5].
Polymers and porous materials deposited as thin film on IDEs are mainly used
as the affinity layers in the development of chemicapacitor sensors. Polymers
such as Polydimethylsiloxane (PDMS), Poly(methyl methacrylate) (PMMA),
Poly(2-hydroxyethyl methacrylate) (PHEMA) and (epoxydised novolac) EPR
coated on IDE capacitor operating at room temperature, have been studied
for the detection of methanol, ethanol, toluene and water vapor[4]. In addi-
tion, polymer films such as Polyethylenimine (PEI), Poly(butyl methacrylate)
PBMA and Poly(ethyl methacrylate) PEMA also show capacitive response to
increasing concentrations of ethyl acetate and water vapor[6]. Thus, polymer
films as affinity layers for chemicapacitor sensors have advantages such as,
simple material synthesis procedures, availability of numerous polymers, con-
trolled deposition on capacitor transducers and sensitive detection of certain
VOCs. Among the porous materials used for capacitive gas sensors, crystalline
porous materials such as Metal-Organic Framework (MOFs) have been stud-
ied due to their advantages of selective gas adsorption capability. Thin film
of MOFs such as CuBTC MOF as affinity layers for chemicapacitor sensors
have been successfully studied for the detection of methanol and water vapor.
The detection of alcohols resulting from the changes in the effective dielectric
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constant in the MOF layer is mainly due to the diffusion of gas molecules and
interaction with the porous framework of MOFs. Polymer-MOF composite
studied with dispersion of NH2-MIL-53(A1)MOF nanoparticles in Matrimid
polymer matrix have shown an increased sensitivity and response time for the
detection of methanol[7]. Furthermore, it is seen that such polymer-MOF com-
posite film allows increased uptake of methanol due to the presence of porous
MOF nanoparticles within the polymer framework. Addition of the nanopar-
ticles within polymer have also been studied for capacitive CO9 sensors. Silica
nanoparticles incorporated within Polyethylenimine(PEI) and deposited on ca-
pacitor transducers, show an increased sensitivity for sensing of CO5 due to
the increase in available and accessible amine groups in polyethyleneimine[8].
Hence, it is seen that by the addition of MOFs and silicon nanoparticles in
polymers improve the gas adsorption capability of the polymer film, increases
the surface area for interaction with gas molecules and enhances the sensitivity
for gas sensing applications. In recent years, there has been significant interest
in the synthesis and process development of thin film porous polymers. Porous
polymers are defined as polymers having a combination of properties of both
porous materials and polymers. They are characterized with high surface areas
and well-defined porosity[9]. Porous organic framework(POFs) are one type of
micro-porous polymers which are derived from organic precursors which are
covalently bonded having high porosity[10]. POFs are very advantageous for
gas sensing applications due to their high surface areas, large porosity that
enables diffusion of gas molecules and interaction within the 3D framework of
the polymer at multiple pore sites. The synthesis of such porous polymers in-
clude template-based approach, direct synthesis method and block co-polymer
self-assembly[9]. Among these various methods, direct synthesis method with
Schiff based chemistry for one-pot synthesis of porous organic framework not
only allow a simple fabrication process, but also enable to develop thin film
coating on sensor devices[11]. The synthesis of nitrogen rich porous organic
framework with Schiff based chemistry are done using melamine and teraph-
tadlehyde as the building blocks using a one-pot poly condensation approach.
Such melamine based POFs functionalised with platinum(Pt) nanoparticles
coated on silicon-nanowires was used for the detection of methanol[10]. In
this study, the metallisation of the POF with Pt nanoparticles enhanced sen-
sitivity to methanol vapors in the concentration range 1200ppm to 6400ppm
is compared to pure POF modified silicon nanowires. Melamine based POFs
being non-conductive, another approach that can be investigated is by using
capacitive transducers to monitor the changes in capacitance upon exposure
to ethanol and methanol vapors. In addition, melamine based POFs are rich
in amine functional groups (-NH), that have higher capability to interact and
form hydrogen bond with the —OH group present in ethanol and methanol.
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4.2. Experimental

4.2.1. Device design and fabrication

A schematic illustration of the proposed IDE capacitor device coated with
porous organic framework (POF) is shown in Figure 4.1a. In this device, a
p-type silicon with a thickness of 300um is used as the substrate material. The
aluminum interdigitated electrodes in a circular structure are patterned on a
500nm silicon nitride dielectric layer. POF dispersed in 1-propanol are drop-
casted using a pipette on the capacitor region to ensure complete coverage
of the surface IDE capacitor. The area of the capacitor electrodes with POF
coating should be sufficient to obtain higher base capacitance with measurable
changes in the capacitance upon exposure to ethanol and methanol vapors.
Along with this, the design parameters of the IDE electrodes such as width of
the electrodes (W), gap between the electrodes (G) and number of electrodes
(N) must be optimised to obtain a higher base capacitance within a defined
area of the bare device. The total capacitance of the bare IDE capacitor device
considering the design parameters of the electrodes and materials used in the
device fabrication can be evaluated by developing a 2D Finite element model
(FEM) in COMSOL multiphysics.

A cross-section of the device is shown in Figure 4.1b. LPCVD silicon nitride
with a thickness of 500nm is used as the dielectric material. The diameter of
the active region of the sensor for the IDE capacitor is taken as 500nm and
1000pm to have sufficient area for coating of the POF by drop-casting using the
pipette. Aluminum electrodes having a thickness of 500nm with varying width
(W), gap (G) and number of electrodes accommodated within the diameter of
the active region of the sensor is used in the development of the 2D FEM model.
In an IDE capacitor device, the periodicity of the electrodes are modelled by
spatial wavelength (\) given by (A) = 2¥*(W+G)[4]. In the 2D FEM model, a
half spatial wavelength (A/2) is defined from the centre of the driving capacitor
electrode to the centre of the ground electrode is developed as illustrated in
Figure 4.1b. The minimum gap of the electrode is set to 1um, which is greater
than the optical lithography limits in the fabrication process.

Table 4.1: 2D FEM Analysis of IDE Capacitor

Capacitor Width Gap Number Capacitance
diameter (um) (um)  (pum)  of gaps (pF)
500 5 5 50 3.974
5 2 70 7.404
3 1 124 13.464
2 1 166 15.535
1000 5 5 99 7.869
5 2 141 14.915
3 1 249 27.037
2 1 333 30.808
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Figure 4.1: (a) Schematic illustration of POF coated on a circular aluminum IDE capacitor
device. (b) Cross-section of the IDE capacitor. (c¢) Finite Element modelling (FEM) of
the half spatial wavelength showing surface plot of the electric field and extension of the
normalised electric field intensity. Fabrication process flowchart. (¢) p-type Silicon sub-
strate. (d) LPCVD silicon nitride deposition. (e) Deposition of 500nnm of Aluminum. (g)
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The electrostatic physics module from COMSOL 5.3 multiphysics software
is used for the computation of potential and electric field distribution. One
electrode of the IDE capacitor is set at potential of 1V and the second electrode
is set to ground potential. The relative permittivity of the LPCVD silicon
nitride and silicon are defined as eg;n. = 7, €g; = 11.9, respectively[12]. The
FEM with electrostatic physics module computes the electric field in the model
by solving Gauss’s law considering the electric potential Vg as the independent
variable[13]. The total capacitance (C) is calculated using the terminal charge

(Q) given by,

Q
C=N Vs (4.1)
where, N is the number of gaps between the electrodes. The FEM analysis
and capacitance calculation is done by varying the parameters of width(W)
of the electrodes, gap (G) between the electrodes and the number of gaps (N)
between the electrodes with respect to the diameter of the capacitor. The
surface plot of the electric field obtained from the FEM analysis for width W
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= 2u and G = lum is shown in Figure 4.1c. The normalised electric field is
maximum near the edge of the electrodes. The electric field distribution is ex-
tended equally to the top surface and bottom surface. The normalised electric
field along the line as depicted in line graph at the centre of the gap between
the electrodes and extended to a height of 50um from the electrode surface.
It is seen that the about 90% of the normalised electric field is extended up
to a height of 3um from the electrode surface. The capacitance obtained for
different parameters of width(W), gap(G) and number of gaps(N) from the 2D
FEM analysis is tabulated in Table 4.1. It is seen that the total capacitance
increases by increasing the number of electrodes and reducing the gap between
the electrodes. The device with capacitor diameter area of 1000pum having W
= 2um and G = lum has highest base 30.8pF in air. In order to achieve
higher base capacitance in air, IDE capacitor designed with larger capacitor
area with diameter with smaller gap between the electrodes can be used.

The fabrication process flowchart is schematically described in Figure 4.1.
A 4-inch p-type silicon wafer <100> with a thickness of 300um is used as
the substrate. A layer of low-stress, low pressure chemical vapour deposition
(LPCVD) SiN,, of thickness 500nm was deposited at 850°C using a Tempress
LPCVD furnace. This is followed by the deposition of 500nm aluminum (Al
1% Si) metal layer using a TRIKON SIGMA sputter coater. The IDEs were
patterned by optical lithography using ASML PAS 430 stepper equipment.
The Al electrodes are etched by a plasma etching method in a Trikon Omega
201 plasma etcher. The wafer is cleaned with acetone and IPA to remove the
photoresist. It is then diced into individual devices in the dimension of 2.5mm
by 10mm . The devices are wire-bonded on a 24/40-pin DIP package.

4.2.2. Materials

Melamine ( M2659-100GG ), Terephthaldehyde ( T2207—100G ) and Poly(sodium

4-styrenesulfonate) (PSS) (T- 243051) were purchased from Sigma Aldrich and
were of 99% purity. Dimethyl Sulphoxide ( 23500.297 ) (DMSO, 99.98%) was
purchased from VWR.

4.2.3. Synthesis of POF

The synthesis procedure is schematically illustrated in Figure 4.2a. First,
melamine and terephtaldehyde were dissolved in DMSO separately by dissolv-
ing 25mmol of melamine in 150mL of DMSO and 37.5mmol of terephtaldehyde
in 150mL of DMSO respectively. The two solutions were mixed and heated to
50°C for 2 hours to fully dissolve all components, followed by 186°C under re-
flux conditions for 3 days. The obtained product was filtered and then washed
with acetone to remove the unconsumed reactants and the DMSO. The ob-
tained material was dried and stored for further use. The reaction yield was
~50%.
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Figure 4.2: Synthesis of POFs and preparation of sensing devices (a) Synthesis procedure.
(b) Mlustration of MEMS IDE capacitor and POF coating procedure.

4.2.4. POF coating procedure

The preparation of 4.5 wt% of POF solution was done by dissolving 20.3 mg
of POF in 450ul of 1-propanol. The solutions were placed in a ultrasonication
bath and mixed for 30 minutes to have good uniform mixture of POF in 1-
propanol. A pipette was used to cast 1ul of the dispersed solution on the
devices as illustrated in Figure 4.2b. The devices are dried under ambient
atmospheric conditions for a day before the gas sensing experiments.

4.2.5. Material Characterization

Scanning Electron Microscopy (SEM) images of the bare device and device
coated with POF films were acquired at different magnifications using a JEOL
JSM 6010LA microscope. The nitrogen sorption measurements were carried
out in a Micromeritics TriStar II 3020 at 77K. The POF surface area deter-
mined by Brunauer-Emmet-Teller (BET) method were calculated using the
nitrogen adsorption data at 77 K in the relative pressure (P/Py) range from
0.01 to 0.3, where Py was 765 mmHg.

4.2.6. Gas sensing setup

The sensing experiments of the POF coated device with vapors of ethanol,
methanol and water was done in a custom-built gas setup schematically il-
lustrated in Figure 4.3. In this system, dry nitrogen was passed through two

i
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Figure 4.3: Schematic illustration of the gas sensing setup

bubblers containing ethanol, methanol or water vapor (MFC 2, MFC 3) to gen-
erate saturated stream of the vapors calculated using the Antoine equation[7].
The vapors were diluted with a parallel stream of dry nitrogen (MFC1) and
passed to the gas chamber. A constant flow rate of 200ml/min was maintained
during the sensing experiments. A LabVIEW software application was used
for controlling the mass flow controllers (MFCs) and data acquisition from
HP4284A LCR meter. The capacitance of the devices coated with POF for
different concentration of ethanol and methanol vapors were measured at a
frequency of 10kHz and voltage of 1V. Before the sensing studies, a precon-
ditioning step was done by passing dry nitrogen at a flow rate of 200ml/min
until stabilization of the capacitance of the coated devices was obtained.

4.3. Results and Discussions

4.3.1. Device and Material Characterization

The SEM images of the bare IDE capacitor device are shown in Figure 4.4a and
Figure 4.4b. The bare device consists of circular IDEs with width(W) of 2um
and gap(G) of 1ym. The SEM images of the coating of POF on the IDE devices
are shown in Figure 4.4c and Figure 4.4d. It is observed that the electrodes are
covered with a flaky POF film with good adhesion on the Al electrodes. The
POF film is not continuous and there are voids as seen in Figure 4.4c. However,
the presence of voids does not significantly affect the sensing measurements as
the change in capacitance is mainly influenced by the change in the effective
dielectric constant of the sensing film with adsorption of target gas analytes.
In an IDE capacitor device, the depth of the fringing electric field lines above
the electrodes is proportional to half of the spatial wavelength (\), where A
= 2%¥(W + G)[14]. In the current device with W = 2um and G = 1um, the



4.3. Results and Discussions 105

5kV  WD12mmSS30
\ N

i |

(c

SEl SkV WD12mmSS§

Figure 4.4: SEM Images (a) Fabricated device IDE capacitor devices. (b) A close-up view
of the aluminum IDE electrodes. (¢) POF coated on the IDE capacitor device coated device.
(d) A close-up image of POF on top of IDE electrodes with thickness measurement of the
POF film.

spatial wavelength A = 6um. The measured thickness of the POF layer by
SEM on the device is 7.56pum as shown in Figure 4.4d. Thus, the thickness of
the POF coating is greater than half of the spatial wavelength (0.5%\ = 3um)
ensuring that the affinity layer is within the electric field of the IDE capacitor.

4.3.2. BET measurements

The adsorption and desorption isotherm of Ny at 77K of the synthesised POF
is shown in Figure 4.5a. It is seen that there is a rapid uptake of Ny at lower
relative pressures (P/Py < 0.3) indicating the presence of micropores. A hys-
teresis is seen at relatively high pressures (P/Py > 0.8) indicating the presence
of mesopores in the material. Furthermore, there is a sharp increase seen at
higher relative pressures (P/Pg > 0.9) that shows the presence of larger pores.
The calculated BET specific surface area of the POF was 722 m? /g, which is
in within the range of specific surface area 640 m?/g reported earlier[10], but
lower than the reported value of 1377 m?/g for the material synthesised in
the first time. The micropore volume determined from the Ny isotherm plot
was 0.158306 cm?®/g. The pore size distribution (PSD) obtained from the N2
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adsorption isotherm was calculated using Density Functional Theory (DFT).
A plot of pore size distributin (PSD) with increasing pore diameter is shown
in Figure 4.5b. The pore diameter obtained from this calculation was found to
be in the range from 1 to 30nm. This range shows the presence of micropores
to mesopores within the POF layer. This is inline in the earlier reported work
indicating the presence of micro to mesopores in the synthesis POF layer[10].
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Figure 4.5: (a) N2 adsoprtion and desorption isotherm obtained at 77K (b)Plot of Pore sixe
distribution versus Pore width using DFT calculations.

4.3.3. Sensing Measurements

The electrical characterisation of the bare device and the device coated with
POF by impedance spectroscopy in the frequency range from 100Hz to 100kHz
is shown in Figure 4.6a. The device coated with POF has a small increase in
the capacitance in comparison to the bare device as shown in Figure 4.6b. The
measured impedance (|Z]) of the bare device at 10kHz is 369.104k(2, whereas
the impedance decreases to 358.159k() at 10kHz for the device coated with
POF. Furthermore, the values of the phase angle () of the device coated with
POF is in the range of —90° < 6 < —87° in the frequency range from 100Hz
to 100kHz indicating that POF coated device are capacitive in nature.
Sensing measurements of the POF coated device were done for increasing
concentration of ethanol and methanol vapors in dry nitrogen from 500ppm to
7000ppm. The capacitance of the device were measured at a constant voltage
of 1V and frequency of 10kHz during the exposure to ethanol and methanol
vapors. A drift in the baseline of the measured capacitance was observed dur-
ing the sensing measurements as shown in Supplementary section 1, Figure S
4.1a and Figure S 4.1b) The baseline drift calculation was done and the change
in capacitance (AC) was determined. The changes in the capacitance (AC)
for different concentration of methanol and ethanol vapors after baseline drift
correction are shown in Figure 4.7a and Figure 4.7b, respectively. The adsorp-
tion of methanol and ethanol vapors in the porous framework of the POF film
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causes changes in the effective dielectric constant in the medium leading to an
increase in the capacitance for increasing vapor concentration A calibration
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curve for the change in capacitance (AC) with concentration of ethanol and
methanol vapors from 500ppm to 7000ppm is shown in Figure 4.7c and Figure
4.7d, respectively. The change in capacitance (AC) is observed to be linear
at lower concentration ranges between 500ppm to 2000ppm but saturates at
higher concentration measured upto 7000pm indicating that the maximum ad-
sorption capacity in the POF framework within the concentration is limited.
Furthermore, the change in capacitance is found to be higher for ethanol vapors
in comparison to methanol vapors in the concentration range from 500ppm to
7000ppm. The average change in capacitance (AC) at 2000ppm of ethanol and
methanol vapors are 44.68fF and 35.55{F, respectively. The non-linear sensing
response for concentration in the range from 500ppm to 7000ppm for ethanol
and methanol vapors was fitted with the Langmuir adsorption isotherm model
given by|7],

AC  K.Chn
Csat B 1 +Keq0m

(4.2)

where, C; indicated the saturation response of the capacitance, K., is the
affinity constant and C,, is the concentration of methanol or ethanol vapors.
The values obtained for K., and Cg,; for ethanol are 101 bar~! and 131.7fF,
respectively. Similarly, the values obtained for K., and C,4; from the Langmuir
adsorption model for methanol are 124.14 bar~! and 267.76fF, respectively.
The saturation value of the capacitance (Cyq:) and the affinity constant K.,
is much higher for ethanol than methanol vapors in the same concentration
range indicating that higher affinity of POF towards ethanol than methanol.

The reversibility tests for 2000ppm of ethanol and methanol vapors in dry
nitrogen were performed. The measured capacitance have a drift in the base-
line as shown in Supplementary Figure S 4.2a and Figure S 4.2d , respectively.
It is seen that the sensor response returns to the initial baseline capacitance
in dry nitrogen after exposure to several cycles of the vapors. The resulting
change in capacitance obtained after the baseline drift correction for ethanol
and methanol vapor concentration of 2000ppm are shown in Figure 4.8a and
Figure 4.8b, respectively. This shows that the adsorbed ethanol and methanol
vapors in the POF do not cause changes in the dielectric properties of the
POF layer, and the adsorbed vapors are completely reversible as the baseline
capacitance is recovered.

In the next step, the sensor response was compared to different concen-
tration of ethanol, methanol and watervapor in dry nitrogen. The change in
capacitance (AC) were normalised with respect to the relative dielectric con-
stant of each analyte (Water = 78, Methanol = 32.7,Ethanol = 24.2). The
comparison the normalised change in capacitance AC/e, for ethanol, methanol
and watervapor in the concentration range from 500ppm to 7000ppm is shown
in Figure 4.8c. It is observed from the comparison response that POF film
has higher affinity towards ethanol vapors in comparison to methanol and wa-
tervapor. This response can be attributed to the stronger interaction of the
amine groups present in the POF film towards ethanol vapors than methanol.
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Next, the response and recovery time of ethanol, methanol and watervapor
for concentration of 5000ppm are compared. The response time is defined as
the time taken to reach 90% of the saturated capacitance value and the recov-
ery time is defined as the time taken to reach 10% of the baseline capacitance
value. The POF film was exposed to a constant concentration of 5000ppm of
ethanol, methanol and watervapor in dry nitrogen and the resulting change in
capacitance were measured. The rise time and recovery time for each analyte
were determined and the comparative response is shown in Figure 4.8d. From,
this comparative study it is seen that ethanol vapors are adsorbed slightly
faster than methanol and watervapor. However, the recovery time for the va-
pors are longer than the response time with watervapor taking the most time
during the recovery.

Cross-sensitivity tests were performed by adding different concentration
of ethanol vapors in the presence of 11500ppm of watervapor (=~ 50% rela-
tive humidity). The sensor response showing the change in capacitance for
ethanol concentration in the range from 500ppm to 7000ppm in the presence
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of 11500ppm of watervapor is shown in Figure 4.9. During the initial phase,
the change in capacitance is due to the addition of watervapor until satura-
tion of the capacitance due to watervapor is obtained. In the next phase, the
increase in capacitance is observed by the addition of increasing concentration
of ethanol. From this cross-sensitivity tests, it is seen that the addition of
ethanol does not compete with affinity watervapor within the POF layer and
ethanol response is independent in the presence of watervapor.
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Figure 4.9: Change in capacitance (AC) for ethanol concentration in the range of 500ppm
to 7000ppm in the presence of 11500ppm of watervapor (& 50% relative humidity).

4.3.4. Effect of temperature on the sensing response

To investigate the sensing response of the device coated with POF layer at
different temperatures, the device was exposed to a constant concentration of
5000ppm of ethanol, methanol and watervapor in dry nitrogen and the changes
in capacitance were measured. The resulting sensing response obtained for the
change in capacitance (AC) as a function of temperature from 20°C to 50°C
is shown in Figure 4.10a. With increasing temperature the change in capaci-
tance decreases indicating that the adsorbed amount of ethanol, methanol or
watervapor in the POF layer decreases. The adsorption of the analytes as
function of temperature can be further analysed to determine the enthalpy of
adsorption of the analytes using the Arrhenius relation given by[15],

v= voe_RAiTH (4.3)

where, v is the relative change in the capacitance, v is the exponential
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Figure 4.10: (a) Comparison of change in capacitance (AC) for 5000ppm of ethanol ,
methanol and watervapor at different temperatures. (b) Arrhenius relation of capacitance
versus temperature.

constant, R is the gas constant and (AH) is the difference in the activation
energy of the adsorption and desorption process. The Arrhenius behaviour can
be further related to the temperature dependent capacitance response given
by,

AC = Cygge 71 (4.4)

where, C),q, represents the equilibrium capacitance and AC is the change
in capacitance for different concentration of the vapors. A linear fit obtained
from the plot of logarithm of AC versus temperature (1/T) using is shown
in Figure 4.9b. The enthalpy of adsorption (AH) determined from the fit
for ethanol, methanol and watervapor are -17.12kJ/mol, -16.68kJ/mol and -
26.67kJ /mol It is seen that the enthalpy of adsorption (AH) for the analytes
have a negative value indicating that the adsorption process is exothermic
in nature. Moreover, the enthalpy of adsorption obtained for ethanol and
methanol indicate a higher affinity of the POF layer towards methanol and
ethanol vapors in comparison to watervapor.

4.3.5. Conclusions

In this study, melamine based porous organic framework (POFs) as affinity
layers were coated on aluminum IDE capacitor for investigating the sensing
response towards ethanol, methanol and watervapor. FEM modelling of the
IDE capacitor electrodes were performed to determine the optimised width
and gap of the electrodes within a capacitor diameter of 1x. Melamine based
POF were successfully synthesis by Schiff based chemistry process and layer
of 7Tum were deposited on the devices. The surface area of the The capacitive
sensor response obtained for varying concentration of ethanol and methanol
from 500ppm to 7000ppm shows that the sensor has large dynamic concen-
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tration range. The comparative study of capacitive response normalised with
the dielectric constant of the different analytes shows that POF layer has
higher affinity towards ethanol vapors in comparison to methanol and water-
vapor. Furthermore, ethanol was adsorbed faster than in the POF network
in comparison to methanol and watervapor. Cross-sensitivity measurement
of ethanol vapors in the presence of watervapor shows the capability of the
independent detection of ethanol vapors in the presence of watervapor. The
ability to detect vapors of ethanol and methanol at room temperature shows
the application of such POF coated device for low power gas sensor system
applications.
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4.4. Supplementary Information
4.4.1. Sensing response to ethanol and methanol vapors

The measured capacitance in the POF coated device for increasing ethanol
and methanol concentration from 500ppm to 7000ppm is shown in Figure S
4.1a and Figure S 4.1d, respectively. The capacitive response after baseline
drift towards ethanol and methanol vapors are shown in After the baseline
drift calibration is done, the data for sensing response towards methanol is
shown in Figure S 4.1c and Figure S 4.1f, respectively.
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Figure S 4.1: (a) Capacitive response for increasing ethanol concentration. (b) Baseline drift
fit for capacitive response for ethanol vapors. (¢) Change in capacitance after baseline drift
correction for ethanol vapor. (d) Capacitive response for increasing methanol concentration.
(e) Baseline drift fit for capacitive response for methanol vapors. (f) Change in capacitance
for methanol vapor after baseline drift correction.
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4.4.2. Reversibility tests

The capacitive response to repeated cycle of vapors of ethanol and methanol
at a constant concentration of 200ppm is shown in Figure S 4.2a and Figure
S 4.2d, respectively. The baseline drift correction is done for the measured
capacitance and the change in capacitance after baseline drift correction is
shown in Figure S 4.2c and Figure S 4.2f for vapors of ethanol and methanol,
respectively.
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Figure S 4.2: (a) Capacitive response for ethanol concentration of 2000ppm. (b) Baseline
drift fit for capacitive response for ethanol vapors at 2000ppm. (¢) Change in capaci-
tance after baseline drift correction for ethanol vapors at 2000ppm. (a) Capacitive response
for methanol concentration of 2000ppm. (b) Baseline drift fit for capacitive response for
methanol vapors at 2000ppm. (c) Change in capacitance after baseline drift correction for
methanol vapors at 2000ppm.
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5.1. Introduction

Volatile Organic Compounds (VOCs) are organic compounds present in the gas
phase in indoor air at ambient temperature and humidity conditions. VOCs
are emitted from building materials, paints, washing liquids, wooden floors
commonly found in houses, offices, restaurants, and malls[1]. VOCs deterio-
rate the quality of air leading to indoor air pollution. The long-term expo-
sure of VOCs in indoor environments can cause sick building syndrome(SBS)
and building-related illness(BRI). Indoor air quality monitoring can help iden-
tify sources, proper ventilation management, and minimize building-related
illness[2]. Among the VOCs identified in the indoor air, ethanol is one of
the most common organic compounds emitted from household items such as
cosmetics, paints, and dish washing liquids. Ethanol is a colorless transpar-
ent liquid having a boiling point of 78.3°C. The threshold limit value(TLV)
for repeated exposure to ethanol without causing significant health effects is
1000ppm. Long-term exposure to ethanol vapor above the TLV can cause
dizziness, fatigue and nausea[3]. Thus, detecting and monitoring ethanol con-
centration in homes and offices is helpful for people to obtain a better healthy
indoor air quality.

In chemi-resistive based gas sensors, the gas concentration are determined
by measuring the change in the electrical resistance of the sensing material
on exposure to the gas. For example, metal oxides such as SnOy, CuO, ZnO,
InyO3 are used as sensing materials for measuring ethanol vapors in several
studies[4][5][6]. Among these metal oxides, SnO; is one of the most exten-
sively studied materials due to several advantages such as sensitive and stable
response towards reducing gases such as ethanol, cost-effective synthesis, and
thermal stability[7]. In a thick-film SnOy based sensors, the gas molecules
cannot penetrate the layers and the interaction of the gases occurs only at the
surface sites available at the geometric boundary of the layer. However, by
reducing the grain size of SnOs materials, the number of active sites for the
adsorption of gas molecules can be increased[8]. The sensitivity is also known
to be related to the depth of the space charge region (L) formed at the surface
of the SnO2 nanoparticles layer having a grain size (D). The sensitivity can
be improved when the particle size (D) is approximately two times the val-
ues of the depth of space charge region (D=2L)[9]. Thus, the development of
nanostructures and nanoparticles thin film of SnOs provides a good direction
towards improving the sensor performance such as sensitivity, selectivity ,and
response time.

SnO-5 nanoparticles are synthesized by liquid phase, solid-phase and vapor-
phase methods. Liquid-phase methods include sol-gel process, hydro thermal,
microwave irradiation, sonochemical and microemulsion process; solid-phase
method include, mechanical grinding and ball milling process, and vapor-phase
based synthesis are done by flame spray pyrolysis, laser ablation, and spark
discharge[10]. In comparison to liquid-phase and solid-phase methods, vapor-
phase based synthesis of SnOs nanoparticles has advantages such as reduced
contamination of the nanoparticles due to impurities, utilising non-toxic or-
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ganic solvents, reduced waste generation, continuous and flexible processing of
nanoparticles than batch-wise process[10][11]. In this study, vapor-based syn-
thesis of SnOs nanoparticles using the spark discharge method is discussed. A
spark generator used for the spark discharge synthesis of nanoparticles consists
of two opposing metal or metal oxide electrodes with a diameter in the range of
3mm to 6.35mm and separated by a few millimeters. The electrodes are placed
in a closed chamber connected to a high voltage power supply and a variable
parallel capacitor having a maximum capacitance of 20nF. A stream of inert
gas is passed into the chamber at a flow rate of 0.8-1lpm. As the voltage across
the electrodes is increased, a spark discharge is initiated due to the breakdown
of the inert gas molecules. This results in the evaporation of the electrode
material within the vicinity of the spark. The cooling of the vapor cloud is
fast since the vapour cloud is small compared to the evaporation-condensation
process resulting in the production of a large number of nanoparticles[11][12].
The spark discharge method enables the formation of nanoparticles with high
purity since only the electrode material that forms the nanoparticle is heated
during the process. Along with this, the spark discharge method allows the
controlled synthesis of various sizes of nanoparticles, enables direct deposition
on the substrate and devices, and reduces the wastage of source materials.

In recent studies, there has been a growing interest in synthesizing metal
oxide nanoparticles by spark discharge method for gas sensing applications[13—
16]. Tungsten oxide (WO, ) nanoparticles synthesized using spark discharge
show sensitive and reversible responses to 1ppm of NOs at 200°C[13]. SnO2
nanoparticles with particle sizes in the range of 15-20nm processed by gas-
phase spark discharge synthesis show sensitive and fast response to Hy at
100ppm with reduced sensitivity to watervapor[14]. The spark discharge syn-
thesis method also allows the ability to deposit the nanoparticle thin film
on the devices directly. In the previous studies discussed, SnO; and WO,
nanoparticles synthesized with spark discharge method are mainly deposited
on custom devices such as gold electrodes on ceramic substrate or Pt based
resistive heater with sensing electrodes fabricated on a ceramic substrate for
studying the sensing response at high temperatures[13][14]. Metal-oxide mate-
rials such as SnO, films exhibit sensing response upon exposure to gases in the
operating temperature ranges of 300°C to 500°C. SnO; based gas sensors thus
require a heating element along with sensing electrodes for measuring changes
in resistance on exposure to gaseous analytes at higher operating tempera-
tures. In commercially available Taguchi gas sensors, Pt/Tungsten-based re-
sistive heating elements fabricated on a ceramic substrate together with SnO,
coated sensing electrodes are used for gas sensing applications. The disad-
vantage of using resistive heating elements on a ceramic substrate is higher
power consumption, non-uniform temperature distribution, and limited chip
integration of readout electronics[17]. The development of devices using silicon
MEMS technology enables integration of both sensing electrodes and resistive
heating element(termed as microhotplate) on the same chip. Furthermore, mi-
crohotplate developed using silicon MEMS technology have benefits such as,
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thermal isolation capability between the active sensing area and the substrate
using suspended membrane structures, achieving lower power consumption,
and on-chip integration of electrical readout circuits[17][18].

5.2. Experimental

5.2.1. Device Design
In this work, a microhotplate with TiN/Mo/TiN as the metal stack is fabri-
cated on a suspended membrane type structure using a silicon-on-insulator(SOI)
substrate. A schematic illustration and cross-section of the device are shown
in Figure 5.1a and Figure 5.1c, respectively. A p+ epitaxial silicon layer of
50pm thickness on a buried oxide is used as the substrate material. The SnO,
nanoparticles are deposited using a spark discharge equipment and an im-
paction chamber containing a nozzle to direct the nanoparticles in the aerosol
phase to the substrate. The diameter of the nozzle limits the area of deposi-
tion of SnOs nanoparticles. A large area in the range of 1mm-2.5mm on the
device is required to have a uniform deposition of SnOs nanoparticles film on
the active region of the sensor. Due to this limitation, the active region of the
microhotplate is larger, having a diameter of 1.5mm is developed. The dimen-
sion of the microhotplate is larger than a typical microhotplate device having
diameter of 0.5mm to lmm. A circular microhotplate consisting a of a stack of
TiN/Molybdenum/TiN metal film deposited and patterned on a thermal oxide
layer, as shown in Figure 5.1a. The sensing electrodes are patterned at the
center of the circular microhotplate. Microhotplate with TiN and molybde-
num as the metal layer show good stability for high-temperature operation up
to 700°C, and thus, it is preferred choice of microhotplate metal layer used in
this work[19][20]. The active region with the microhotplate is suspended using
silicon beams as support to the substrate by etching the front and backside of
the silicon. The silicon beams function as a heat-spreading layer and mechan-
ical support to the microhotplate active area. PECVD SiO, as a passivisation
layer is deposited on the microhotplate electrodes, and contact pads are opened
to deposit platinum probe contacts to the sensing electrodes, as shown in the
layout in Figure 5.1c. A similar configuration of the microhotplate device
with platinum probe contacts was used for the time-resolved X-ray diffraction
study of the sintering process of Cu nanoparticle paste[21]. The microhotplate
coated with Cu nanoparticle operated at 200°C enabled the study of reduction
of CugO and Cu crystallisation in the sintering process within an interval of
1s. The current device structure developed is an improved version based on
the previous work for the study of time-resolved XRD of nanoparticles and
gas sensing response of thin-film nanoparticles[21][22].

A 3D finite element model(FEM) of the device is developed in COMSOL

Multiphysics® 5.3 for evaluating the temperature distribution of the proposed
design and structure. The device area has a diameter of 1.5mm with a 50um
thick silicon layer below the microhotplate area. The circular design of the
microhotplate layout as shown in Figure 5.1c with a metal stack of 300nm
molybdenum/TiN on a 1um thermal oxide layer is added in the model. The
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Figure 5.1: (a)Schematic illustration of the MEMS microhotplate with SnO2 nanoparticle
film depsoited on the sensing electrodes. (b) Cross-section view of the device. (c) Patterned
300nm TiN/Mo/TiN microhotplate on the front side of the wafer. (d) Patterned 300nm
TiN/Mo/TiN microhotplate on the front side of the wafer

material parameters used in the COMSOL multiphysics module for the electro-
thermal analysis of the device is shown in the Table 5.1. The heat transfer
physics is defined on the entire model. This module is coupled to the elec-
tric current physics module defined for the microhotplate and sensing elec-
trodes. The temperature co-efficient of resistance(TCR) for the TiN and Mo
film used in the model are ap;y = 0.01425°C~! and ap;, = 0.001216°C~1
respectively[19][20]. The heat transfer due to convection is defined on the en-
tire domain with convective heat transfer co-efficient in the range of forced
convection of gases given by, heony = 100 Wm?K ! [23]. The input current to
the microhotplate is varied in the range from 40mA to 90mA.

Table 5.1: Material parameters used for the COMSOL FEM simulation[17][24].

Material Thermal Conductivity Density Heat Capacity
(k) W/mK Kg/m3 (Cp) J/kgK
Silicon 157 2320 700
Thermal Oxide 1.4 2200 730
TiN 19.2 5220 600
Mo 138 1022 250

The surface plot of the temperature distribution across the active region
of the microhotplate obtained from the FEM simulation is shown in Figure
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5.1d. The temperature is found to be uniform within the circular area of the
microhotplate. However, the temperature is higher at the metal patterns close
to the edge of the active area. The average temperature for an input current of
75mA is 411.81°C. This is within a deviation of 5.67% from the centre to the
edge of the active region. The silicon beams show a gradient of temperature
distribution from the high-temperature active region to the low-temperature
substrate. The results of the average temperature and deviation from the FEM
simulation are shown in Table 5.2. The deviation in temperature distribution
increases with the increase in the average temperature ranges. For sensing
experiment with SnO, nanoparticles developed in this study, the temperature
distribution in the active region close to the sensing electrodes is uniform
around 400°C.

Table 5.2: Temperature distribution analysis of microhotplate by FEM simulation.

Average Temperature Max Temperature Min Temperature Deviation

(°C) (°0) (°C)

90.65 92.85 90.06 0.99%
142.23 146.05 141.21 1.73%
217.12 223.31 215.45 2.81%
324.88 334.50 322.27 4.38%
411.81 424.26 408.43 5.67%
589.51 607.85 584.51 8.37%

5.2.2. Device fabrication

The process steps for the device fabricated in this study are shown in Fig-
ure 5.2. A 4 inch p-type <100> silicon-on-insulator(SOI) wafer with silicon
thickness 300pum, and 50um (p+) epitaxial silicon on a 2um oxide (BOX) is
used as the starting material (Figure 5.2a). In the next step, thermal oxide
is grown by wet oxidation process and a metal stack of TiN/Mo/TiN with
a thickness of 50nm/200nm/50nm respectively is deposited on the front side
of the wafer. The TiN/Mo/TiN microhotplate is patterned and etched by a
plasma etching process using a Trikon Omega 201 plasma etcher. An isolation
layer of 1um of PECVD SiOs is deposited on top of the TiN/Mo/TiN elec-
trodes (Figure 5.2b - Figure 5.2d). The front side and back side of the silicon
is patterns and etched by deep reactive silicon etching (DRIE) Bosch process
(Figure 5.2e). The buried oxide layer (BOX) at the backside of the wafer is
removed by protecting the front side of the wafer by photoresist to obtain a
suspended 50um thick silicon structure (Figure 5.2f). The contact pads to the
microhotplate metal and the sensing electrodes are opened by etching PECVD
SiOq layer (Figure 5.2g). A 200nm platinum thin film is deposited at the con-
tact pad areas by evaporation and lift-off method (Figure 5.2h). The wafers
are cleaned and diced into devices having a dimension of 5mm in width and
10mm in length. The devices are packaged in a 40pin DIP packages.
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Figure 5.2: Device fabrication process flowchart (a) Silicon on Insulator(SOI) substrate with
50pum p+ epilayer and 2um of buried oxide(BOX) layer. (b) Thermal oxide by wet oxidation.
(c) Patterned 300nm TiN/Mo/TiN microhotplate on the front side of the wafer. (d) 1um
PECVD silicon oxide deposition on front side of the wafer. (€) DRIE on front and backside
of the wafer. (f) Wet etching of BOX layer. (g) Contact opening for the pads. (h) Platinum
deposition (200nm) and lift-off.

5.2.3. Synthesis of Tin oxide (SnO;) nanoparticles

A schematic illustration of the synthesis and deposition of SnO5 nanoparticles
on the fabricated microhotplate devices using a commercial spark discharge
equipment from VSP-G1 Nanoparticle Generator from VSPARTICLE B.V|[25]
is shown in Figure 5.3. In this setup, the spark chamber consists of two
high purity tin(Sn) electrodes placed opposite and close to each other are
connected to a high-voltage power supply in parallel to a capacitor having a
maximum capacitance of 20nF. The inlet of the spark chamber is connected to
oxygen gas cylinder(2% oxygen in nitrogen), and it is passed into the chamber
as the carrier gas at a constant flow rate of 1.2lpm. The sparks created in
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Figure 5.3: Schematic illustration of the synthesis of SnO2 nanoparticles and preparation of
sensing devices.

the vicinity of the two electrodes during the discharge process, typically in
the duration of microseconds, vaporize the electrode material. A constant
current of 3mA applied from the high voltage source periodically recharges
the capacitor after discharge occurs at the breakdown voltages[11][12]. The
vapor cloud formed during the spark discharge process is cooled rapidly by
the gas flow passing through the gap between the electrodes. This results in
the formation of SnO, atomic clusters by nucleation that grows into SnOq
nanoparticles by vapor condensation and coagulation. The aerosol containing
SnO-, nanoparticles is passed to an impaction chamber that contains a nozzle
to deposit the nanoparticles on the device. The nozzle is controlled by a
stepper motor that accurately allows positioning and deposition of the SnOq
nanoparticles on the active area of device. The movement speed of the nozzle
is varied to optimise the thickness of the SnO5 nanoparticle thin film.

5.2.4. Device and Material characterization

Transmission electron microscope (TEM) images of the as-synthesized SnOs
nanoparticles placed on TEM copper grids were acquired using JEOL JEM-
1400 plus TEM microscope. Scanning electron microscope (SEM) images of
the SnOs nanoparticle thin film were acquired using a JEOL JSM-6010LA
SEM microscope. X-ray diffraction (XRD) of the as-synthesized and annealed
SnO2 nanoparticle thin film deposited on a silicon (100) substrate were done
using Bruker D8 Advance diffractometer with Cu Ka radiation source. XRD
measurements were done at 26 angles in the range 20° - 60° with 2° offset,
a step size of 0.033°, and a 6s counting time per step. The thickness of the
deposited SnO5 nanoparticle film on silicon substrate was measured using a
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Dektak profilometer. The electrical characterisation of the microhotplate de-
vices in the temperature range 20°C to 200°C were done using a Thermochuck
temperature controller and Agilent 4156C parameter analyzer. The resistance
of the devices obtained at different temperature was used to extract the tem-
perature coefficient resistance (TCR) of the devices.
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Figure 5.4: Schematic of the gas sensing setup

5.2.5. Gas sensing setup

The sensing response of the deposited SnOs nanoparticle film on the MEMS
device towards ethanol vapors was done in a custom gas test setup, as shown
in Figure 5.4. In this setup, dry air was passed through a bubbler to generate
ethanol vapors, and this vapor was diluted with a parallel stream of dry air
to obtain the desired concentration of ethanol vapors. The ethanol vapors
with the desired concentration was passed to the gas cell at a constant rate
of 200mL/min using a LABVIEW program controlling the respective mass
flow controllers(MFCs). A two-channel Keithley 2621B source measurement
unit(SMU) was used for the DC IV measurements. Channel A of the SMU
was used to apply a constant power to obtain the desired temperature of the
microhotplate. Channel B of the SMU was connected to the sensing electrode
and a 2-probe I-V measurement was done. A constant voltage was applied to
the sensing electrodes and the resulting changes in the current were measured
upon exposure to various concentrations of ethanol vapor.

5.3. Results and Discussions

5.3.1. Particle size and crystal structure

The TEM images of the as-deposited SnO5 nanoparticles placed on a TEM
grid is shown in Figure 5.5a. It can be seen from the TEM images that the
SnO- nanoparticles formed by spark discharge synthesis method mainly consist
of agglomerates consisting of primary particles. The selected area diffraction
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Figure 5.5: (a) TEM Image and SAED pattern(inset) of as-deposited SnO2 nanoparticles.
(b) particle size distribution of as-deposited SnO2 nanoparticles. (c¢) XRD pattern of the
as-deposited and annealed SnO2 nanoparticles.

pattern (SAED) in the inset of Figure 5.5a shows that the synthesized SnO2
nanoparticles are crystalline in nature. The particle size distribution obtained
from the TEM from the analysis of TEM images is shown in Figure 5.5b. From
the histogram data, it is seen that the range of the size of SnO5 nanoparticle
particles is around 4nm to 6nm, with an average particle size of 5.43nm.

The XRD analysis of the SnOs nanoparticle film deposited on a silicon
(100) substrate for the as-deposited and SnO nanoparticles annealed at 500°C
for 2 hours is shown in Figure 5.5c. The XRD peaks are identified by com-
parison with the JCPDS database. From this graph, the characteristic peaks
for the annealed thin film for (110), (101), (200), (211), (220) ,and (002)
planes are located at 20 = 26.6, 33.9°, 38°, 51.8°, 54.8° and 57.9° respec-
tively. The peaks obtained are in agreement with the JCPDS standard SnO,
XRD peak(card number 00-041-1445). The XRD data analysis confirms that
the SnO, nanoparticle film synthesized by the spark discharge method in this
study is crystalline in nature. Furthermore, it can be seen that XRD peaks of
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the as-deposited film are broader, whereas the XRD peaks of annealed SnO,
film are higher in intensity and sharper. The peak sharpening shows that the
crystallite size of SnO3 nanoparticles increases after the annealing process [26].

5.3.2. Morphology of thin film SnO, nanoparticles

The deposition of SnO, nanoparticle thin film on a silicon substrate is done
by positioning and controlling the movement speed of the nozzle close to the
substrate. The SEM images of the as-deposited SnO5 nanoparticle films at
room temperature for different movement speeds of the nozzle are shown in
Figure 5.6. Figure 5.6a to Figure 5.6d shows the SEM images of the de-
posited nanoparticle film with increasing speed of the nozzle set to 0.2mm /min,
0.35mm/min, 0.6mm/min, and 1.1lmm/min. The thickness of the deposited
nanoparticle film measured using a dektak profilometer for different move-
ment speed is tabulated in Table 5.3. It can be seen that the thickness of the
nanoparticle film decreases by increasing the movement speed of the nozzle.
The thin films deposited at 0.2mm/min have an average thickness of 10um,
whereas thin films deposited at 0.6/min have a thickness of 3um. Further-
more, comparing the SEM images from Figure 5.6a to Figure 5.6d, it can be
seen that nanoparticle film deposited at 0.2mm/min have large cracks laterally
and deeper into the film, but the cracks on the film reduce with an increased
movement speed of the nozzle. The formation of cracks during the deposition
of nanoparticle films on the substrate occurs due to mechanical stress induced
by the bombardment of nanoparticles on deposited layers, cohesive forces be-
tween nanoparticles closing the voids, and deformation of the crystallites[13].
Figure 5.6e and Figure 5.6f are the SEM images of nanoparticle film deposited
with a nozzle movement speed of 0.6mm/min and 1.1mm/min for three cycles,
respectively. The sample deposited at a nozzle movement speed of 0.6mm /min
has a thickness of 7um but with large cracks visible as seen in the SEM image
Figure 5.6e. However, the sample deposited with a nozzle movement speed of
1.1mm/min has a thickness of 3um with reduced cracks in the film (Figure
5.6f). Thus, the deposition of the nanoparticle film with multiple cycles at
higher movement speed of the nozzle increases the thickness and reduces crack
formation in the film.

Table 5.3: Deposition parameters of SnO2 nanoparticles film by spark discharge method.

Nozzle speed Thickness Morphology
during deposition (mm/min) (pm) analysis by SEM
0.2 10 Visibility of large cracks in the film
0.35 5 Visibility of cracks in the film
0.6 3 Less cracks visible in the film
0.6 (3 cycles) 7 Visibility of cracks in the film
1.1 (3 cycles) 3 Less cracks visible in the films

In the next step, the samples were annealed in air at 500°C for 2 hours,
and the SEM images of the annealed samples are compared with as-deposited
nanoparticle film as shown in Figure 5.7. Figure 5.7a and 5.7b are the SEM
images of the as-deposited and annealed film, deposited at 0.6mm/min for
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Figure 5.6: SEM image of thin film of SnO2 nanoparticle with different deposition parame-
ters (a) 0.2mm/min. (b) 0.35mm/min. (c¢) 0.6mm/min. (d) 1.lmm/min. (e) 0.6mm/min
for 3 cycles. (f) 1.1lmm/min for 3 cycles.

Figure 5.7: SEM image of thin film of SnO2 nanoparticles as-deposited (left column) and
annealed at 500°C for 2 hours in air (right column). (a) as-deposited SnO2 nanoparticles
at 0.6mm/min for 3 cycles. (b) Annealed SnO2 nanoparticles film (0.6mm/min for 3 cy-
cles). (c) as-deposited for 1.1lmm/min for 3 cycles. (d) Annealed SnO> nanoparticles film
(1.1mm/min for 3 cycles)
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three cycles, Figure 5.7c and 5.7d are the SEM images for samples deposited
at 1.1lmm/min for three cycles. The sample deposited at a nozzle movement
speed of 0.6mm/min (three cycles) having a thickness of 7um shows large
growth in cracks after annealing(Figure 5.7b ). The growth of cracks across
the film is found to be less in the film deposited at a nozzle movement speed
of 1.1mm/min(three cycles) with a thickness of 3um, as shown in Figure 5.7d.
The increase in the crack occurs due to thermal expansion and an increase in
the residual stress in the film. Furthermore, the sintering of the nanoparti-
cles at higher temperatures results in the shrinkage of the material and the
widening of the cracks. The large cracks can cause discontinuity in the elec-
trode to film contacts, thereby increasing the overall resistance of the film.
Thus, a nanoparticle thin film with a minimised crack formation and suffi-
cient thickness are preferred for the deposition on the sensing devices. The
nozzle movement speed parameter at 1.1mm/min for three cycles was subse-
quently used for the deposition of SnOs nanoparticles on the device with a
microhotplate integrated with sensing electrodes.

The SEM image of the bare device consisting of a circular TiN/Mo/TiN
microhotplate with sensing electrodes is shown in Figure 5.8a. The active
region with the microhotplate is suspended by the silicon beams across the
circular area, as shown in Figure 5.8a. The device was placed inside the
impaction chamber of the spark discharge equipment for the deposition of
the synthesized SnO5 nanoparticles. A control program was developed to
accurately place the nozzle at the top of the active region of the device. SnO,
nanoparticles were deposited to cover the sensing electrode area having Pt
contact pads. The SEM image of the device coated with SnOs nanoparticle
film is shown in Figure 5.8b. It can be seen that the SnOs nanoparticle film
forms a uniform layer at the center of the active area covering the sensing
electrodes.

(b)

Figure 5.8: (a) Bare Device. (b) Device-coated with SnO2 nanoparticle thin-film.




130 5. Tin Oxide (SnOy) Nanoparticles

5.3.3. Gas sensing study

In this section, the device coated with SnOs nanoparticle film is tested for
the sensing response to ethanol in the concentration range from 100ppm to
1000ppm. In the first step, the temperature coefficient of resistance (TCR)
of the fabricated TiN/Mo/TiN microhotplate device is done. The sensing re-
sponse of the device at different temperature is done to obtain the operating
temperature of the sensor. Finally, the sensing response for the varying con-
centration of ethanol vapors, response and recovery time of the sensor, and
selectivity studies with methanol and ethanol vapors is discussed.
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Figure 5.9: (a) Microhotplate resistance versus temperature characterisation. (b) Power
consumption of the bare device versus temperature. (c) I-V characteristics of the SnOg2
nanoparticle film at different temperatures. (d) Sensing response to 1000ppm of ethanol
vapors at different temperatures.

The resistance as a function of the temperature of five TiN/Mo/TiN mi-
crohotplate devices is shown in Figure 5.9a. The average resistance of the
microhotplate at room temperature (20°C) is 258.601.

The TCR of the devices is calculated by using the equation below[19],

Rr — R
o) = Ry 'T(T - ;0)

where, Ry is the resistance of the microhotplate at room temperature

(5.1)
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(20°C), and R(T) is the resistance of the microhotplate at various measured
temperatures from 20°C to 200°C. The TCR of the microhotplate devices
is nearly constant ,and the average TCR is 0.000122/°C. From Figure 5.9a,
the room temperature of devices has a small variation, mainly caused due to
fabrication process variations.

The steady-state power consumption of the microhotplate in the air as a
function of temperature is shown in Figure 5.9b. The power consumption of
the device to reach a temperature of 100°C and 200°C is 300mW and 625mW,
respectively. Using a linear fit as shown in Figure 5.9b, the power consump-
tion of the device for different operating temperatures is extracted. In order
to reach an operating temperature of 400°C in the device for sensing response
to ethanol, a current of ~42 mA is passed through the microhotplate, corre-
sponding to the maximum power consumption of ~1.3 W. The large power
consumption in the device is due to the large circular active region of the
microhotplate having a diameter of 1.5mm. The large active region of the
microhotplate is used to provide a large area for controlled deposition of SnO,
nanoparticles from the nozzle of the spark discharge chamber. However, util-
ising a smaller active area and improving the deposition mechanism with a
smaller nozzle can reduce the size of the devices, thereby reducing the power
consumption.

The temperature calibration of the microhotplate was used to measure the
I-V characteristics of SnO5 nanoparticle film at different operating tempera-
tures in dry air, as shown in Figure 5.9¢c. It is seen that the current increases
as the operating temperature is increased from 150°C and 250°C, but the cur-
rent is found to be decreasing at the operating temperature of 400°C. This is
because, at a lower operating temperatures, the oxygen molecules are mostly
physisorbed at the surface of SnO, material. However, at higher temperatures
in the range around 400°C, the oxygen species such as O, , O~ and 0%~ are
chemisorbed on the surface by the transfer of an electron from the conduction
band of the SnOs material[27]. Thus, the current decreases, resulting in the
increase of resistance of the SnO5 nanoparticle film in the operating temper-
ature range of 400°C. The sensing response of SnOs nanoparticle thin film
to ethanol vapors was determined by measuring the time-dependent changes
in the resistance at different concentrations of ethanol vapors in dry air. For
reducing gases such as ethanol, the sensitivity (S) of the sensor is defined as
the ratio of resistance of the SnOs nanoparticle film in the air (R,) to the
resistance of SnOy nanoparticle film in ethanol (R,) given by[28],

§== (5.2)

Prior to the gas sensing measurements, the sensors were annealed at 500°C
for 2 hours in the air. In the next step, the sensing response to 1000ppm of
ethanol at different operating temperatures were done to determine the oper-
ating temperature at which the maximum response to ethanol can be obtained.
The power applied to the microhotplate is varied to obtain a particular tem-
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perature. A constant voltage of 2V is applied to the sensing electrodes, and the
resistance of SnO, at different operating temperatures were measured. The
sensitivity of the sensor obtained at different operating temperatures is shown
in Figure 5.9d. The sensitivity of the sensor increases as the temperature is in-
creased from 200°C to 400°C. However it decreases at a temperature of 450°C.
The maximum response is obtained at 400°C, and this temperature is taken
as the operating temperature in further sensing measurements. The rate of
adsorption and desorption is constant at temperatures from 200°C to 400°C
due to which the sensitivity increases. However, at a temperature higher than
400°C, the rate of desorption is higher than the rate of adsorption that leads
to a decrease in the sensor’s sensitivity[27].

The sensing response to the increasing concentration of ethanol vapors
from 100ppm to 1000ppm in dry air at an operating temperature of 400°C is
shown in Figure 5.10a. It is seen that the SnOs nanoparticle film is sensitive
to a low ethanol concentration of 100ppm, and the sensor response increases
with the increasing concentration of ethanol vapors. The sensitivity of the
sensor as a function of ethanol concentration is shown in Figure 5.10b. The
sensitivity increases rapidly in the ethanol concentration range up to 500ppm.
However, at ethanol concentration above 500ppm, the sensitivity of the sensor
increases slowly, indicating that the sensor is saturated at a higher ethanol
concentration. The sensing response of a metal oxide gas sensor is empirically
defined by[27],

S=A4, P’ (5.3)

where, P, is the partial pressure of the target gas directly proportional to
the concentration and sensitivity (S) characterized by the prefactor A, and
exponent 3. The exponent factor 8 has a rational fraction value dependent on
the charge of the surface species of the metal oxide film and the stoichiometry
of the reactions at the surface of the film[29]. For sensing film having an ideal
microstructure, the value of 5 = 0.5. However, the value of 3 varies above or
below the value of an ideal microstructure. The value of g is higher than 0.5
for sensing film having large randomness and irregularity in the microstruc-
ture. On the other hand, sensing films having agglomerates and less sensitive
structures, the value of § is less than 0.5[29]. The measured sensor response
(S) in the linear region from 100ppm to 500ppm were fitted with the logarithm
of the equation 5.3 as shown in Figure 5.10c. The value of () obtained from
the linear fit is 0.49 +/- 0.01, which is slightly less than the value of (5) for
an ideal microstructure, indicating that the presence of agglomerates in the
nanoparticle film can influence the sensitivity to ethanol vapors.

The response and recovery of the sensor for multiple exposures to 200ppm
ethanol vapor is shown in Figure 5.10d. The response of the sensor is found
to be stable for a repeated cycle of ethanol vapors. In the next step, the
response time and recovery time of the sensor are determined for different
concentrations of ethanol vapors. The response time of the sensor is defined
as the time taken to reach 90% of the saturation value. The recovery time is
defined as the time taken to reach 10% of the baseline value. The response
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Figure 5.10: (a) Sensing response to ethanol vapors from 100ppm to 1000ppm at 400°C. (b)
Sensitivity versus ethanol concentration from 100ppm to 1000ppm. (c) Sensitivity versus
ethanol concentration from 100ppm to 500ppm with linear fit. (d) Sensing response to
200ppm of ethanol vapors - repeatability test.

time of the sensor for ethanol concentration from 100ppm to 1000ppm is shown
in Figure 5.11a. The response time for ethanol vapor concentration of 100ppm
is 357s, and it decreases to 107s for 1000ppm of ethanol vapor. The recovery
time of the sensor increases with increasing ethanol concentration, as shown
in Figure 5.11b. The recovery time is 1394s for ethanol vapor of 100ppm, and
it increases to 2410s for 1000ppm of ethanol vapor. The sensor shows a stable
and repeatable response to different concentration of ethanol vapors.

The sensitivity of the SnOs nanoparticle film to 200ppm and 1000ppm of
methanol vapors was tested at 400°C. The comparison between the sensitivity
of ethanol and methanol for 200ppm and 1000ppm is shown in Figure 5.11c.
It is seen that SnO; film is more sensitive to ethanol than methanol, which
is in agreement with earlier reported results[30]. The stability of the sensor
upon exposure to 1000ppm of ethanol vapors over several days was done, and
the result is shown in Figure 5.11d. The sensor is stable within the sensitivity
values obtained over a period of 20 days. This shows that the SnOy nanopar-
ticle film synthesized by the spark discharge method is a promising material
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Figure 5.11: (a)Response time versus concentration (b) Recovery time versus concentration.
(c) Cross sensitivity between ethanol and methanol vapors at 200ppm and 1000ppm (d)
Sensor response to 1000ppm ethanol over long period.

for sensing ethanol vapors.

5.3.4. Sensing mechanism of ethanol

The interaction of various gaseous analytes with n-type metal oxides semicon-
ductor such as, SnOy mainly occurs in a two-step process. In the first process
in dry air, the oxygen species O5, O~ and O?~ are chemisorbed on the surface
of the film in the temperature ranges from 350°C to 450°C. The transfer of
electrons from the conduction band of SnOs to the oxygen species results in
the formation of a depletion layer thereby increasing the resistance of the film
in the steady state in dry air. In the next process, the exposure of SnO5 ma-
terial to reducing gases or oxidizing gases varies the resistance. The resistance
of SnO, film decreases upon exposure to reducing gases such as ethanol or
methanol, whereas the resistance increases during exposure to oxidizing gases
such as nitric oxide. The reaction mechanism for the formation of the oxygen
species is shown below|[27][31],

Oy+e — Oy (5.4)
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Oy +¢ — 20" (5.5)

0O +e — O (5.6)

In the next process, the interaction of SnOs film with reducing gases such
as ethanol leads to the formation of intermediates that react with oxygen
species at the surface. The reaction mechanisms of ethanol vapors with SnO,
nanoparticle film are defined by the below,

C,H;OH — C,H, + H,0 (5.7)
C,H;OH — CH,CHO + H, (5.8)

CoHy + 60 —= 2C0, + 2H,0 + 6o (5.9)
CH,CHO + 50 — 2CO, + 2H,0 + 5e (5.10)

Equation 5.7 and Equation 5.8 are the acidic oxide and basic oxide inter-
mediates formed by the reaction of ethanol vapor with SnOs respectively. The
reaction mechanisms of the respective intermediates with the oxygen species
are described in Equation 5.9 and Equation 5.10. The reaction products are
COg, H20, and free electrons. The electrons trapped within the oxygen species
can return to the conduction band of the SnO5 leading to the decrease in resis-
tance of the SnO, film. These changes in resistance for different concentration
of ethanol vapors are measured as the sensor response.

5.3.5. Conclusions

In this study, SnO5 nanoparticle thin film was synthesized by spark discharge
of Sn electrodes and deposited on a custom-made TiN/Mo/TiN microhotplate
device with integrated Pt sensing electrodes. The deposited SnOs nanoparti-
cles are crystalline in nature as characterised by TEM and XRD. Annealing
SnOs nanoparticles at higher temperatures at higher temperatures result in
increased particle sizes and extensive crack formation across the film. An opti-
mised deposition process was developed to enable SnOy nanoparticle thin film
deposition with reduced cracks on the devices after annealing. The resistance
change of the TiN/Mo/TiN microhotplate with temperature is found to be lin-
ear, and the average TCR of the microhotplate is 0.000122/°C. The sensitivity
of the SnO5 thin film upon exposure to 1000ppm of ethanol vapors was highest
at 400°C. The SnO; thin film shows a stable and reversible response to ethanol
vapors in dry air in the concentration range from 100ppm to 1000ppm. The
response time and recovery time of the sensor are 357s and 1394s for ethanol
concentrations of 100ppm and 1000ppm, respectively. Cross-sensitivity studies
with methanol and ethanol vapors show that the SnOs thin film is more sen-
sitive to ethanol than methanol vapors. The spark discharge method can be
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used to study the properties of mixed metal-oxide nanoparticles using two or
more different electrodes for gas sensing application. The ability to accurately
deposit on the surface of MEMS sensor devices without additional tool and
process steps allows the integration of different nanoparticles for developing a
MEMS gas sensor array.
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Summary

A MEMS gas sensor consists of a transducer, mainly a resistive or capacitive
transducer coated with a thin film of specific functional materials. Functional
materials can change their electrical, optical, magnetic, or mechanical prop-
erties based on the stimuli received. In a chemi-resistive or chemi-capacitive
gas sensing system, thin film of functional materials coated on the transducers
are a class of materials that can change the resistivity or dielectric proper-
ties of the adsorption or chemisorption of volatile organic compounds such
as methanol and ethanol. A combination of efficient design of the MEMS
transducer, read-out system, and robust sensing material is a key requirement
for the development of good and reliable sensors. In this thesis, the study
of thin-film dielectric and semiconducting nanoparticles integrated on MEMS
transducers for the detection of volatile organic compounds (VOCs), namely
ethanol and methanol vapors are presented.

In Chapter 2, the in-situ electrochemical growth of CuBTC MOFs, as
an affinity layer, directly on custom-fabricated Cu Interdigitated Electrodes
(IDEs), acting as a transducer. Crystalline affinity layers of 5-7um height
were grown on IDEs with a width and a gap of both 50um, a height of 6-8um
and 100 electrodes. These capacitive sensors were exposed to methanol and
water vapor at 30°C. The affinities showed to be completely reversible with
higher affinity towards water compared to methanol. For exposure to 1000ppm
methanol, a fast response was observed with a capacitance change of 5.57pF at
equilibrium. The observed capacitance change with methanol concentration
followed nicely a Langmuir adsorption isotherm, from which was deduced a
value for the equilibrium affinity K.=174.8 bar~!. The CuBTC thin affinity
layer on the Cu-IDEs show fast, reversible, and sensitive response to methanol
and water vapor making quantitative detection in the range of 100-8000ppm
possible.

In Chapter 3, capacitors made of interdigitated electrodes (IDEs) as a
transducer platform for the sensing of volatile organic compounds (VOCs)
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have advantages due to their lower power operation and fabrication using
standard micro-fabrication techniques. Integrating a micro-electromechanical
system (MEMS), such as a microhotplate with IDE capacitor, further allows
study of the temperature-dependent sensing response of VOCs In this pa-
per, the design, fabrication, and characterization of a low-power MEMS mi-
crohotplate with IDE capacitor to study the temperature-dependent sensing
response to methanol using Zeolitic imidazolate framework (ZIF-8), a class
of metal-organic framework (MOF), is presented. A Titanium nitride (TiN)
microhotplate with aluminum IDEs suspended on a silicon nitride membrane
is fabricated and characterized. The power consumption of the ZIF-8 MOF-
coated device at an operating temperature of 50 °C is 4.5 mW and at 200 °C
it is 26 mW. A calibration methodology for the effects of temperature of the
isolation layer between the microhotplate electrodes and the capacitor IDEs is
developed. The device coated with ZIF-8 MOF shows a response to methanol
in the concentration range of 500 ppm to 7000 ppm. The detection limit of
the sensor for methanol vapor at 20 °C is 100 ppm. In situ study of sensing
properties of ZIF-8 MOF to methanol in the temperature range from 20 °C to
50 °C using the integrated microhotplate and IDE capacitor is presented. The
kinetics of temperature-dependent adsorption and desorption of methanol by
ZIF-8 MOF are fitted with double-exponential models. With the increase in
temperature from 20 °C to 50 °C, the response time for sensing of methanol
vapor concentration of 5000 ppm decreases by 28%), whereas the recovery time
decreases by 70%.

In Chapter 4, the development of porous organic framework as affinity layer
for capacitive vapor sensing are discussed. Porous Organic framework (POF)
are microporous polymers that show the capability for adsorbing of volatile
organic compounds such as ethanol and methanol. Integrating such POFs as
affinity layer on capacitive transducer such as interdigitated electrodes can be
operated as chemicapacitor sensors towards VOCs. In this work, melamine
based POF were synthesised and deposited on aluminum IDE capacitor de-
vices. The POF coated device have good and repeatable sensing response to-
wards vapors of ethanol and methanol in a large dynamic range from 500ppm
to 7000ppm. Cross-sensitivity studies in the presence of watervapor indicate
that the sensors can be operated in the presence of moisture without hindering
the sensor response. The capability of room temperature detection of ethanol
and methanol vapors further enable development of POF based sensors for low
power gas sensor systems.

In Chapter 5, SnO5 nanoparticles are synthesized by spark discharge method
in this work, and the sensing response to ethanol vapors is demonstrated. The
particle size, crystal structure, and morphology are studied by transmission
electron microscopy, X-ray diffraction, and scanning electron microscopy. The
as-deposited primary particles are having a size ranging from 4 to 6nm. The
design, fabrication, and characterisation of TiN/Mo microhotplate with Pt
electrodes platform for depositing SnOs nanoparticles for sensing studies is
presented. The deposition parameters of SnOs nanoparticle film are optimised
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to achieve a deposition of a uniform thin film across the sensing electrodes. The
sensitivity of the sensor during exposure to 100ppm and 1000ppm of ethanol
vapors in dry air at 400°C is 2.89 and 9.3, respectively. The response time
for 100ppm and 1000ppm of ethanol vapors are 327s and 107s, respectively.
The SnO5 nanoparticle film shows a stable and reversible response to ethanol
concentration from 100ppm to 1000ppm. The flexible and facile synthesis of
nanoparticles by spark discharge method and integration of the nanoparticle
thin film directly on MEMS devices show promise in developing MEMS sensor
arrays for multi-gas sensing application.
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