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Abstract

A gas sensor is a device that is used to measure the concentration of gas
in its vicinity. It can also be used as a leak detector to detect a gas
leak or other emissions. Extensive research is being carried out on gas
sensor in designing miniaturized and cost effective sensors that possess the
required characteristics of high sensitivity, selectivity and stability with
respect to a specific application. Fast and unambiguous analysis of human
surroundings will be in the near future inseparable part of public health,
security and life quality control. Semiconductor metal oxide gas sensors
stand out among the other types of sensors because of their simplicity and

low cost.

In the present work, we developed scalable, high sensitivity, fast response
and low operating temperature CeO, thin film based oxygen sensors. A
systematic investigation has been carried out to develop the high perfor-
mance oxygen sensor which includes the optimization and integration of

sensor film and micro-heaters.

CeOs, thin films of different thicknesses ranging from 90 nm to 340 nm have
been deposited at 400°C using RF magnetron sputtering on AlsO3 sub-
strates. Characterization techniques such as Ellipsometry, XRD, XPS and
AFM have been used to characterize the CeO, films for their thickness,
structural, compositional/chemical and surface morphological properties.
From XRD and XPS data, it has been observed that all the films are
polycrystalline and with thickness more than 195 nm are stoichiometric.
It has also been observed that the resistivity of the films depends on the
texture coefficient of (200) plane of CeQOs. It has been found that 260 nm
thick film has high textured coefficient of (200) plane which shows min-
imum electrical resistivity and maximum sensitivity towards the oxygen
gas. The CeOs film with an optimum thickness of 260 nm has shown very
high sensitivity (12.6), fast response time (<10 s) and recovery time (15
s) at a low operating temperature of 400°C, which are the best values
reported till date in case of undoped CeO, thin film based sensors. The
response time of CeO, based sensor may be reduced further by increasing

the conductivity of the CeOs films with appropriate dopants.
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A novel technique was used for the synthesis of CeOs-HfO5 mixed ox-
ide thin films using RF sputtering. The mixed oxide films showed better
sensing performance in comparison with pure CeO, films. The Hf atomic
concentration was controlled varying the size and number of HfO, pellets
to achieve the best sensing performance. The CeOs-HfOs mixed oxide
sensor with 10-11% of Hf concentration showed best sensitivity (~15), re-
sponse time (8 s) and recovery time (10 s) at a low operating temperature
of <400°C reported till date. From XRD and XPS data, it was understood
and concluded that the best sensing characteristics of CeOy-HfOy mixed
oxide film with 10-11% atomic concentration of Hf can be attributed to the
existence of a highly reactive plane (200) with the highest surface energy
and a strongly reduced surface with oxygen vacancy formation due to the
presence of Ce3™ ions and HfO,, x<2 on the surface of the mixed oxide
film. The sensor performance is reproducible without any drift in the base

line resistance.

Microheaters play a crucial in MEMS gas sensor technology. Several mi-
croheater designs have been studied, however new heater patterns and
designs are required to achieve excellent temperature uniformity and low
power consumption. Here in this work, the area of the heater is optimized
in order to increase the resistance by adopting novel designs / geometries.
The single meander shape was taken as a reference design. After sev-
eral modifications, iterations and optimizations, two different geometrical
structures namely Perforated Type 1 and Type 2 Platinum microheaters of
dimension 500um x 500um were designed and analyzed using FEM based
software COMSOL. The simulated results show the temperature being
distributed uniformly across the entire structure in both the designs. The
designed microheaters were fabricated and characterized thermally and
electrically and showed excellent temperature uniformity and the power
consumed to obtain the temperature of 400°C' is nearly between 1.14 to
1.44 W which is considerably lower than reported values in the literature.
The fabricated heaters were integrated into a gas sensor and the device
was tested for oxygen gas. The sensing results were found to be in good

agreement with the results obtained using a conventional heater.

Readout circuits are circuits used to convert the sensed signal, such as

vi



voltage, current, resistance etc. or changes in it into a more convenient
form of the same or different type of signal for further processing. A highly
efficient 3-stage op-amp based readout circuit is designed to measure the
dynamic change of the sensing film resistance. The three stages are namely
: constant current source, buffer amplifier and feedback amplifier. The 3
amplifier configuration with a constant current source is used to measure
the change in resistance and voltage is measured across the resistance
under test. The real-time simulation results show that the circuit is highly

efficient and linear.

Keywords: Gas Sensors, Oxygen Sensors, Cerium oxide RF sputtering,
Thickness Optimization, Thin Film, High Sensitivity, Fast Response Time,

Mixed Oxides, Microheaters, Readout circuit.
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Chapter 1
Introduction to (Gas Sensors

A gas sensor is a device that is used to measure the concentration of gas in its vicinity.
It can also be used as a leak detector to detect a gas leak or other emissions. These
sensors are designed to perform the sensing of chemical analytes and accordingly give
quantitative information on the concentration of analyte that is present in the given
environment. These devices, when interfaced with necessary control systems, can
automatically shut down the controlled processes depending on the level of hazards.

Gas sensors are also being used for detection of toxic gases, inflammable chemicals,
combustible and oxygen depletion Anukunprasert et al. (2005), Yuan and Shi (2013),
Lin et al. (2019a). Gas Sensors play a vital role in many areas such as the environment,
industry, transportation, medicine and agriculture Varghese et al. (2015), Kaushik
et al. (2015). However the sensor technology needs to be enhanced further for better
and safer environment Nag et al. (2015a), Nag et al. (2015b).

Extensive research is being carried out on gas sensor in designing miniaturized
and less expensive sensors that possess the required characteristics of high sensitivity,
selectivity and stability with respect to a specific application. Fast and unambiguous
analysis of human surroundings will be in the near future inseparable part of public
health, security and life quality control. Some of the applications are given in Table
1.1 McGrath and Scanaill (2013), Capone et al. (2003).

The gas detection principle is based on the changes of the resistance of the sensing
metal oxide thin film upon adsorption of gas molecule that is to be detected Lin et al.
(2019b), Ji et al. (2019). The gas sensors are mainly classified based on their analytes
or their sensing mechanism i.e based on extracted electrical parameters in response to

stimulus at the input of a sensor. Fig. 1.1 lists different types of gas sensors. Table
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1.2 shows the different types of gas sensors, their sensing mechanism and the variable
to be monitored while sensing. The sensitivity of a sensor is the variation in these

variables.

Table 1.1: Gas Sensor Applications Capone et al. (2003)

Controlling Ventilation for cars,
Filter control, Detection of Gasoline Vapors,
Alcohol breath test,
Hydrogen detectors for fuel cell based vehicles
Detection of Fire, Leaks, Toxics,
Safety Explosive and harmful gases,
Boiler control, Personal gas monitor
Natural gas alarms for Air purification,

Automotive

Ind Lo —
moii t(?)(r)fn monitoring and ventilation control,
& LP Gas alarms, CO alarms
td o . .
Ou' oot Monitoring of weather and air pollution
monitoring

Controlling the quality of food,
Processing control in Food industry,
Odor leakage control in packages,

Agro products grading (like coffee and spices)
Controlling of Fermentation control,
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1.1 Metal oxide based Gas Sensors

Due to their small dimensions, low cost, ease of operation, and high compatibility
with microelectronic processing, devices based on semiconductor metal oxide (SMO)
thin films are the most promising among solid-state gas sensors McGrath and Scanaill
(2013), Comini et al. (2002). In early 1950s, Brattain and Bardeen (1953), Heiland
(1954) and Bielanski et al. (1957) observed the effect of ambient gas on the electrical
conductivity of the materials which motivated them to initiate the research on gas
sensors. Seiyama et al. (1962) was the first person to observe gas sensing effects of
adsorption and desorption in metal oxides, intense research and developments have
taken place towards designing of highly sensitive, selective and stable gas sensors. In

Seiyama et al. (1962)’s work, ZnO was used as the semiconducting layer and a variety
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Figure 1.1: Types of Gas Sensors Nazemi et al. (2019)

of gaseous species were checked for the sensing behavior. Subsequently, other metal
oxide materials were also tried for sensing behaviour. Fig. 1.2 shows the comparison
of different metal oxides used as sensing materials towards development of gas sensors.
As seen in the Fig. 1.2, the commonly used materials are SnO,, ZnO, TiOs, WO3 and
InyO3. During sensing, the operating temperature will be in the range of 50-500°C

m Tin oxides (35%)

B Zim¢ oxides (10%)

B Tungsten oxides (7%0)
m Titaninm oxides (7%o)
B Indium oxides (5%0)

® Jron oxides (3%0)

B Gallium oxides (3%0)

B Niobmum oxides (3%0)

= Cerium oxides (2%0)

® Zirconimmoxides (2%)

B Copper oxides (2%0)

= Alununium oxides (2%)

Molybdenum oxides (2%0)

Figure 1.2: Comparison of different metal oxides used as sensing materials Eranna
et al. (2004)



Table 1.2: Types of Gas Sensors and their Sensing Mechanism Nazemi et al. (2019)

Type of
gas sensor

Sensing Mechanism

Variables to
be monitored

Resistive

The resistance change of the sensing film on
interaction of oxygen and the analyte gas will be
proportional to the concentration of the analyte gas

Ap, AR

Capacitive

It responds with the change in the property of dielectric
material i.e. capacitance of the sensing film with
the variation in gases of the surrounding atmosphere

Ae, AR

Calorimetric

It measures the heat/temperature change due to
interaction between sensing layer and the gases
surrounding. The change in temperature is measured
and converted into desired electrical output signal

AQ, AT

Colorimetric

A change in optical property of material (basically
chemochromic) enabling a visual color change due to
its interaction with the analytes

Color

Field-effect
transistor (FET)

Any change in threshold voltage or drain-source
current of the FET sensor (generally MOSFET),
changes on interaction of the gate material
when exposed to the analyte gases

Ao, AV
Algs

Mass sensitive

These sensors are either based on surface acoustic wave (SAW),
quartz crystal monitor. The SAW based gas sensor works

on a phenomenon of propagating mechanical waves
along a solid surface which is in contact with the

gases surrounding it. The shift in the resonance frequency

of quartz crystal indicates the mass deposited over it.

Whereas change in resonance frequency, surface stress or
of deflection cantilever shows the presence of mass over them.

Am, Af

Fiber optics

Optical fibers are modified by replacing their cladding
with chemically sensitive material. In the presence of

selective gases, the optical property of the sensing material

used as cladding changes which alters the optical

parameters (phase, intensity, polarization and wavelength)

of the light ray passing through the core. This
change in cladding property affects the intensity or
phase of the ray and the measure of it will
give the presence of particular gas/chemical
and their concentration.

Ae, Af
polarization,

AN

Commercially available semiconducting metal-oxides based sensors are manufac-

tured by companies like AMS (2020), Figaro (2018), Bosch Sensortec GmbH (2020),

Sensirion (2020), Nissha FIS, Inc. (2020) and Draeger (2020). SMO based sensors have

4

become very popular due to the following features: portable, low-power consumption,
ease of operation and less expensive when produced in mass. They can also be used
as gas sensor arrays in complex systems to detect multiple gases. Also they have
an excellent properties towards Sensitivity, response time, maintenance, cost, porta-
bility and posses good properties interms of accuracy, stability and durability when

compared to their peers (catalytic, electrochemical, thermal conductive and IR).



In semiconductor gas sensors, the conductivity of the sensing element changes in
presence of a particular gas. These devices work more efficiently at elevated tempera-
tures, typically between 200-800 °C and hence, a heating system must be implemented
in the sensor devices. The sensor is also dependent on the gas atmosphere and the
properties of the sensor material used. A simple semiconductor based gas sensor
(shown in Fig. 1.3) consists of a substrate typically non conducting substrates like
glass, alumina, SiO,, and so forth on which the sensor film is supported. This is
followed by interdigitated electrodes which measures the conductivity changes, a mea-
suring resistor - to control the sensor temperature. It also contains a heater to enhance
sensing performance. As seen in the Fig. 1.3, fabrication of these devices is relatively
easy and provides an additional advantage of direct measurement.

A

Sensing material: -, Sensor chip
metal oxide film | ‘

: Insulating layer ‘
Sensing _,-_’/ (Si oxide or nitride)
electrodes ——— X

=7

Heater resistor
Thermometer Metal oxide film

; resistor Sensing electrodes
*~+ Membrane
layer {Si oxide -

Membrane

’ | or nitride) I ~1-2pm
Silicon ~1-15mm ~ 400 pm
substrate Z _________ __
Top view Side view

Figure 1.3: Schematic of Integrated metal oxide gas sensor Bruins et al. (2013)

1.1.1 Sensing Mechanism

The commonly accepted sensing mechanism of metal oxide resistive type sensors is
based on changes of the resistance of a metal oxide thin film (semiconducting in
nature) upon adsorption of the gas molecules to be detected. The gas-solid interactions
influence the density of electronic species in the film and thereby the resistance of the
film. This means reducing gases are oxidized on the sensor surface. They act as
donors and therefore provide additional electrons, which increase the conductivity

of n-type semiconductors. Oxidising gases on the other hand, increase the number
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of oxygen ions on the sensor surface. They act as acceptors, i.e., they decrease the
sensor conductivity Gopel (1991). The fundamental sensing mechanism for most metal
oxide-based gas sensors relies on the change in electrical conductivity due to charge
transfer between surface complexes, such as O~, O?~, H*, and OH~, and interacting
molecules. The main chemical reaction in the metal-oxide gas sensor is the ionization

of oxygen adsorbed on the surface of the sensing metal oxide film.

a) surface b) microstructure c) element
(receptor function) (transducer (output resistance
function) change)

Figure 1.4: Different operational modes of gas sensor Dey (2018)

At elevated temperature (>150°C), oxygen is available in different forms : Oy, O™,
O~, 0?7, ete. In general, O~ will react rapidly with reducing agents present on the
surface, Oy~ will react slowly and O will be essentially non-reactive. Under ambient
conditions; when oxygen ions interact chemically with any semiconductor surface,
this creates extrinsic surface acceptor states in the near-surface region. In that case,
under the interaction of oxygen ions, each grain surface is depleted of electrons. This
ultimately leads to change in the conductivity of the semiconductor. Depending on
the type of semiconductor : n-type or p-type, the change in the conductivity either
increases or decreases. For n-type semiconductor, the immobilization of electrons in
the conduction band by the acceptor (oxidizing gas or oxygen ions) decreases the
conductivity and hence, increases the resistance of the sensing film. On the other
hand, for p-type semiconductors, the immobilization of electrons (i.e. minority charge
carrier) by the acceptor increases the conductivity and hence, reduces the resistance

of the sensing film.



1.1.2 Basic Characteristics of Semiconductor Gas Sensors

The electrical resistance sensor film changes when exposed to the molecules of ana-
lyzing gas. Change in resistance depends on the nature of sensor material (n-type or
p-type) and the type of gas (reducing or oxidizing). A typical response curve showing
the variation of resistance of sensor with time on exposure and withdrawal of analyzing

gas, is shown in Fig. 1.5.

v

Gas off Recoveryl

Y| tume

Resistance

Response tume

Time

Figure 1.5: Response-curve of a chemiresistive gas sensor Hassan (2017)

Depending on the type of conductivity (n-type or p-type) of the films, the resistance
of the film will increase or decrease accordingly. Thus the resistance changes for a semi-
conducting film exposed to reducing/oxidizing gases can be summarized as follows.
For n-type semiconductor materials, the resistance increases for oxidizing gas and
decrease for reducing gases. It will be vice-versa for p-type.

The response curve (shown in Fig 1.5) of Semiconductor Gas Senors is characterized

by the following parameters:

e Sensitivity (S): It is the smallest volume concentration of the target gas that
can be sensed in the time of detection. The sensitivity is highly dependent on
film porosity, film thickness, operating temperature, presence of additives and
crystallite size. For n-type semiconductor metal oxide sensors, the sensitivity
for reducing gases is given in equation 1.1 and for oxidizing gases, it is defined

in equation 1.2 :

5=t (1.1)



§ == (1.2)

wehre R, is the resistance of the gas sensor in presence of target gas and R, is

the resistance of gas sensor in presence of reference gas.

The sensitivity of p-type semiconductors metal oxides sensors has the opposite

definition.

e Selectivity: It is related to the discrimination capacity of a gas-sensing device
for a mixture of gases. In other words, selectivity refers to the sensor’s ability

to detect a analyte gas in the presence of other analytes.

e Stability: It is a characteristic that takes into account the repeatability of
device measurements for the given period of time. The success of the sensor
will be limited if the sensor performance is not demonstrated as repeatable and

stable over long-term testing.

¢ Response time: The time for a sensor to respond from zero concentration to
a step change in concentration. It is usually specified as the time to rise to a
definite ratio of the final value. Thus, if tgy represents the response time which
is the time taken by the sensor to reach 90% of the full-scale output, a small

value of response time would be indicative of a good sensor.

e Recovery time: This is the time interval over which the sensor resistance
reduces to 10% of the saturation value when the sensor is exposed to full scale
concentration of the gas and then placed in clean air. A good sensor should have
a small recovery time so that sensor can be used over and over again in quick

succession.

e Reproducibility : The ability of the sensor to give the same output when

measuring a constant input measured on a number of occasions.

1.2 Need for Oxygen Sensor

An oxygen sensor is a device that measures the proportion of oxygen (Oz) in the gas

or liquid being that is being analysed.



Oxygen is very much essential for life and without sufficient amount of oxygen
we cannot live. By volume, dry air contains 78.09% nitrogen, 20.95% oxygen, 0.93%
argon, 0.04% carbon dioxide, and small amounts of other gases (shown in Fig. 1.6).
The composition of air constantly varies due to the presence of water vapor. Other
substances which contribute to the variations are Oz, CO, S and NO, and several
VOC’s. When concentration of these substances increase, the oxygen concentration
is greatly reduced locally leading to oxygen deficiency. Since oxygen is odorless, its
shortage in atmosphere can only be perceived by the side effects on the respiratory

processes.

W Nitrogen(78.09%)
W Oxygen (20.95%)
@ Argon (0.93%)
W Other (0.03%)

Figure 1.6: Atmospheric air composition

Atmospheric gases are non-toxic. However, when they increase in concentration,
they have a great impact on life and combustion processes (specifically with oxygen).
Even though oxygen is not flammable, it does support combustion. When there is
change in the natural composition of air, human beings will be affected or even severely
impaired which may also result in death. Oxygen deficiency occurs when other gases
get added or mixed with air resulting in reduction of oxygen concentration (dilution)
No human sense organ will give a quick indication of oxygen-reduced atmosphere.
On the other hand, leaks in oxygen cylinder must be continuously monitored, as in
the case of medical diagnostic centers and in hospitals. Hence for faster detection of
oxygen concentration, these sensor devices should be placed close to potential leak
points. Linde (2015).



1.2.1 Hazards from Oxygen Deficiency

Healthy human beings may survive exposure to low oxygen content (as low as 16%)
for a very short duration. Unfortunately, any significant drop in oxygen levels is not
accompanied by immediate signs making the deficiency impossible to be detected by
humans. Thus, oxygen level sensors are essential part of any life critical medical
equipments.

Another potential application of oxygen sensors is in automotive industry, where
highly efficient sensors are invariably used in an exhaust of the automobile system to
monitor and control the emission levels from the vehicles. Such fuel control mecha-
nisms help in reducing the air pollution and in turn improves the quality of human
life Amaechi and Godstime (2015), Brailsford and Logothetis (1998).

1.3 Materials for Gas Sensors

Fig. 1.7 shows the literatures available on sensors for different gaseous species Eranna
et al. (2004). Carbon monoxide and nitrogen oxides share 16% each, hydrogen at
11%, ethanol vapor at 8%, carbon dioxide at 7%, oxygen at 6.8%, methane at 6%,
and ozone is at 4%. The Semiconductors gas sensors are projected to dominate in
the future, as they monitor air quality on a real-time basis. Thus, these sensors are
widely used in air quality monitoring systems. It is expected that the gas sensors will
play a pivotal role based on the type of gas to be sensed (Oxygen Sensors, Carbon
Dioxide Sensors, Carbon Monoxide Sensors, Nitrogen Oxide Sensors, and Others) and
by the type of application (Medical, Building Automation & Domestic Appliances,
Environmental, Petrochemical, Automotive, Industrial, and Others).

Worldwide, the demand for oxygen sensors has been growing every year as the
regulations become more and more stringent. Oxygen analyzers play a very important
role during pandemics like SARS, COV-19, etc. where the oxygen level needs to be
continuously monitored. Oxygen micro-sensors with better performance, e.g., faster
response and light-off times, need to be developed.

Fig. 1.8 shows the table of sensing behavior of gaseous species for different metal
oxides. It is evident that tin oxide is sensitive to maximum number of gaseous species.
Fig. 1.8 helps in selection of metal oxide for specific gas detection. However, it also
depends on the environment under which the detection is being carried out. Also in

an unknown environment, the measured signals will be very difficult to analyze and
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Figure 1.7: Relative comparison of different oxides used for gas-sensing application
Eranna et al. (2004)

quantify. Although, SnOs sensors have been used for most of the gases, it has some
disadvantages, namely, selectivity issues, large power consumption, long stabilizing

time and influence of atmospheric humidity.
The above literature survey of various SMO’s as sensing materials has given the
motivation for selecting Cerium Oxide (CeO2) as the sensing material for this thesis.
Current Research is aimed towards obtaining an accurate oxygen sensor by im-
proving the three main parameters, namely, high Sensitivity, selectivity and stability.

Cerium oxide (CeOy) is a wide bandgap 3.2 eV and 26th most abundant rare earth
metal oxide. Cerium (Ce) is the chemical element with an atomic number of 58 and
it is the second element in the lanthanide series. Cerium oxide (CeOs) is a n-type
semiconductor and is a very good electronic as well as ionic conductor Majumder and

Roy (2018).

Ceria based materials are promising for number of applications, due to its chemical
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Metal oxides

Gas Al Bi Cd Ce Cr Co Cu Ga In Fe Mn Mo Ni Nb Ta Sn Ti W Zn Zr Mx
Acetone (CH3-CO-CHz) X X X X X
Acetaldehyde (CH;CHO) X

Ammonia (NH3) X X X X X X X X X X X X
Arsine (AsH3) X

Automobile exhaust gases X X X
Benzene (CqHg) X

Butane (C4]"[|:;] X X X X X X

Butanol X X X X

Carbon dioxide (CO,) X X X X X X X X X X X X X X
Carbon monoxide (CO) X X X X X X X X X X X X X X X
Chilorine (Cl) X X

Dimethyl disulfide X X
Dimethylamine (DMA) X X X X X X

Ethane (C:Hg) X

Ethanol (C:HsOH) X X X X X X X X X X X X X X
Humidity (H-0) X X X X X X X X
Hydrocarbons (HC) X X X
Hydrogen (Hz) X X X X X X X X X X X X X X
Hydrogen sulfide (H,S) X X X X X
Inflammable Gases X

Liq Petroleum Gas (LPG) X X X X X
Methane (CHy) X X X X X X X X
Methanol (CH;OH) X X X X

Methyl mercaptan (CH:SH) X

NO. NO1, NO, X X X X X X X X X X X X X
Oxygen (0>) X X X X X X X X X X X X X X X X X
o-xylene X

Ozone (03) X X X X X X X X
Petrol/Gasoline X X X
Phosphine (PH3) X

Propane (C;Hs) X X X X X X

Propanol (CiH,OH) X X X X X

Smoke X X

Sulfur dioxide (SO») X X X
Trimethylamine (TMA) X X X X X X

Figure 1.8: Comparison of gaseous species studied by using various metal oxides
Eranna et al. (2004)

stability and their suitability in technology applications, they have been widely inves-
tigated in recent years. It is having a lot of applications such as, protective coatings on
superconducting thin films Aguiar et al. (1997), corrosion resistant coatings Di Maggio
et al. (1997), electrochromic layers Aegerter et al. (1997), gate insulators on silicon Tye
et al. (1994), gas sensors Gerblinger et al. (1995), electrolytes and electrodes in electro-
chemical process Pan et al. (1998), superconductor- insulator-semiconductor Qiao and
Yang (1995), silicon on insulator (SOI) Morshed et al. (1997), as intermediate buffer
layers for HTS and GMR perovskite films Castro et al. (1995), Dahmen and Carris
(1997), dielectric layer structures in integrated circuits Fukuda et al. (1998), VOC sen-
sors Majumder and Roy (2018), as sun screen cosmetics Yabe and Sato (2003), UV
absorbent Wang et al. (2019) in Solid Oxide Fuel Cells (SOFCs) Jaiswal et al. (2019),
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in biology, glucose sensor Qian et al. (2020), Triglyceride sensor Solanki et al. (2009),
Cholesterol biosensor Patil et al. (2012) and in hydrogen peroxide sensors Malyukin
et al. (2018).

Figure 1.9: Cerium dioxide cubic fluorite structure Bumajdad et al. (2009)

Fig. 1.9 shows, schematically, the fluorite structure of ceria. The Ceria has flourite
structure with the oxygen four coordinate and cerium eight coordinate: one cerium
atom is surrounded by eight oxygen atoms with space group Fm3m.

Ceria based materials are promising materials for a number of applications due
to their excellent properties such as chemical stability, thermodynamic stability, high
thermal shock resistance, good dielectric properties, good ionic and electronic con-
ductivity Millot and De Mierry (1985). Due to its unique property of co-existence
as trivalent (Ce™) and tetravalent (Ce™) states of Ce atom and their ease of tran-
sition from one to another makes CeO, a promising candidate for oxygen storage,
catalysis and gas sensing Trovarelli and Fornasiero (2013), Liu et al. (2012), Izu et al.
(2002b). Formation of non-stoichiometric CeOq can occur due to oxygen release and
reduction of Cet* to Ce™3. The ratio of Ce™/ Ce™ states and oxygen vacancies
play a crucial role in determining its oxygen storage capacity (OSC) Majumder and
Roy (2018),Kaspar et al. (1999). It is mainly the oxygen vacancy distribution which
governs the OSC of CeO,. Also, the OSC has been found to have strong dependency

on orientation of crystal planes Mullins et al. (2012).
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1.4 Research Objectives

Several sensors are available commercially for leak detection, yet they are bulky, ex-
pensive and consume more power. Considering these factors, it is proposed to develop
Micro Electro Mechanical Systems (MEMS) Resistive based Oxygen sensors for leak
detection since MEMS, when combined with appropriate metal-oxide sensing films,
offer a small, low cost, and low power platform.

The main objective of this research is,

e To deposit CeOy sensor films by RF Sputtering technique and to optimize the
process parameter (thickness) for sensing oxygen gas at reduced operating tem-

perature.

e To deposit mixed oxide (CeOy + HfO,) sensor films by RF Sputtering technique
to improve the sensor performance in terms of response time, recovery time and

sensitivity.

e To design and fabricate microheater, which is a key component of the gas sensor

for providing very high temperature uniformity at low power consumption.

e To design read-out electronic circuitry.

1.5 Thesis Organization

Chapter 1 gives an introduction to gas sensors, their types, sensing mechanisms,
basic characteristics and their applications. It also lists the research objectives and
thesis organization.

Chapter 2 describes the review of work carried out on CeO, based films for oxygen
sensor applications which is the main objective of this thesis. It emphasizes different
deposition techniques to process the CeO, films, the effect of process parameters on
characteristics of CeO, films.

Chapter 3 gives a detailed presentation on the adopted deposition technique and
characterization techniques used in this study for the realization of gas sensing devices.
Chapter 4 presents the development of relatively low operating temperature CeOq
thin film based oxygen gas sensors using RF sputtering by optimizing the process

parameters and thickness.
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Chapter 5 explains the synthesis of mixed oxide (CeOy + HfOs) thin films by a
novel technique in RF sputtering. The sensing performance and characteristics are
evaluated using various characterization techniques such as TEM-EDS, SEM-EDS,
XPS and XRD.

Chapter 6 describes the microheater designs and fabrication. This chapters gives
the detailed simulation results of the two proposed microheater structures. This is
followed by the realization of microheaters wherein various process steps involved
in fabrication of microheaters is elaborated. Finally, the results of the prototype
integrated gas sensor have been discussed.

Chapter 7 presents the design of the interface electronics circuit for thin film gas-
sensors. It presents different approaches used in the read-out task and describes
the chosen solution. The chapter also illustrates the circuit designed and reports its
results.

Chapter 8 concludes the thesis by summarizing major research contributions and

throws some light on future scope and possibilities of further research.
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Chapter 2

Literature Survey

2.1 Introduction

As described in the previous chapter, Cerium oxide (CeQO;) is a wide band gap rare
earth n-type semiconductor and is a very good electronic as well as ionic conductor.
Ceria based materials are promising for a number of applications due to their excel-
lent properties such as very good adhesion, high thermal shock resistance, chemical
stability, good dielectric properties, good ionic and electronic conductivity, and no
apparent aging under changing gas compositions Millot and De Mierry (1985). Thus,
CeO5 has been found in various applications such as optoelectronics, solid oxide fuel
cells, heterogenerous catalysis and corrosion protection.

In general, thin films of CeO, possess columnar microstructure with a packing
density of about 0.6 Netterfield et al. (1985). Hence these films are highly porous
and are suitable for gas sensing applications. In addition to this, CeO4 exhibits good
oxidation-reduction properties at a broad range of temperature with excellent prop-
erties in gas sensing applications. CeQOs is being used for oxygen sensing because of
its high diffusion coefficient for oxygen vacancies and excellent chemical stability Beie
and Gnorich (1991), Jasinski et al. (2003). CeOs has also been used as gas sensor for
detection of gases such as NO, CO, Acetone, HsS etc., Bene et al. (2000), Majumder
and Roy (2018), Oosthuizen et al. (2020), Eranna et al. (2004).

This chapter describes the review of work carried out on CeOy based films for
oxygen sensor applications which is the objective of this thesis. It emphasizes different
deposition techniques to process the CeO, films, the effect of process parameters on

characteristics of CeO, films.
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2.2 Ce0O, film processing

Over several decades, many materials have been prepared in the form of thin films be-
cause of their technical values and of scientific curiosity in their properties. They have
very wide range of applications extending from nanometer dots in nanoelectronics to
coatings of several square meters on window glasses. Various techniques have been ex-
amined in search for the most reliable and economical method of producing such thin
films. These include thin films resulting from oxidation of an evaporated metal, re-
active and non-reactive sputtering techniques, thermal evaporation, molecular beam
epitaxy, electron beam evaporation, ion plating, electro deposition, electroless de-
position, anodization, chemical vapour deposition etc. Owing to their simplicity and
inexpensiveness, chemical techniques have also been studied extensively for the prepa-
ration of thin films. Moreover, they facilitate materials to be designed on a molecular

level.

Different deposition techniques have been used to form CeO, films, each with its
own specific advantages and disadvantages. The commonly accepted deposition tech-
niques are Physical Vapor Deposition (PVD), Metal-Organic Chemical Vapor Deposi-
tion (MOCVD), and Atomic Layer Deposition (ALD). As opposed to CVD techniques,
PVD has the main advantage of not suffering from contamination originating from
the precursor molecules. On the other hand, step coverage of 3D architectures is a

specific concern in PVD techniques.

2.2.1 Screen Printing

The required quantity of CeOy powder is taken along with equal weight of the organic
binder (usually terpincol or ethyl cellulose) and both are mixed thoroughly by blending
in hybrid mixer to form a paste. This paste is then screen printed onto the cleaned
substrates using a prefabricated screen with required window dimensions. This screen
printed films will be further calcined in a furnace at a particular temperature and
duration. The screen printing step is repeated to obtain thicker films. After each
print, the film is dried for a short duration.

It provides very little material wastage, high packing density and high through-
put. However controlling the profile is an issue. While drying, phase segregation and

inhomogeneities occur.
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2.2.2 Precipitation and Co-Precipitation

Chemical precipitation is widely used for synthesizing solid materials from solution.
This method utilizes a liquid phase reaction to prepare insoluble solid that are crys-
talline or amorphous precipitates. Usually, ceria precipitation is carried out by calci-
nations of hydroxide or oxalate gel precipitated using the reaction of aqueous solution
of inorganic cerium salt Ce(NOj3)3, CeClz,and (NHy))2Ce(NO3)g with alkali solution
NaOH, NH,OH and (NHj)3.H4O Leitenburg et al. (1997), Audebrand et al. (2000).
However simply adding of solutions of the precipitant has little control on particle
size and morphology because of the rapid change of solution concentration and dis-
continuous nature of precipitates formation. To overcome this disadvantage to some
extent, a homogeneous precipitation method has been developed. In this process,
precipitants are generated simultaneously and uniformly through the solution using
controlled release of the reaction- participating ligands by another chemical source in
the solution.

In the synthesis of mixed oxides, the co-precipitation method is a commonly used
wet-chemical process. Generally salts of several metals are dissolved in the same
solvent, usually water. This method consists of simultaneous precipitation from the
precursor under reaction condition depending upon pH and concentration. But differ-
ence in solubility between several precipitating phases affects the precipitation kinetics
of each metal ion component. Nanocrystalline CeO, particles of 5 nm was success-
fully prepared by the precipitation method using hydrogen peroxide as an oxidizer
Choi et al. (2006). Co-precipitation method was utilized by Li et al. (2000), Fu et al.
(2001), Liu and Flytzani-Stephanopoulos (1996) to synthesize a series of mixed oxide
ceria catalyst (Au/CeOs, Pt/CeOq, NiO-CeOy, CuO-CeO,) for water-gas shift reac-
tion and CO oxidation. Many other mixed oxide solid solutions such as Ce;_,Zr,O,
(x = 0.33 and 0.5) Masui et al. (1998), Sergent et al. (2000), Cep9Mo102_5 (M =
Nd, Y, Ba, Sr, Pb, Mn, Co and Cu) Zhang et al. (1995) were also synthesized by this
method.

2.2.3 Sol-gel synthesis

This method is the extension of co-precipitation method. The method mainly con-
stitutes careful selection of solvents, which leads to formation of a gel of required

composition followed by slow drying and finally calcinations at higher temperature
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for longer durations. Basically the sol-gel method is based on inorganic polymeriza-
tion reactions. This process includes four steps: hydrolysis, polycondensation, drying
and thermal decomposition. This method is specially suited for the synthesis of oxide
materials at relatively low temperatures. Metal alkoxide and metal chloride are typ-
ical precursors. The process involves conversion of metal alkoxide/chloride solution
into a colloidal suspension (sol) and gelation of the sol to form discrete particles or
network polymers in a continuous liquid phase (gel). The particles are amorphous or
crystalline and the particle aggregation is prevented by electrostatic repulsion. The
particle size depends on the temperature, pH, solution composition, etc. Work carried

out by Sol-gel synthesis has been reported in the next section.

2.2.4 Spray Pyrolysis

Spray pyrolysis is a thermally stimulated reaction between clusters of liquid and vapour
atoms of different chemical species. This atomization technique of chemical species
involves spraying a solution containing soluble salts with the help of a compressed
gas or air through a nozzle. During this process, precursor solution is pulverized
by means of a neutral gas (e.g., nitrogen) so that it arrives at the substrate in the
form of very fine droplets. The compressed air or gas called as the carrier gas, which
carries the atomized fine droplets may or may not play an active role in the pyrolytic
reaction. The chemical reactants are selected such that the products other than the
desired compound are volatile at the temperature of deposition. Thus the sprayed fine
droplets on reaching the surface of the hot substrate undergo a chemical decomposition
and reaction to form the required compound, which get adsorbed with the substrate,
producing a thin film. These adsorbed molecules form the nucleus for the growth of
crystallites or crystals contained in the thin films. As more and more droplets reach
the substrate, clusters of nuclei cling together to form the crystallites resulting in film
growth. The liquid solvent serves to carry the reactants and distribute them uniformly
over the substrate area during the process.

Spray pyrolysis possess a number of advantages such as :

e Low cost (inexpensive apparatus, does not require high quality targets or vac-

uum).

e Easy control of composition and microstructure (facile way to dope material by

merely adding doping element to the spray solution).

19



e Deposition at moderate temperatures of 100 - 500°C.

e Technological ability for mass production Patil (1999), Tomar and Garcia (1981).
They also have some disadvantages such as :

e Possible oxidation when processed in air atmosphere.

e Difficulties with growth temperature determination.

e Long processing time may render spray nozzle cluttered.

e Film quality depends on the droplet size and spray nozzle.

2.2.5 Spin coating

The spin coating process is a very useful technique owing to its versatility, effectiveness
and practicality. The operation can be done in ambient conditions.

The solution precursors are prepared by placing 2g of cerium (III) nitrate hexahy-
drate (Ce(NOs3)3.6H20, and 0.2g of 10% polyvinyl alcohol (PVA) in 20 ml de-ionised
water (DI HyO). This solution is magnetically stirred for a certain duration for com-
plete dissolution.

A typical spin coating process involves depositing a small puddle of a chemical
solution resin onto the centre of a substrate followed by spinning the substrate at
high speed, typically 3000 rpm. The centripetal acceleration will cause the chemical
solution resin to spread to, and eventually off, the edge of the substrate. As the spin
process continues, evaporation of the chemical solution takes place leaving behind a

thin film on the substrate surface.

2.2.6 Metal Organic Chemical Vapor Deposition (MOCVD)

MOCVD is a flexible CVD technique, which allows good uniformity across the wafer
and controlled growth of highly conformal films on planar and high-aspect ratio sub-
strates. The particle formation during the deposition can be limited by using liquid
precursors. High deposition temperature in the range of 400 - 600°C is used. Varia-
tion in pressure and gas flow results in variation in film composition. Though it is a
potential deposition method, it introduces carbon contaminants. Further, it has less

control on film composition and has high cost Choi et al. (2011).
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2.2.7 Physical Vapor Deposition Techniques (PVD)

Though PVD processes have been commonly used for growing oxide films, it has
been minimally explored for growing CeOs materials for oxygen sensing applications.
Among the major concerns of preparing CeO, by chemical routes is uncontrolled oxida-
tion and impurities since most of the processes are carried out in an open atmosphere.
Moreover controlling the thickness of these films is really a challenging task and the
films become pretty thick (ranging from micrometer to millimeter). Some advantages

of RF sputtering are listed below:

e Sputtered atoms are of very high energy which leads to growth of high density

thin films on the substrate

e Sputtering can be achieved from large-size targets, simplifying the deposition of

thin films with uniform thickness over large wafers.

e Film thickness is easily controlled by fixing the operating parameters and by

adjusting the deposition time.

e Sputtering provides better adhesion and step coverage, less radiation damage,

easier to deposit alloys.
e Controlled deposition to achieve required stoichiometry of films.
e Sputter-cleaning of the substrate in vacuum prior to film deposition.

e The key benefits of sputtering are the speed of process, deposition rate stability

and the processes can also be fully-automated.

2.3 Works reported on development of oxygen sen-

sor using CeQ, as sensing material

Beie and Gnérich (1991) have used CeO, in both thick and thin films form and de-
veloped a prototype oxygen sensor. The thickness of the thick films prepared by spin
coating was in the range of 5-50um and 5-30 pum for screen printing. Ceria thin films
were deposited by RF Sputtering technique and the thickness was between 0.5 to

1.5pum. The authors concluded that responsiveness of oxygen gas sensors improved
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when the particle size of the sensors were reduced from 7 ym to 2-3 ym and that the
sensor kinetics were controlled by surface reaction. However they found that the re-
sponse time was approximately 10 ms when the surface reaction rate is higher than the

oxygen vacancy diffusion rate. The operating temperature was between 800-1000°C.

Later, Izu et al. (2002a), prepared Cerium oxide powder by mist pyrolysis and this
powder was mixed with organic binder to form a paste which was screen printed. The
response time was calculated as a function of diffusion coefficient, surface reaction
coefficient and particle size. The response time obtained for particle size of 1 ym or
less was 35, 22 s, 15, 11s and 8s while operating at 1081 K, 1130 K, 1178 K, 1226 K
and 1275 K temperatures respectively.

Further Izu et al. (2002b) prepared CeO; fine powder with an average particle size
of 200nm. Using this powder, resistive oxygen gas sensors were fabricated by screen
printing. The thickness was between 20-30 pm and they achieved a response time of

10 s at an operating temperature of 712°C

Again, Izu et al. (2003b), reported fabrication of oxygen sensors based on CeO,
porous thick films having an average particle size of 100nm and they have shown the
response time as 11 s at an operating temperature of 615°C for CeO, films of thickness
20-30 pm, synthesized by screen printing technique. They concluded that the response

time of the sensor could be reduced by decreasing the particle size of the thick film.

Izu et al. (2003a) fabricated the resistive oxygen gas sensors based on cerium oxide
porous thick film by firing powder with various particle sizes at various temperatures
to investigate the effects of changes in particle size and firing temperature on the
response time for resistive oxygen gas sensor. They concluded that the response time
was unaffected by particle size, but clearly depended on the firing temperature. The
response time for the sensor using original powder fired at 1373 K was shorter than
that using powder fired at 1473K; the crystallite size grew as the firing temperature
increased. They further reported that the optimum particle size of the resistive oxygen

sensors based on cerium oxide porous thick film should be 100-500 nm.

Manorama et al. (2003) reported that the CeOq, (1.5<x<2) is an n-type semicon-
ducting oxide with fluorite structure which is suitable for oxygen gas sensing. They
demonstrated that the sensitivity as well as the response time could be improved by
using nanosized CeOy (50-100 nm) particles. They reported a response time of 9s at
an operating temperature of 905°C. The sensitivity exhibited a peak (around 0.30) at
an operating temperature in the range of 1081-1178 K.
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Jasinski et al. (2003) prepared dense thin films of CeOy by spin coating a polymer
precursor solution onto a sapphire substrate. The solution was later coated onto a
substrate and the typical thickness was 50nm per deposition. Multiple depositions
allowed the film thickness to be increased into the micron range and the grains size
of the film was controlled by the annealing temperature. The response was shown
to be around 60s at an operating temperature of 700°C. They concluded that the
temperatures in the range from 700 to 750°C appeared to be the best for sensor
operation because of the fast response to the changes of oxygen concentration and

moderate resistance range.

Izu et al. (2004) fabricated oxygen sensors with thin films of single-phase cerium
oxide prepared by metal organic chemical vapor deposition (MOCVD) and sputtering,
and investigated the properties of both sensors. The response times of the thin films
(500 nm) prepared by MOCVD and sputtering were about 9 s when the films were
heated to 888 K for the first time. However, the response time increased upto 80 s
each time the sensor was heated to 1274 K. The deterioration of the response time in
this study seems to be related to increasing crystallite size. It was concluded that the

thin film prepared by sputtering was suitable for oxygen sensors compared with that
prepared by MOCVD.

Liu et al. (2012) prepared large scale and polycrystalline CeOs nanofibers with
an average diameter of 376 4+ 55 nm using a facile two-step synthesis route includ-
ing electrospinning and calcination. The as-prepared CeO, nanofibers showed good
morphological and structural stability in high temperature environment (800-1000°C)
and were further employed for in situ, real-time oxygen (Os) and carbon monoxide
sensing at 800°C and 1000°C, respectively, both of which showed sensitive, reversible
and reproducible response. The response was 30 s at 800°C and 28 s at 1000°C.

Chen and Chang (2012) used as-precipitated CeOy with various amounts of ZrO,
powders for screen printing onto Al,Os substrates for the investigation of oxygen
sensor properties. Zirconium ions were directly added into the CeOy ceramics during
the preparation of precursor solutions to investigate the effect of ZrO, on the oxygen
sensing behavior. The crystallite size of as-precipitated CeO, was decreased by doping
with ZrOs and even after heat treatment at 1473 K, the ZrO,-doped CeO, (ZDC) films
still exhibited smaller grain sizes compared to the undoped equivalent. The response
time of 10% doped ZrO, was 16 s at 1123 K and 17 s at 1073 K, but the recovery time

was prolonging. It was concluded that doping with ZrO5 may increase the amount of
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Ce3" in CeO,, enhancing the conductivity of the solid solution film. Moreover, the

smaller grain size of ZDC film may lower its resistance activation energy.

Chen et al. (2014) coated porous ceria films on the electrodes using different mix-
tures of two undoped ceria powders synthesized by spray-pyrolysis and precipitation
respectively and the ratios of the two powders were varied to produce differences in
the heat-treated porosity of the ceria films. The response time was between 11 s to
31 s at an operating temperature of 1073 K and 1123 K. The authors had concluded
that the shortest response time was obtained due to the optimized porous structure,

which provided sufficient paths for sensed gas to penetrate into the sensor coating.

Trinchi et al. (2003) prepared the CeOy-TiO5 thin films by sol-gel process using a
non-alkoxide as the main precursor and presented good oxygen sensing performance
at operating temperatures below 470°C. Several 0.15M solutions of different Ce—Ti
atomic ratios were prepared . The response time at 420°C was typically between
40 and 60 s whereas the recovery time was approximately 80 s. It was shown that
titanium segregation on the surface of the samples and its amount in the precursor
solution can influence the Ce/Ti atomic ratio on the sample’s surface. The cerium
chemical state is influenced from the Ce/Ti atomic ratio in the precursor solution and
from the annealing temperature. It was found that the CeOy dominated sensors have
lower baseline resistance and larger response than those with higher concentrations of

titanium.

It may be noted that CeO, films have been commonly prepared and synthesized
by several processing methods such as Laser ablation, D.C. sputtering, Electron beam
evaporation and Molecular beam epitaxy (MBE) Mihalache and Pasuk (2011), Nan-
dasiri et al. (2011), Durrani et al. (2008), Anwar et al. (2011), Hollmann et al. (1993).

Films of CeOs have also been obtained by using chemical methods mainly by
Metallo-organic chemical vapour deposition (MOCVD), Sol-gel processes, Spray py-
rolysis and Mist pyrolysis Beie and Gnorich (1991), Izu et al. (2002a), Izu et al
(2003b),Shin et al. (2004), Manorama et al. (2003), Izu et al. (2002b)].

Most of the work reported (shown in Table 2.1) on CeOs for gas sensing applica-
tions has been carried out by chemical methods and also the thickness of the CeO,
films are in the range of micrometer to millimeter Beie and Gnérich (1991), Izu et al.
(2002a), Izu et al. (2003b),Shin et al. (2004), Manorama et al. (2003), Izu et al.
(2002b),Jasinski et al. (2003), Izu et al. (2003a), Chen and Chang (2012), Gerblinger
et al. (1995). Very few reports are available on the synthesis of CeO, films using
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Table 2.1: Comparison of CeOs Sensors Performance with Reported Literature

. Operating
Sﬁjﬁf’sg Thickness Temp. R(’e;?rzzse Ref
(°C)
10 ms
. Estimated
Screen pl“lIlt.ll’lg 5-30 pun 800 (by Fick’s Beie and Gnorich (1991)
RF Sputtering 0.5-1pum
second
law)
808 35 s
857 22's
Mist Pyrolysis - 905 15s Izu et al. (2002a)
953 11s
1002 8s
Mist Pyrolysis 20-30pm 615 11s Izu et al. (2003b)
Mist Pyrolysis 20-30pm 712 10s Izu et al. (2002b)
Mist Pyrolysis 30pum 2(132 1(13:421?) : Izu et al. (2003a)
Spin coating (m range 700 < 60s Jasinski et al. (2003)
SMOCV.D 500 nm 600-1000 9-80 s Izu et al. (2004)
puttering
wet-chemical
precipitation - 600-850 > 60s Chen and Chang (2012)
method

RF sputtering for oxygen gas sensing applications Gerblinger et al. (1995), Izu et al.
(2004), Ta et al. (2008). Further no report is available on the effect of thickness of the
CeOs film on its structure, composition and gas sensing properties.

To the best of our knowledge, all the reports available in the literature on CeOq
based oxygen sensors are operated at higher temperatures (>600°C). Also very few
reports have revealed their sensitivity values.

The main aim of this thesis is to find the optimum thickness at which we can
obtain better sensing performance (sensitivity, fast response and recovery time) and
also to reduce the operating temperature at which the gas sensing is performed. This

is done in-order to reduce the thermal budget.
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Chapter 3

Experimental Details

3.1 Introduction

The process technologies and characterization techniques of the thin films are an in-
tegral part in realization of the gas sensing devices. In this chapter, the deposition
of CeOs thin films by Radio Frequency (RF) Magnetron Sputtering and its charac-
terization is discussed in detail. Also the parameter that needs to be considered in
comprehensive characterization of gas sensitive materials are outlined. The objective
of characterization is to establish the optimum operating conditions, the reproducibil-

ity and reliability of the sensors developed.

3.2 Overview of Deposition Techniques

Rapidly changing needs for the sensing film materials and devices are creating new
opportunities for the development of the new processes, materials and technologies.

A general classification scheme of thin film deposition is presented in Fig. 3.1.

Thin film deposition technologies grouped accordingly to evaporative methods,
glow discharge methods, gas-phase chemical and liquid-phase chemical processes are
shown in Table 3.1.
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Figure 3.1: Broad classification of film deposition methods

3.3 Physical Vapor Deposition

Physical Vapor Deposition (PVD) is a process by which the thin film of a material is
deposited on a substrate according to the following sequence of steps: 1) the material
to be deposited is converted into vapor by physical means; 2) the vapor is transported
across a region of low pressure from its source to the substrate; and 3) the vapor
undergoes condensation on the substrate to form the thin film. In gas sensor fabri-
cation, the primary PVD methods used are Evaporation and Sputtering. The other
methods used are pulsed laser deposition, spin casting, RGTO (Rheotaxial Growth

and Thermal Oxidation) etc.

3.3.1 Evaporation

Thin films can be deposited through evaporation of the material from a hot source
onto a substrate. A sample of material to be deposited is placed in a crucible and the
deposition chamber is evacuated to 107% to 107 torr. The high-vacuum environment
ensures that the vaporized atoms or molecules will be transported to the substrate
with minimal collision interference from other gas atoms or molecules. The crucible
is then heated using a tungsten filament (resistive evaporation) or with an electron
beam (e-beam evaporation). Evaporation can also be achieved by heating the source
material with RF energy. This technique employs an RF induction heating coil that
surrounds a crucible containing the source. This method of evaporation is known as

inductive heating evaporation.
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Table 3.1: Classifications of Deposition methods

Classification Type

Conventional Vacuum Evaporation
Evaporative methods Molecular-Beam Epitaxy (MBE)
(Vacuum Evaporation) Electron Beam Evaporation

Pulsed Laser Deposition

Diode Sputtering
Reactive Sputtering
Plasma Oxidation
Glow-Discharge Processes Bias Sputtering
(Sputtering-Plasma Process) Plasma Anodization
Magnetron Sputtering
Ion beam Sputter deposition
Microwave ECR Plasma

CVD Epitaxy thermal oxidation
Atmospheric Pressure CVD
Thermal nitridation
Low-pressure CVD
Thermal Polymerization
Metallo-organic CVD
Ion implantation
Laser- Induced CVD (PCVD)
Electron-enhanced CVD

Gas-Phase chemical process
(Chemical Vapour Deposition)

Electroplating
Spray pyrolysis
Electroless plating
Spray-on Techniques
Electrolytic anodization

Liquid Phase Chemical techniques
(Electro Processes- Mechanical Techniques)

The advantages of evaporation are: 1) high film deposition rates; 2) less substrate
surface damage from impinging atoms as the film is being formed; 3) excellent purity
of the film because of the high vacuum condition used by evaporation; 4) less tendency

for unintentional substrate heating.

The disadvantages of using evaporation are: 1) more difficult control of film com-
position than sputtering; 2) absence of capability to do in situ cleaning of substrate
surfaces, which is possible in sputter deposition systems; 3) step coverage is more
difficult to improve by evaporation than by sputtering; and 4) x-ray damage caused

by electron beam evaporation can occur EESEMI (2002).
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3.3.2 Sputtering

Sputtering is a mechanism by which atoms are dislodged from the surface of a material

as a result of collision with high-energy particles. Thus, PVD by Sputtering is a term

used to refer to a Physical Vapor Deposition (PVD) technique wherein atoms or

molecules are ejected from a target material by high-energy particle bombardment,

so that the ejected atoms or molecules can condense on the substrate as a thin film.

Sputtering has become one of the most widely used techniques for depositing various

metallic films on wafers including aluminum, aluminum alloys, platinum, gold, Ti, W

and tungsten and also various insulating films like CuO, ZnO, SnO; etc by either RF

or reactive sputtering. Sputtering as a deposition technique may be described as a

sequence of these steps:

1.

4.

Ions are generated and directed at a target material

. The ions sputter atoms from the target

. The sputtered atoms get transported to the substrate through a region of reduced

pressure

The sputtered atoms condense on the substrate, forming a thin film

Sputtering offers the following advantages over other PVD methods used in sensor

fabrication:

Sputtering can be achieved from large-size targets, simplifying the deposition of

thin films with uniform thickness over large wafers.

Film thickness is easily controlled by fixing the operating parameters and simply

by adjusting the deposition time

Control of the material composition, as well as other film properties such as step
coverage and grain structure is more easily accomplished than by deposition

through evaporation
Sputter-cleaning of the substrate in vacuum prior to film deposition can be done

Device damage from X-rays generated by electron beam evaporation is avoided

Sputtering, however, has the following disadvantages too:
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High capital expenses are required

The rates of deposition of oxides are relatively low

Some materials such as organic solids are easily degraded by ionic bombardment

Sputtering has a greater tendency to introduce impurities in the substrate than
deposition by evaporation because the former operates under a lesser vacuum

range than the latter

3.3.2.1 Reactive RF Sputtering Principle:

The sputtering system consists of an evacuated chamber, a target (cathode) and a
substrate table (anode). The electric field inside a sputtering chamber accelerates
electrons which collide with Ar atoms producing Ar* ions and more electrons and a
characteristic purple/blue plasma. These charge particles are then accelerated by the
electric field: the electrons towards the anode and the Ar™ ions towards the cathode
(CeOy target) as shown in Fig.3.2. When an ion approaches the target, one of the

following may occur:
e [t may undergo elastic collision and be reflected.
e [t may undergo inelastic collision and be buried into the target.
e [t may produce structural rearrangement in the target material.

e The impact may set up a series of collisions between atoms of the target leading

to the ejection of one of these targets

e Thus the sputtering process can be likened to a break in a game of “atomic”
billiards. The excited ion, representing the cue ball, strikes the atomic array of
the target - the neatly arranged pack - scattering them in all directions. Some of
these will be ejected in the direction of the original approaching ion i.e. normal
to the target surface. It is this ejected particle which is useful for deposition on
the surface of the wafer. Hence the sputter process essentially involves knocking
an atom or molecule out of the surface of a target. Under the right conditions,
the sputtered species will travel through space until it strikes and condenses on
the surface of the substrate Stuart (1983), Vossen and Cuomo (1978). When

the sputtering is for realizing Nitride or oxide like silicon nitride, Tin oxide, to
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maintain stoichiometry, apart from Ar (sputtering gas) nitrogen or oxygen will
be passed into the chamber and this process is called reactive RF sputtering.
The RF sputtering system allows the deposition of non-conductive materials at
a practical rate. In such a system, the RF power alone is capable of generating
the plasma and accelerates ions to the target to cause sputtering. This process
is illustrated by Fig. 3.2.
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Figure 3.2: Sputtering at the Molecular Level Oxford Vacuum Science Ltd (2000)

3.3.2.2 RF Magnetron Sputtering

In order to increase the performance of RF sputtering, variations on the basic process
have been developed Mattox (2010). One of the many variations involves the use of
a magnetic field close to the cathode’s plane. The use of this variation has certain
advantages. It allows an increased sputter rate, higher plasma density, and the ability
to sustain plasma at lower pressure, meaning that less gas is needed in the vacuum
chamber. In conventional diode sputtering, electrons are created and they escape

the effective plasma area near the target. Some fly around the chamber and create
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undesirable side effects, such as heating the tooling. A magnetron-sputtering source
addresses the electron problem by placing the magnets behind, and sometimes, at the
sides of the target. These magnets capture the escaping electrons and confine them to
the immediate vicinity of the target. This increases the ion current (density of ionized
argon atoms hitting the target) by a factor of 10 over conventional diode targets,
resulting in faster deposition rates at lower pressures, which help to produce cleaner
films. The secondary electrons generated during the sputter process are trapped by
this field and stay close to the cathode surface. Following helical paths as shown in
Fig. 3.3 around the magnetic field lines, these electrons are forced to travel longer
distances inside the chamber and thus induce more ionizations and finally increase the

sputter yield (S) in a significant degree.

substrate

o atom sputtered
from target

line of force
of magnetic field
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Figure 3.3: Schematic of magnetron sputtering principle Julissa (1994)

3.3.2.3 In house Developed RF Sputtering System

Fig. 3.4 shows the sputtering chamber and the associated RF power supply of the
home made RF sputtering unit is shown in Fig 3.5. Both the top and the bottom
electrodes are shielded by guard rings. The diameter of the top electrode is 20cm
while that of the target electrode is 10 cm and the distance between them is 8cm. The
RF generator is operated at 13.56 MHz.
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The complete sputter system basically consists of five parts: a RF generator, a

matching unit, the deposition chamber, a pumping system, and the gas inlet system.

Substrate

........................

Each part plays a specific role in the sputter process as outlined below.
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Figure 3.4: Schematic of the RF Sputtering Chamber Bashar (1998)

Figure 3.5: (a) Photograph of in-house fabricated RF sputtering unit. (b) Schematic
of the sputtering chamber

The material to be sputtered is taken into a target form and mounted onto a

circular copper backing plate in the sputter up configuration mode. In this case the
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target consists of a circular disk of hot pressed 99.99% purity CeO of 3” diameter and
3 mm thick. During deposition, the sample is inverted and placed into substrate table
facing the target. There is a shutter which separates the target and the substrate. It
prevents contamination of the target during sample loading-unloading and protects
the sample during pre-conditioning. To ensure the uniformity of the deposited films,

the substrate holder is kept in rotation by a stepper motor based rotating setup.

Table 3.2: Specifications of in house fabricated RF Sputtering chamber

Item Description/Specification Vendor /Model
SS made 16”7 Diameter .

Chamber .. Vacuum Techniques
Semicircular box type

Turbomolecular Pump

Pumping system Rotary Pump Pfeiffer
Gauge Digital Pirani and Penning Vacuum Techniques
Cathode 3 inch Kurt J. Lesker
13.56 MHz, 1000 W Advanced Energy
RE Supply with matching network Dressler Cessar-1310
Ar = 0-100 sccm .
MFC Oy = 0-50 scerm Eureka Industries
~an0°
Substrate heater RTP-9007C Excel Instruments

with PID controller

3.4 Fabrication of Sensor Film

3.4.1 Sample Preparation

Single crystal Sapphire (Al,O3) substrates of a-plane were ultrasonically cleaned using
CMOS grade acetone and isopropyl alcohol, each for 5 minutes to remove the organic
contaminants. The wafers were thoroughly rinsed with deionized water between each
step. Finally, the substrate is dried by blowing high purity nitrogen gas which removes

the residual water droplets from the substrate.

3.4.2 Deposition of CeQO, films by RF Sputtering Technique

The CeO, thin film depositions were carried out in an in-house fabricated RF mag-

netron sputtering system (shown in Fig. 3.5). The chamber was evacuated to a base
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pressure of 2 x 107 mbar using a rotary and turbo molecular pumping combination.
99.99% pure CeO, target of 3 mm thickness with 3 inch diameter was used as a sput-
tering target. The cleaned Al,O3 substrates of lem x lem size were loaded into the
chamber. To ensure the uniformity of thickness and composition of the films, the sub-
strate is subjected to rotation with a stepper motor arrangement. High purity argon
and oxygen gas were admitted into the chamber and the operating pressure of 2x1073
mbar was maintained. The target was pre-sputtered (shutter in-between the substrate
and the target kept in the closed position) for 10 minutes at 25 Watts. The power was
gradually increased in steps of 10 Watts for every 3-4 minutes. Finally on reaching 75
Watts, the shutter was opened and the film deposition was started. The duration of
deposition was varied between 80-315 minutes. After sputtering, shutter was closed
and the power was gradually reduced in steps of 15 Watts. This was done in order to
prevent the sputtering target from thermal shock which may lead to development of
cracks. The range of each deposition parameters whose influences are studied in the

experiments is given in Table 3.3

Table 3.3: Sputtering parameters of Cerium Oxide

RF Power 75 Watts
Base pressure 1.5 x 107 mbar
Working pressure 5.0 x 1073 mbar
Ar : O, 22 : 2 scem
Deposition Time 80 - 315 mins
Deposition Temperature RTP to 400°C
Target to Substrate Distance 8.0 cm
Target CeOs (99.99%),3mm thick and 3”7 diameter
Pre sputtering time 15 mins
Annealing temperature 100-500 °C
Annealing Duration 2 Hours

3.4.3 Deposition of Mixed Oxides (CeO,-HfO,) films by RF
Sputtering Technique

Ce05-HfO, mixed oxide films were deposited on Single crystal Sapphire substrates of
a-plane at a fixed substrate temperature of 400°C by reactive RF magnetron sputter-

ing. The substrates (lcm x lem pieces) were kept on the substrate holder and this
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holder is rotated above the target to ensure the uniformity of thickness and compo-
sition of the films. HfO, films were mixed with CeO, by placing small HfO5 chips
of 1 mm thick on the cerium oxide target at various positions. The HfOy wt % in
this process was changed by changing the number (between 2-4), size (from 5mm X
Smm, 4mm X 4mm, 3mm X 3mm, 2mm X 2mm and Ilmm X 1lmm) and position of
HfO, chips. The process can be treated as co-sputtering but the difference is that the
hafnia chips are kept on the cerium oxide target itself and a single RF power source
is used for sputtering. This method suited for our requirement as the HfO5 content
in the Cerium oxide films is very small.

The different arrangements of HfO4 chips on the CeO, target are given in Fig. 3.6.
Variation in the fashion and also the number of chips gives an additional deposition

process parameter.

. HfO, pellets

Figure 3.6: Arrangement of HfOs chips on the 3” Cerium Oxide target

The films deposited under different processing conditions are characterized for their
composition by XRD, XPS, AFM, TEM and by other characterization methods which

have been detailed in following section.

3.5 Characterization Techniques

The films deposited by RF Sputtering were characterized for their thickness, struc-
ture and composition. Primary characterization techniques for characterizing CeO,
films: Thickness measurement techniques like Spectroscopic Ellipsometry and Cross-

sectional SEM, composition and chemical information such as oxidation states and sur-
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Table 3.4: Sputtering parameters for deposition of mixed oxides (CeOg + HfOq films)

Technique RF Sputtering
Target CeOy (99.99%), 3mm thick and 3” diameter
No. of Pd chips 2- 4 each of size bmm X 5mm X lmm
Ar : O, 22 : 2 scecm
Base pressure 1.5 x 107% mbar
Working pressure 5.0 x 1072 mbar
Pre sputtering time 15 mins
RF Power 75 Watts
Target to Substrate Distance 8.0 cm
Deposition Temperature RTP to 400°C
Annealing temperature 100-500 °C
Annealing Duration 2 Hours

face composition using - X-ray Photoelectron Spectroscopy (XPS), structural characterization-
X-ray diffraction and determination of surface roughness — Atomic Force Microscopy
(AFM) were carried out.

3.5.1 Thickness measurement techniques

Thickness gives the rate of deposition and is also important in determining the thin
film material properties. Hence in any thin film deposition the thickness measurement
is very important, especially Micro and Nano electronic applications generally require

the precise and reproducible film metrology, i.e. thickness as well as lateral dimensions.

3.5.1.1 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a versatile and powerful optical technique for the inves-
tigation of the optical properties of the materials. Thicknesses and optical constants
such as refractive index and extinction coefficient of thin films can be measured by
measuring amplitude and phase change information across the wavelength spectrum.
The advantages of ellipsometry are its non-contact, non-destructive character, its high
sensitivity due to the measurement of the phase change of the reflected light(less sen-
sitive to the fluctuations of light intensity), and its large measurement range (from
fractions of single layers to micrometers). It does not require any standards or refer-
ence and could be used for real time monitoring of etching and thin film deposition

processes.
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The basic principle of ellipsometer depend upon the fact that linearly polarized
incident light has reflection coefficients which depend on the direction of polarization.
The two polarization directions of interest are the Ep or TM (electric field parallel
to the plane of incidence) and the Es or TE (electric field perpendicular to the plane
of incidence). Linearly polarized light is decomposed into the p and s components as

shown in Fig. 3.7

Figure 3.7: Spectroscopic Ellipsometry measurements

These component waves experience different amplitude attenuations, and different
absolute phase shifts upon reflection; hence, the state of polarization is changed.
Ellipsometry refers to the measurement of the state of polarization before and after
reflection for the purpose of studying the properties of the reflecting boundary and
also finding the thickness of the films Jung (2004) and Irene (1993).

In the present study, the films were characterized using a VASE spectroscopic
ellipsometer (SE) M-2000 (J.A. Woolam Co., Inc., USA) in the spectral range 200-
1000nm, the SE data was acquired and analyzed using WVASE software supplied with
the ellipsometer Tompkins (2006) Woollam et al. (1999).The SE data were fitted to a
3-layer model including surface roughness, the bulk oxide film with simple Gaussian
oscillator, and the silicon substrate, where the surface roughness was modeled using
a 50% air and 50% bulk oxide Bruggeman effective medium Aspnes et al. (1979).

SE provides film thickness, effective surface roughness, refractive index and extinction
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Figure 3.8: Schematic diagram and picture of Ellipsometry equipment Woollam Spec-
troscopic Ellipsometer (M-2000)

coefficient. The relative error in thickness determination is below 1%, while the relative

error in refractive index determination is below 3%.

3.5.1.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a method for high- resolution imaging of
surfaces. The SEM uses electrons for imaging, much as a light microscope uses visible
light. The advantage of SEM over light microscope includes greater magnification and
much greater depth of field.

An incident electron beam raster scanned across the sample surface and resulting
electrons emitted from the sample are collected to form an image of the surface.
Imaging is typically obtained using secondary electrons for best resolution of fine
surface topographical features. Alternatively, imaging with back-scattered electrons
gives contrast based on atomic number to resolve microscopic composition variation,
as well as topographical information. Qualitative and quantitative chemical analysis
information is also obtained using an energy dispersive x-ray spectrometer with SEM.

In this study, Zeiss Ultra 55 (FESEM) for cross-sectional imaging as well as mor-
phology study was used. The combination of Schottky type field emission source and
the through-lens detection technology constitutes the basis for the ultra-high resolu-

tion. The high resolution EDX attachment allowed simultaneous chemical analysis.

3.5.1.3 Atomic Force Microscopy (AFM)

Atomic force microscopy has been used for the topographic mapping of the thin film

surfaces. In AFM, a probe tip is mounted on a cantilever, which is used for scanning
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Figure 3.9: ULTRA 55 - Ultra high resolution scanning electron imaging coupled with
material spectroscopy tools

Figure 3.10: Bruker AFM instrument

the surface of the thin film samples. The force of interaction between the sample and

the tip after approaching each other causes the cantilever to deflect according to well-
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known Hooke’s law. The deflections can be sensed with high sensitivity by optical
detection method.

There are certain advantages in using the AFM for the surface topographical map-
ping over the other imaging techniques such as STM and TEM. AFM scanning could
be performed even on the insulating substrates whereas STM imaging could be done
only on the conducting surfaces. TEM requires a careful sample preparation tech-
nique but for AFM scanning there is no such requirements. AFM studies give surface
defects, dislocations, terraces and steps in the nano layer systems Wiesendanger and
Roland (1994). In this work, Bruker AFM instrument (Model : Dimension ICON)

has been used.

3.5.1.4 X-ray Diffraction (XRD)

One of the phenomena of interaction of X-rays with crystalline matter is its diffrac-
tion, produced by the reticular planes that form the atoms of the crystal Klug et al.
(1962), Warren (1990) and Reynolds (1989). A crystal diffracts an X-ray beam passing
through it to produce beams at specific angles depending on the X-ray wavelength,
the crystal orientation and the structure of the crystal. In the macroscopic version of
X-ray diffraction, a certain wavelength of radiation will constructively interfere when
partially reflected between surfaces (i.e., the atomic planes) that produce a path dif-
ference equal to an integral number of wavelengths. This condition is described by
the Bragg’s law Barrett et al. (1980):

2dsin @ = nA (3.1)

Where n is an integer, A is the wavelength of the radiation, d is the spacing between
surfaces and 0 is the angle between the radiation and the surfaces. This relation
demonstrates that interference effects are observable only when radiation interacts
with physical dimensions that are approximately the same size as the wavelength of the
radiation. Since the distances between atoms or ions are in the order of 14, diffraction
methods require radiation in the X-ray region of the electromagnetic spectrum, or
beams of electrons or neutrons with similar wavelength. So, through X-ray spectra
one can identify and analyze any crystalline matter. Crystal structure of the sample
can be identified by analyzing the diffraction peaks of the sample and comparing with
the diffraction patterns data base (JCPDS data).
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X-ray diffraction patterns were recorded using a Rigaku smartlab diffractometer
with Cu Ka radiation. All the diffraction patterns were obtained in GIXRD mode by
varying 26 from 10°-90° in a continuous scan mode with the scan step of 0.010. Incident

angle (w) was kept at 0.30 to avoid the intensity contribution from the substrate.

Figure 3.11: Rigaku SmartLab High Resolution X-ray Diffractometer system.

3.5.1.5 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy, also known as electron spectroscopy for chemical
analysis (ESCA), is a powerful surface-sensitive technique for the determination of
chemical composition of materials. It is accomplished by irradiating a sample with X-
rays for the excitation of the material and energy analyzing of emitted photoelectrons.
The source used for the soft X-rays are generally MgKa (1253.6 ¢V) or AlK« (1486.6
eV). Depending on the matrix of atoms in structure of materials, incident X-rays can
travel in solids from 1 to 10 nm.

The emitted photoelectrons overcome the binding energy, E,, of certain energy
state and have a kinetic energy, E;. The binding energy is measured by analyzing
the resultant kinetic energy of photoelectrons and the number of electrons that escape

from the surface of materials. Comparing the binding energies of materials with
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energy database, the types of elements, the chemical state and their concentration on

the surface can be identified. The relation of the process can be written as:
Eb = hv — Ek - gb (32)

where, ¢ is the work function of the material. It is defined as the potential difference

between the Fermi level of the sample and the vacuum level.

Since for each element there is a characteristic binding energy of an electron asso-
ciated with specific atomic orbital (s, p, d, f, etc.), by using the XPS measurement one
can identify the elements present in the material. The concentration of them can also
be measured since the intensity of the photoelectron lines is taken as the measure of
this quantity. Due to the Coulombic interaction between electron and its surrounding
there is an important effect of atomic environment on binding energy of an electron.
This interaction results in shifting in binding energy of electrons and give rises to the
identification of bonds on an atom constructing with surrounding atoms and subse-
quently revealing the compounds present in the structure Watts and Wolstenholme
(2003).

For the non-conducting materials, a positive charge is built up in the sample surface
following to the ejection of electrons from the specimen under X-ray irradiation and
results in lowering the kinetic energy of liberated electrons due to the coulombic
interaction taking place between surface charge and electrons. To eliminate the effect
of surface charging on shifting binding or kinetic energy, the correction is done based
on the calibration of the binding energies with known reference binding energy of
photoelectron line (in general, C 1s (284.6 eV)).

The identification of chemical states of determined element is accomplished by
comparing the calculated binding energies of each component with reported state
values by taking the chemical shift into account. Furthermore, the relative amount of
present phases in specimen is revealed from the relative area under each component
state. So, following all these complex analyzing stages, XPS measurement can reveal
important surface properties of a material like the identification of elements present
at the surface, chemical state of elements, quantity of chemical state of each element,
spatial distribution of the material in 3-D, and concentration of element present in
the material Watts and Wolstenholme (2003).

XPS analysis of the films was performed with Axis Ultra from Kratos. The resid-
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ual pressure inside the analysis chamber was 1.0 x 107!° mbar. The spectrometer
was calibrated using photoemission lines of Ag (Ag 3ds/, = 367 eV with reference to
Fermi level). The photoelectrons were excited with an Mg Ka (1253.6eV) x-ray source
operating at 100W power. Survey spectra was collected using pass energy 40 eV and
high resolution spectra of the elements were collected using pass energy of 20 eV with
step size of 0.1eV. The film surface was sputtered by Ar*' ions having energy of 5 KeV
with a current of 30 pA for 3 min to obtain the depth profiles. Charging effects were
corrected by setting the Cls peak for adventitious carbon at 284.6eV for the surface
and by flood gun after Art ion etching and shifting the entire spectrum correspond-
ingly. Shirley background correction and 30% Gaussian and 70% Lorentzian peak
fitting was used. The recorded spectrum was calibrated by using the binding energy
of carbon (Cls, 284.6eV). XPS signals were analyzed by CASA XPS software.

Figure 3.12: Multi-technique X-ray Photoelectron Spectroscopy with XPS-mapping
capability
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3.5.1.6 Electron Probe Micro Analyzer (EPMA)

The Electron Probe Micro Analyzer (EPMA) is used for identification of constituent
elements in the specimen and study their distribution as well as for morphological
observation. Analyses are performed by illuminating the specimen surface with a finely
focussed electron beam and measuring the wavelengths and intensities of characteristic

electrons from it.

Ion pumps

Optical source and
CCD camera

Diffracting
crystals _
(1tod) —

Figure 3.13: Schematic of EPMA and Picture of EPMA Tool (Model : JEOL JXA-
8530F)

EPMA works by bombarding a micro-volume of a sample with a focused electron
beam (typical energy = 5-30 keV) and collecting the X-ray photons thereby emit-
ted by the various elemental species. Because the wavelengths of these X-rays are
characteristic of the emitting species, the sample composition can be easily identified
by recording WDS spectra (Wavelength Dispersive Spectroscopy). WDS spectrome-
ters operate based on Bragg’s law and use various moveable, shaped monocrystals as

monochromators Science Education Resource Center (2019).

e EPMA is a fully qualitative and quantitative method of non-destructive elemen-
tal analysis of micron-sized volumes at the surface of materials, with sensitivity
at the level of ppm. Routine quantification to 1% reproducibility is obtained
over several days. It is the most precise and accurate micro-analysis technique

available and all elements from B to U and above can be analyzed

e EPMA is fully compatible with routine analysis sessions, with easy and direct

interpretation of the results
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e EPMA instruments are equipped with a complete kit of built-in microscopy tools
that allow simultaneous X-ray (WDS and EDS), SEM and BSE imaging, plus
sophisticated visible light optics; they provide very flexible sample inspection

with image magnification ranging from 40 to 400,000

e Determination of thickness and elemental composition from nm to mm thick

layers in stratified materials is possible

EPMA provides much better results than standard SEM/EDS systems. Because of
the internal properties of WDS, the general sensitivity, analysis of light elements and
risks of erroneous interpretation of qualitative spectra are all superior with EPMA.
Spectral resolution and detector dead time are much better than EDS (Energy Disper-
sive Spectroscopy). The excitation beam regulation system and sophisticated sample
stage capabilities guarantee that this technique provides outstanding stability and
measurement repeatability CAMECA (2017).

3.6 Fabrication of Electrodes or Contacts

Aluminum electrodes of thickness 100nm (to measure the conductivity changes) were
deposited using Thermal Evaporation Technique. The locally fabricated standard
mask was kept underneath the substrate for proper pattering of electrodes. Fig. 3.14

shows the schematic cross section of the basic oxygen sensor.

Al Al

Sapphire
Figure 3.14: Schematic of oxygen sensor
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3.7 Gas Sensing Measurements

For gas sensing test, the sensor device called as chemiresistor and measurement system
were designed using the concept of resistance variation in the sensing materials after
the target gas exposure. The gas sensing behavior of chemiresistor sensors was studied
by calculating the change in the surface resistance of sensing film with time towards
the exposure of the target gas (step by step varying the concentration) with a fixed
temperature. The resistance variation was measured by Keitheley source meter (SMU
2405). The chemiresistor type sensors were mounted on the hot plate (If it is an inte-
grated gas sensor, microheater will be incorporated with the gas sensing film itself.)
which was coupled with ceramic base stand. The film placed above the heater is con-
nected to two probes which are further connected in series with a Programmable D.C.
Power Supply and Keithley High-Voltage Source-Measure Unit. Finally this sensor
setup was fixed into the homemade gas sensing chamber. The electrical connections
for gas sensing measurements, thermocouple and temperature variation were made

using instrumentation feed through.

—> SS Chamber

Sample
—> Heater

Figure 3.15: Schematic block diagram of gas sensing setup used

The schematic block diagram of gas sensor setup is shown in Fig. 3.15 and the in
house fabricated gas sensing setup is shown in fig 3.16.

During the sensing measurement, the sensor was exposed to pure Ny until the
constant baseline resistance was achieved and then the gas analyte (Os in this case)
was introduced in the chamber and the resistance of the sensor was recorded. During

this time the steady resistance had been achieved, and then the sensing chamber was
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Figure 3.16: Gas sensor setup used for O9 sensitivity measurement

flushed with pure Ny consecutively to allow the surface of the sensitive film to regain
atmospheric condition and the resistance of it reached steady and kept stable. The
response of sensor was monitored in terms of the normalized resistance calculated by
Response (Ry/R,) and the sensitivity factor was monitored. Ry is the resistance of
the sensor in the presence of analyte gas and R, is the initial baseline resistance of
the films.

Once the resistance changes are noted down in the gas sensing experiments, to get
the sensitivity analysis the sensitivity response curves had been drawn based on the

schematic shown in Fig. 3.17

3.7.1 Thermal Characterization of Microheaters

To capture the thermal image, the microheater is placed on the test bench and the
electrodes are connected to the Keithley source meter 2410C and current or voltage
is given as input in regular step. When the heater temperature is raised, the thermal
image is captured by the FLIR camera. The detector used in this camera is InSb and
the lens used is G5. The scanned spectrum range is 1.5-5.1 ym and the temperature
range is from -20°¢ to 3000°c. During this process the emissivity of the Platinum is
kept at 0.1. The inbuilt software program [ALTAIR] enabled us to directly read the

real-time temperature of the microheater.
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Figure 3.17: a) Schematic response curve of gas sensor testing. The typical charac-
teristic values extracted from the measurement are identified on the plots b) schematic
of a typical response curve of gas sensor testing

Parameters adjustable in the infra red camera are: emissivity, background tem-
perature, windows size and integration time; each one of them is very important for
thermal imaging. The temperature of the heater element was measured using a IR
camera from FLIR (Model: SC5200). The thermal imaging camera can convert the IR
radiant energy received by the detector into an electrical signal point by point in the
view area, the analog signals are then amplified, modified and converted into digital
signal and displayed in the monitor as a thermal image. This system is capable of

recording 50 images per second allowing the dynamics of the system to be analyzed.

Figure 3.18: FLIR SC 5200 IR Camera Setup
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Chapter 4

RF Sputtered CeO-> Thin Films

Based Oxygen Sensors

4.1 Introduction

CeOQs is a potential candidate material for oxygen gas sensor applications due to their
excellent properties such as good ionic and electronic conductivity, high chemical and
thermodynamic stability, high thermal shock resistance and good dielectric proper-
ties. Also, CeO, exhibits a unique property of co-existence of trivalent (Ce™) and
tetravalent (Ce™) states of Ce atom and they transform easily from one to another.
To the best of our knowledge, all the reports available in the literature on CeO, based
oxygen sensors operates at higher temperatures (>600°C), are developed by chemical
methods and the thickness of the sensing film (CeOs;) is in the range of pm to mm.
Very few reports are available on the synthesis of CeO, films using RF sputtering for
oxygen gas sensing applications. However, no systematic work has been carried out

on the effect of CeO film thickness on oxygen sensing characteristics.

This chapter discusses the development of relatively low operating temperature
CeOs, thin film based oxygen gas sensors using RF sputtering by optimizing the process
parameters and thickness (260 nm). The sensor performance was understood and
evaluated by using electrical, compositional, structural and morphological data of
CeOs films. The developed CeO, based oxygen sensors are CMOS compatible, scalable
and show high sensitivity, fast response, and operates at relatively low temperature
(400°C).
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4.2 Sensor Fabrication

Single crystal Sapphire (AloOs3) substrates of a-plane were ultrasonically cleaned using
CMOS grade acetone and isopropyl alcohol, each for 5 minutes to remove the organic
contaminants. The wafers were thoroughly rinsed with deionized water between each
step. Finally, the substrate is dried by blowing high purity nitrogen gas which removes

the residual water droplets from the substrate.

The CeO, thin film depositions were carried out in an in-house fabricated RF
magnetron sputtering system. The chamber was evacuated to a base pressure of
221075 mbar using a rotary and turbo molecular pumping combination. 99.99% pure
CeQOs target of 3 mm thickness with 3 inch diameter was used as a sputtering target.
The cleaned Al,O3 substrates of 1ecm x lem size were loaded into the chamber. The
distance between the substrate and target was 8.0 cm. To ensure the thickness and
composition uniformity of the films, the substrate is subjected to rotation with a
stepper motor arrangement. High purity argon and oxygen gas were admitted into
the chamber at 25 and 2 sccm respectively and the operating pressure of 221073 mbar
was maintained. The target was pre-sputtered (shutter in-between the substrate and
the target kept in the closed position) for 10 minutes at 25 Watts. The power was
gradually increased in steps of 10 Watts for every 3-4 minutes. Finally on reaching
75 Watts, the shutter was opened and the sputtering was started. The duration of
deposition was varied between 80-315 minutes. Similarly, after sputtering, the power
was gradually reduced in steps of 15 Watts. This was done in order to prevent the
sputtering target from thermal shock which may lead to development of cracks. The
substrate temperature during deposition was 400°C' and post deposition, annealing
was done for 2 hours at 500°C. The process parameters used in this work are listed
below in Table 4.1.

The deposited CeO, films were characterized by using Ellipsometry for determining
the thickness and X-ray diffraction (Rigaku SmartLab system) for phase identification
and structural analysis. X-ray photoelectron spectroscopy (AXIS Ultra DLD) was
employed to determine the chemical composition and core level binding energies. The
photoelectrons were excited with a monochromatic Al Ko (1486.3¢V) X-ray source
operating at 117 W power. Survey spectra were collected using pass energy 160 eV
and high-resolution spectra of the elements (Ce-3d, O-1s, and C-1s) were collected
using pass energy of 20 eV with a step size of 0.1eV. Charging effects were corrected by
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Table 4.1: Sputtering parameters used for deposition of CeO-

Technique RF sputtering
Target CeO2 (99.99%)
Argon 25 sccm
Oxygen 2 scem
Sputtering gas pressure 2.5 x 1073 mbar
Power W
Substrate to target distance 8.0 cm
Substrate temperature 400°C

Annealing temperature 500°C

Annealing duration 2 Hours

setting the Cls peak for adventitious carbon at 284.6eV for the surface and shifting
the entire spectrum correspondingly. Shirley background correction, 30% Gaussian
and 70% Lorentzian peak fitting were used.

Aluminum electrodes of thickness 100nm (to measure the conductivity changes)

were deposited using Thermal Evaporation Technique. The locally fabricated standard

mask was kept underneath the substrate for proper pattering of electrodes.

™o o ®
cea® e

/VA]()ontac‘ts e & ®®

» *e % @

Ce(, Film e SR

Al, O, Substrate cee e e

- a%®

- e %%

ceeoe®e

Figure 4.1: Schematic and photographic image of the fabricated sensor

4.3 Results and Discussion

Here the characterization of CeQO, films which includes thickness, structural, compo-

sitional /chemical, and surface morphology properties is presented. Finally, the gas
sensing results are discussed.
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4.3.1 Physical properties

CeOs thin films of different thicknesses have been deposited on Al,O3 substrates by
varying the deposition time from 80-315 minutes and keeping all other process param-
eters constant. The thickness of the films has been measured using Ellipsometry and is
validated using cross-sectional SEM and Dektak surface profilometer. The measured
thickness of the films is in the range of 90-340 nm and varies linearly with the depo-
sition time at constant power. The refractive index of the films is in the range of 2.38
to 2.42 which is in agreement with the reported literature values Singh and Srivatsa
(2016). The thickness of the films was measured using ellipsometry. Fig. 4.2 shows the
variation of thickness with deposition time at constant power. The rate of deposition
was found to be around 1.08nm per minute. It clearly shows that the thickness varies
linearly with time at constant power. Fig. 4.3 shows the cross-sectional SEM images
of the film deposited for 200 and 240 mins and the measured thickness is respectively
around 220 nm £+ 10 nm and 250 nm + 10 nm, which is in good agreement with the

ellipsometry data.
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Figure 4.2: Variation of thickness with deposition time
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Figure 4.3: Cross-sectional SEM images of the CeQOs film deposited for (a) 200 minutes
and (b) 240 minutes

4.3.2 Compositional properties

The elemental composition of the deposited CeO, thin films was calculated from the
XPS wide or survey spectra (shown in Fig. 4.4). It clearly indicated that the deposited
films were pure (single phase) in nature. In other words, no other impurity peaks were
observed except Ce and O.

Fig. 4.5 shows the high resolution XPS spectra (Ce-3d level) of CeO, films for
different thickness. The Ce-3d level has a complex structure due to the strong hy-
bridization of Ce-4f and O-2p states in Cerium oxide. The ratio of O/Ce atomic
concentrations were extracted by using relative sensitivity factors (RSF) of the in-
dividual elements. It was found that the O/Ce ratio has increased from 1.440.1 to
240.1 with increase in thickness from 90 nm to 195 nm and then became saturated at
240.1 for higher thicknesses (>195 nm). This indicates that the thicker films, >195
nm appear to be stoichiometric (CeOs). Manorama et al. (2003) reported that the
CeOq—, (1.5<x<2) is an n-type semiconducting oxide with fluorite structure which
is suitable for oxygen gas sensing. However, the sensing also depends on the other
factors such as structure, grain size, surface energy, and diffusion coefficient of the

sensing materials.
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Figure 4.4: XPS wide spectra of CeOq films of various thicknesses
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Figure 4.5: High Resolution XPS spectra (Ce-3d level) of CeOq films for different
thickness
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To quantify the oxidation states of Ce (Ce™ and Ce™® ) and their variation with the
CeOs film thicknesses, the Ce-3d spectrum was deconvoluted using Casa XPS soft-
ware with Shirley background correction, 30% Gaussian and 70% Lorentizian peak
fitting. The peaks at 882.0, 884.9, 888.5 and 897.9 eV corresponds to the components
of Ce-3ds/2, while the peaks at 900.6, 903.6, 907.2 and 916.2 eV are attributed to
the components of Ce-3dsz/,. The Ce-3d level consists of two components : the major
component (peaks at the B.E 882.5, 888.2, 898, 901.1, 907.2 and 916 eV) corresponds
to Ce™ cations (as marked in Fig. 4.5) in the CeO, lattice and the minor component
(peaks at the B.E 881.1, 885.83, 899.65 and 904.3 eV) corresponds to Ce™ in amor-
phous CeyO3 Zhang et al. (2016), Holgado et al. (2000) and Zhu et al. (2014). The
total fraction of CeyO3 (Ce™) in the deposited CeO, films were estimated by taking
the percentage of fitted Ce™3 spectral weight to the total weight of the spectra (Ce™
+ Ce™) and calculated using the following equation Zhu et al. (2014):

Clet3

+3
AT = Gy gt (4.1)

As there are no other Ce oxidation states detected in the CeO, films except Ce*? and
Ce™3, the fraction of except Ce™ (CeO,) can be calculated by :

%Ce™ =1— %Ce™ (4.2)

All the calculated %Cet* and %Ce™ components and their fraction Ce™3/ (Ce™3+

Ce™) are summarized in Table 4.2.

Table 4.2: Summary of calculated %Ce*? and %Ce™ components and fraction of Cet3
components

Thickness (nm) Ce™(%) Ce™ (%) Ce™/ (Ce™+ Ce™)

90 27.0 73.0 0.27
130 27.5 72.5 0.275
195 19.6 80.4 0.20
220 17.0 83.0 0.17
260 16.0 84.0 0.16
320 12.0 88.0 0.13

It has been observed that the %Ce™ component and the fraction Ce™/(Ce™+

Ce™) are decreasing with increase in CeO film thickness, which indicates that the
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defects and the oxygen vacancies are decreasing Zhao et al. (2013), Ujjain et al. (2014)
and Sudarsanam et al. (2014). This shows that the stoichiometry and quality of the
films are improving with increase in thickness (from 90 to 340 nm). However the
stoichiometry of the thinner films (< 90nm) can be improved by controlling the process
parameters such as oxygen flow rate, substrate temperature and deposition rate which

needs to be investigated.

4.3.3 Surface topography

Fig. 4.6 shows the AFM (3D) micrographs of CeO, films of various thicknesses. It
clearly shows that the grain size increases with the increase of thickness which might
be due to improvement in grain growth with the thickness. This is in good agreement
with the XRD data. Also, it has been observed that the RMS roughness of the films

increases monotonically with the thickness; however the increment is very minimal.

90 nm SER % . 195mm

Figure 4.6: 3D AFM micrographs of CeOs films of various thicknesses

It is important to note that the films are grown at high temperature (400°C) which
may result in hillocks type of film structure Denhoff et al. (1995) due to high surface
mobility at higher temperature. This causes increase in surface roughness which might
affect the gas sensitivity of the film since larger roughness results in larger contact area
with the gaseous species Majumder and Roy (2018), Durrani et al. (2008), Suchea et al.
(2006).
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4.3.4 Structural properties

XRD characterization has been carried out to understand the structural details of the

grown films. Fig. 4.7 shows the XRD patterns of the CeOs films of various thicknesses.
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Figure 4.7: XRD patterns of CeOs films of various thicknesses

The characteristic peaks of the XRD patterns match with that of CeOy (JCPDS no.
043-1002). The peaks were indexed with fluorite cubic structure with Fm — 3m space
group. XRD patterns are composed of four strong and broad peaks corresponding to
the (111), (200), (220) and (311) reflections from CeO, films peaks at a 26 of 28.4°
33.19, 47.3° and 56.2° respectively. This indicates that all the films are polycrystalline

in nature. No other phases of CeO, such as Ce;O3 and CeO,_, have been observed as
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seen from XPS data (Ce*® oxidation state), however Ce;O3 might be present in the

amorphous form and below the XRD detection limit.

The crystallite size of all the films was calculated from (111), (200), (220) and (311)
peaks of XRD using Scherrer’s formula Cullity (1956) and the values are presented
in Table 4.3. The crystallite size has been increasing with the increase of thickness
upto 260 nm, which might be due to improvement in grain growth with an increase in
thickness, however, crystallite size has decreased in thicker films (>260 nm). Above
260 nm, the interaction between the added (added atom) layer and substrate may be
decreasing with increase in thickness. This might be due to low mobility of the add
atoms on the surface of the growing film which may hamper the grain growth and film
orientation. However, it requires detailed investigation to understand the nucleation

process.

In general, the fluorite cubic CeOs has a tendency to grow in (111) orientation
under normal deposition conditions because of the lowest surface energy due to highest
atomic packing density along (111) plane Izu et al. (2002a), Izu et al. (2003b). But
in this case, it has been observed that the intensity of (200) plane increases with the

increase of CeO, film thickness.

To quantify the preferred orientation, texture coefficient has been calculated using
the following expression Agashe et al. (1988) and the values are presented in the Table
4.3.

I(hkl)

T, (hkl)

1 I(hkl)
N Z N I, (hkl)

TC(hkl) = (4.3)

where N is the number of diffraction peaks, [(h k 1) and I,(h k 1) are respectively the
measured and corresponding recorded intensities according to (JCPDS no. 043-1002)

card.

From Table 4.3, it is also seen that the growth along the (200) orientation increases
with increase in thickness upto 260 nm and then decreased for higher thicknesses (>260
nm). It appears that the 260 nm is the critical thickness where the film has stoichiome-
try, lowest resistance due to better crystallinity, reasonable surface roughness and also
orientation in (200) direction which has the highest surface energy compared to other

planes.
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Table 4.3: Summary of Crystallite Size (D) and Texture Coefficient (TC) of CeOq
Films of Various Thicknesses

. Average
Th‘rcll:r?ess (111) (200) (220) (311) Crystallite
size
D (nm) TC D(mm) TC D (mm) TC D (nm) TC

90 10.4 0.51 147 0.95 9.5 0.55 7.8 1.99 10.6
130 10.6 0.65 15.6 1.83 10.3 0.72 10.1 0.80 11.6
195 11.1 0.65 15.4 1.69 9.9 0.52 9.1 1.20 11.4
220 11.7 0.41 16.4 1.90 10.3 0.54 9.9 1.12 12.1
260 11.8 0.50 16.9 2.13 10.2 0.54 11.4 080 12.6
320 10.6 0.51 13.8 1.30 8.2 1.30 7.6 0.90 10.1
340 9.3 1.28 12.8 1.41 6.9 0.55 7.1 0.75 9.1

4.3.5 Gas Sensing Characteristics

For sensing measurement, initially the sensing chamber was evacuated by connecting
it to a high capacity vacuum pump. The sensor was exposed to pure nitrogen gas until
the constant baseline resistance was achieved and then the gas analyte (oxygen) was
introduced into the chamber. The signal from the sensor was continuously recorded
in real time with the help of a Matlab R2010a programme through which the data
is acquired every second. During this time, the steady resistance has been achieved,
and then the sensing chamber was flushed with pure nitrogen consecutively to allow
the surface of the sensitive film to regain atmospheric condition and the resistance
reached steady and kept stable. The Sensitivity is defined as :

Sensitivity(S) = & (4.4)

R,

where R, is the real time film resistance upon exposure to target gas and R, is
the initial film resistance in high purity nitrogen atmosphere.

Fig. 4.8 shows the variation of the response of the sensor (sensitivity) with the
CeOs film thickness at an operating temperature of 400°C.

The variation in sensitivity of the films with respect to thickness is explained on
the basis of the structural, electrical and compositional data. The 90 nm CeO, film
did not show any response with oxygen gas because of very high resistance. From
Fig. 4.8, it has been observed that the sensitivity has increased with increase in CeO,
film thickness from 130 nm to 260 nm and then decreased for films thicker than 260
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Figure 4.8: Variation of response of the sensor (sensitivity) and resistance with the
CeO2 film thickness at an operating temperature of 400°C

nm. The increase of sensitivity with an increase in thickness may be attributed to the
increase of (200) preferred orientation as evident from XRD data (as shown in Table
4.3). The (200) plane of CeOy has highest surface energy and hence high reactivity
when compared to other planes due to defects or oxygen vacancies Younis et al. (2016)
and Hu et al. (2016). Along with the (200) plane, the contribution of other planes
(111) (220) (311) are also significant which indicates more polycrystalline nature and
hence more active sites. The low sensitivity for films thicker than 260nm compared
to other films (< 260nm) can be probably attributed to the high resistance of the
film at 400°C. From this, we may conclude that a thickness of 260 nm with perfect
stoichiometry, reasonable surface roughness, lowest resistance (better crystallinity),
and also orientation in (200) direction (highest surface energy compared to other
planes) seems to be the optimum thickness for CeOy based oxygen sensors

Fig. 4.9 shows the response of 260 nm CeO, film at an operating temperature
of 400°C for 100% gas concentration. From this figure, it clearly indicates that the
sensors response is reproducible.

Fig. 4.10 shows the dynamic response (sensitivity) of the 260 nm CeOy thin film
sensor at an operating temperature of 400°C. The sensor was exposed to pure Ny
followed by successive oxygen gas pulses of 100%, 50%, 35%, 20%, 10% and 1%.

From Fig. 4.10, it is evident that the sensor responds even at low oxygen levels (1%
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Figure 4.9: Reproducible sensor’s response of the 260 nm CeOs film at fixed Oq
concentration of 100%
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Figure 4.10: Dynamic response (sensitivity) of the 260 nm CeOg thin film sensor at
an operating temperature of 400°C

which is equivalent to 10,000 ppm). However, it has been observed that the response of
the sensor (sensitivity) decreases with the decrease of O, levels without much change
in response time (10-15 s). The measured response time is typically < 10s whereas
the recovery time (tg9) is approximately 15s along with very high sensitivity of 12.6
for 100% oxygen levels. Izu et al. (2002a) calculated the response time as 35 s and 8
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s at the operating temperatures of 808°C and 1002°C respectively for the CeO, based
oxygen sensors based on diffusion coefficient, surface reaction coefficient and particle
size. Our sensor performance has been compared with the best CeO, based oxygen

sensors reported in the literature and summarized in Table 4.4.

Table 4.4: Comparison of this sensor performance with reported literature

. Operatin
Synthesis Thickness Temperatugre Response Ref
method (°C) Time
RF Sputtering 90-340 nm 400 <10s This work
10 ms
Screen printing 5-30 pm Estimated . .
RF Sputtering 0.5—1Zm 800 (by Fick’s Beie and Gnorich (1991)
second law)
808 35's
857 22 s
Mist Pyrolysis - 905 15's Izu et al. (2002a)
953 11 s
1002 8s
Mist Pyrolysis 20-30pum 615 11s Izu et al. (2003b)
Mist Pyrolysis 20-30pm 712 10s Izu et al. (2002b)
Mist Pyrolysis 304m gég 12;% . Izu et al. (2003a)
Spin coating Jm range 700 <60s Jasinski et al. (2003)
MOCYD 500 nm 600 - 1000 9-80 s Izu et al. (2004)
Sputtering
wet-chemical
precipitation - 600-850 >60s Chen and Chang (2012)
method

This sensor’s response time (<10 s) and recovery time (15 s) reported are the lowest
values with very high sensitivity (12.6) at a lowest operating temperature (400°C)
reported till today in case of undoped CeQO, thin film sensors. Also, the response
of our sensor is reproducible for all concentrations tested returning to the baseline
resistance following each successive pulse of analyte (oxygen gas). The composition,
porosity and packing density of the sensor film may change after exposure to target
gas (oxygen), which can change the base resistance of the film. As such, we did
not observe any change in the base resistance of the sensor film (CeO) after the

exposure to oxygen at 400°C, which indicates that the sensor film is stable in terms
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of composition and packing density, and also attains its equilibrium condition once
the gas is removed. The base resistance of the CeOy film is stable and no drift has
been observed over many cycles of gas sensing at different gas concentrations. Since
the base resistance is stable, we did not perform any characterizations to check the
quality of the CeO, film after exposure to oxygen gas. This superior performance of
CeO, thin film based oxygen sensor may be attributed to the combination of three

factors i.e :

1. high surface energy and reactivity due to the presence of (200) oriented CeO,

plane
2. low resistance due to better crystallinity
3. perfect stoichiometry with required roughness

The cross sensitivity measurements have been performed on different gases such
as COy, CO, NO, and no response has been found for gases other than oxygen. The
optimized CeOs (260 nm) films did not show any sensing at 400°C towards COq
(1000 ppm), CO (5 ppm) and NO, (5 ppm) which indicates that these films may
not be highly porous and having required surface to volume ratio as compared to
nanoparticles and nano structures of CeOy Durrani et al. (2008),Chougule (2018) and
Aboud et al. (2018). This indicates that our CeOs films are selective to oxygen gas at
an operating temperature of 400°C. However the CeOs films may show sensing towards
COg4, CO and NO, at higher concentrations, which needs further investigation.

For practical applications, this sensor should be associated with some measure-
ment solution systems which are based are based on current conveyor, resistance to
frequency, resistance to number, resistance to period and logarithmic, high precision,
differential circuits. It also requires a user interface consisting of gas sensor with var-
ious level of electronic signal conditioning in terms of both hardware and software, to

achieve the measured resistance.

4.4 Conclusion

CeO, thin films of different thicknesses ranging from 90 nm to 340 nm have been de-

posited at 400°C using RF magnetron sputtering on Al,O3 substrate. Characterization
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techniques such as Ellipsometry, XRD, XPS and AFM have been used to character-
ize the CeOs films for their thickness, structural, compositional /chemical and surface
morphological properties. The O/Ce ratio increased from 1.4 to 2.0 with increase in
thickness from 90 to 195 nm. All the films with thickness more than 195 nm appear to
be stoichiometric. The film resistivity seems to be related with (200) plane orientation.
It is minimum for oriented film of thickness 260 nm which has maximum textured co-
efficient and the corresponding sensitivity is maximum. Surface roughness increased
with film thickness. Once the film has the required composition and roughness, the
crystallinity and orientation of (200) plane are contributing to minimum resistivity
and maximum sensitivity. The CeO, film with an optimum thickness of 260 nm has
shown very high sensitivity (12.6), fast response time (<10s) and recovery time (15 s)
at a low operating temperature of 400°C, which are the best values reported till date
in case of undoped CeO5 thin film based sensors. The response time of CeO, based
sensor may be reduced further by increasing the conductivity of the CeO, films with

appropriate dopants.
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Chapter 5

Process Optimization and
Characterization of CeO>—H{O»
films deposited by RF Sputtering

Technique

5.1 Introduction

In recent years, mixed metal oxide compounds are getting lot of attention for the
development of high performance sensors. In mixed oxides, the resistance of the
compound, for ease of electronic interface can be controlled or modified by varying
the composition of the constituents which can be alter the structural and electrical

properties of the mixed oxide.

As a sensing material, metal oxide such as Hafnium oxide (HfO,) is one of the
potential metal oxide for gas sensors because of its excellent properties such as chem-
ical, thermal, and mechanical stability Capone et al. (1998). Also, it is very sensitive
to reaction of target molecules with adsorbed oxygen or the oxygen in the lattice it-
self because of its good ionic conduction properties. Nevertheless, impurities, defects,
and oxygen vacancies due to deposition technique processes can generate intermediate
states in the gap of the oxide, making it an n-type semiconductor Capone et al. (1998),
Durrani and Al-Kuhaili (2008).

No extensive study on the effect of thickness of mixed oxide films (CeO4 and HfO,)
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has been reported though both possess excellent properties to be used in gas sensors.
Hence, here in this chapter we report the oxygen gas sensors based of CeOy and HfO,

mixed oxide thin films developed by RF-sputtering technique.
This chapter discusses the synthesis of mixed oxide (CeOq and HfO,) thin films by

a novel technique in RF sputtering. Best oxygen sensors based on mixed oxide (CeOq
- HfO,) thin films have been developed by controlling and tuning the resistance of the
films. This has been done by varying the size (from 1 mm x 1 nm to 5 mm X 5 mm)
and number (from 2 to 4) of HfOy pellets which are placed on 3-inch CeOs sputtering
target. The sensor performance is better than the CeOs based oxygen sensors reported
in Chapter-4. The sensing performance and characteristics have been understood and
evaluated using various characterization techniques like TEM-EDS, SEM-EDS, XPS
and XRD.

5.2 Results and discussion

The sputtering process parameters used in this chapter are listed below in Table 5.1.

Table 5.1: Sputtering parameters used for deposition of CeO2—HfO2

Technique RF sputtering
Target CeO3 (99.99%)
HfO4 pellets 2-4; 1 mm thick
Argon 25 scem
Oxygen 2 scem
Sputtering gas pressure 2.5 x 1073 mbar
Power 75 W
Substrate to target distance 8.0 cm
Substrate temperature 400 °C
Annealing temperature 500 °C
Annealing duration 2 hours

Here the characterization of CeOy—HfO, films which includes thickness, structural,
compositional /chemical, and surface morphology properties are presented along with

the gas sensing results.
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5.2.1 Thickness measurement

The CeOy-HfOy mixed oxide thin films of different thicknesses were deposited on
AlyO3 substrates by placing two HfOy pellets of size 5 mm x 5 mm X 1 mm on
the 3-inch CeO, target; the deposition time was varied from 30-240 minutes, keeping
all the other process parameters as constant. The thickness of the deposited films
was measured using ellipsometry and validated using cross-sectional SEM and Dektak
surface profilometer. The measured thickness of the films was in the range of 38-295
nm and varied linearly with the deposition time at constant power. The Fig. 5.1
shows the cross-sectional SEM images of the film deposited for 180 minutes and the
measured thickness was around 220 + 10 nm, which is in good agreement with the

ellipsometry data.

Figure 5.1: Cross-sectional SEM image of the CeO2—HfO5 film deposited for 180
minutes
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5.2.2 Gas sensing characteristics

The gas sensing measurements were performed with Ny and No—O, mixtures at an
elevated temperature of 400°C for different concentrations of oxygen varying from
20-100% and changes in the resistance of sensor were recorded.

It was observed that the sensor film (CeOy—HfO,) did not show any response to
oxygen gas upto a film thickness of 80 nm because of very high resistance. The films
of thickness around 86 nm showed sensing, but the response and recovery times were
higher (41 s and 49 s respectively). The sensor’s performance (sensitivity, response and
recovery times) improved with an increase in thickness from 86 to 220 nm; however, a
decreasing trend was observed above an optimum thickness of 220 nm. The decrease
in the sensor’s performance above 220 nm may be because of the dominance of bulk
conductivity over the change in surface conductance. In semiconductor based gas
sensors, the surface conductance or resistance modulation is the key for sensor response
rather than a change in bulk conductance Rudraswamy and Bhat (2016). The oxygen
sensitivity of the 220 nm CeO,—HfO, film was ~14.15, which is higher than pure
CeOy oxide thin films Ramshanker et al. (2019). However, the response and recovery
times were still higher (20 s and 22 s respectively). This may be improved further by
tuning the resistance and structure of the mixed oxide films, which can be achieved by
controlling the Ce and Hf concentrations of the mixed oxide (CeOy~HfO5) thin films.
Hence, the next set of experiments were carried out to tune the Hf concentration by
varying the size and number of HfO, pellets to be placed on the CeO, target. One set
of experiments were carried out by varying the size of the pellets from 1 mm x 1 mm
to 5 mm x 5 mm while fixing the number of pellets as 2. Another set of experiments
were carried out by varying the number of pellets between 2—4. The sample details
and the corresponding gas sensing characteristics are listed in Table 5.2.

From Table 5.2, it can be clearly observed that the mixed oxide films deposited
with 2 HfO, pellets of size 3 mm x 3 mm and 4 mm X 4 mm show better sens-
ing performance compared to all other films. The variation in response of the films
with oxygen gas can be explained on the basis of the electrical, compositional data
structural characteristics of the CeO5—HfO5 mixed oxide films.

It was observed that the introduction of HfO, in CeOs significantly lowers the
resistance (from 10° to 10" Q) when compared to the previous work on pure CeO,
Ramshanker et al. (2019). This falls in line with the resistance measurements reported
by Izu et al. (2005b), Izu et al. (2005a), Izu et al. (2007), Scheffe et al. (2013)]. Hence,
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Table 5.2: Summary of the oxygen gas sensing characteristics of CeOs—HfO5 mixed
oxide films (t=220 nm) deposited by varying number and size of HfO9 pellets

No. of HfO, Size of pellets Response time Recovery time

pellets (mm) (s) (s)
2 1 x1 15 17
2 2 x 2 12 15
2 3 %X 3 8 10
2 4 x4 8 10
2 5 XD 15 20
3 5 X b 30 33
4 5 X5 37 48

the variation in the resistance of CeOy—HfO,; mixed oxide films can be attributed to
the variation of Hf concentration in the films. Therefore, the atomic concentrations of
Ce and Hf elements were calculated to understand the oxygen sensing characteristics

and also to identify a suitable Hf concentration to develop the best oxygen sensor.

5.2.3 Compositional results

In order to determine the composition (atomic concentrations) of the CeOy—HfOq
mixed oxide films, a combination of Transmission Electron Microscopy (TEM) and
Energy Dispersive Spectroscopy (EDS) was used. The samples were analyzed by
focusing a narrow electron beam on the sample and obtaining the resulting x-ray
spectrum. Each of the elements of interest (Ce and Hf) have distinct x-ray emission
spectra, as shown in Fig. 5.2. The qualitative maps of the composition were con-
structed by collecting the x-ray spectra from an array of points and it was found that
Hf was distributed uniformly in the films. The quantitative average elemental com-
position (atomic percentage of each element) was measured by expanding the beam
to cover a large area and the error estimates were obtained using the Velox software.
The summary of the atomic percentage of Ce and Hf elements in the mixed oxide thin
films and their corresponding oxygen sensing characteristics are shown in Table 5.3.
The atomic concentration of Hf varies from 7% to 23% with an increase in the size
and number of HfO, pellets.

From Table 5.3, it is clear that the Hf concentration increases with an increase
in the size as well as the number of pellets and hence, the Hf concentration can be

controlled via the size or number of HfO, pellets. From the oxygen sensing data,
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Figure 5.2: TEM-EDS mapping of Ce-Hf film
it appears that films with around 10-11% of Hf concentration have better sensing
performance in terms of response and recovery times of 8 s and 10 s respectively.

Table 5.3: Summary of varied atomic concentration (by varying the size and number
of HfO9 pellets) of Ce and Hf and their corresponding gas sensing characteristic.

No. of Size of Response Recovery
HfO, pellets Ce Hf time time
pellets  (mm) @t 7%)  (at %) (s) (s)

2 1x1 93.9 6.9 15 17

2 2x2 91.0 9.0 12 15

2 3x3 89.4 10.6 8 10

2 4x4 88.8 11.2 8 10

2 5x5 87.5 12.5 15 20

3 5xbH 80.1 19.9 30 33

4 5x5 771 22.9 37 48

The elemental composition of these films was also validated through FESEM-EDS
(shown in Fig. 5.3) and XPS analysis.
The Fig. 5.4 (a) shows the XPS survey spectrum of the film deposited with two
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Figure 5.4: (a) XPS survey spectra of 220 nm CeO2-HfO2 mixed thin film; (b) high
resolution XPS spectra of Ce-3d of standalone 220 nm CeOs film and mixed oxide film;

(c) and (d) high resolution XPS spectra of Hf-4f and O-1s of 220 nm CeO3-HfOy mixed
thin films respectively

HfO, pellets of size 4 mm x 4 mm. The spectrum clearly shows the presence of Hf

in the film. The atomic concentrations of Ce and Hf present in the mixed oxide films
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were extracted by using relative sensitivity factors (RSF) of the individual elements.
It was found that the Hf concentration increases with an increase in the size and
number of HfO, pellets and the results are in good agreement with the TEM-EDS

analysis.

XPS was also used to investigate the oxidation states of Ce and Hf in the mixed
oxides. The Ce-3d core level peak (as shown in Fig. 5.4 (b)) had a complex structure
due to the strong hybridization of the Ce—4f and O—2p states in cerium oxide. Two
possible oxidation states of cerium oxide, Ce?™ and Ce** having nine different features
were found in the Ce—3d region. The interpretation was done by the standard notations
used in literature Zhang et al. (2016), Holgado et al. (2000) and Zhu et al. (2014). The
assignment of features in the Ce-3d spectra can be seen in Fig. 5.4(b) for both pure
CeO, films and CeOy-HfO, mixed oxide films. The peaks labeled as ‘v’ correspond to
Ce 3ds/, contributions and those labeled as ‘u’ represent the Ce 3ds/, contributions.
The peaks u, and u are the main Ce 3ds/ lines of Ce*, and the peaks v, and v are
the main Ce 3ds/2 lines of Ce*t. The peak labeled as v/ is a satellite to the Ce®*
3ds5/2 main line v,, whereas v” is related to Ce** (main line v). From Fig. 5.4(b), it is
evident that the Ce®* concentration was more in the mixed oxide films (CeOy—HfO,)
compared to pure CeOs films. Moreover, the peaks centered around 899.5 eV and 881.1
eV are the principal binding energies of Ce 3d3/, and Ce 3ds,, respectively, which are
significantly lower (0.5 to 1 eV) than the values typical for Ce*™ (900.2-900.6 and
881.7-882.0 eV respectively) in CeO,. This suggests a significant concentration of
Ce3* ions on the surface region of the mixed oxide films and hence, the surface region

is strongly reduced.

The Fig. 5.4(c) shows the high resolution spectrum of Hf-4f; this is a broad
peak that can be de-convoluted into four peaks. The broadness of the peak may be
attributed to the low concentration of Hf in the film. The binding energy of the Hf-
4f7 )5 peak would be around 16.5-17 eV and the spin orbit splitting (the separation
between Hf-4f; 5 and Hf-4f; 5) would be 1.7 eV for bulk and stoichiometric HfO, films
Lakshmi Ganapathi et al. (2013) and Ganapathi et al. (2014). From Fig. 5.4(c), it
was observed that the Hf-4f;,, peak was centered at around 16.7 eV but the spin
orbit splitting was between 2.2-2.4 eV. This indicates that hafnium is not in the Hf**
oxidation state on the surface of the mixed oxide film and may be present in the
form of HfO, where x<2. The position of the primary O 1s feature was ~529.1 eV
(shown in Fig. 5.4(d)), which is almost 1 eV lower than the lattice oxygen present in
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the stoichiometric mixed cerium-hafnium oxide (530.3 eV in Ce,Hf;_,O2) reported
in literature Izu et al. (2005b). The small peak centered at around 531 eV may
be attributed to the surface adsorbed oxygen (possibly from absorbed water and/or
carbonates). The XPS results conclude that the surface of the CeOy—HfO, mixed
oxide film is strongly reduced due to oxygen vacancy formation with the addition of
HfO5 to CeO,. The reduced surface of the mixed oxide film may be the reason for the
high response towards oxygen gas compared to CeO, standalone films. The optimum
atomic concentration of Hf (10-11%) plays an important role in high performance
oxygen gas sensing in terms of response and recovery times, which can be explained

based on the structural data.

5.2.4 Structural analysis

XRD characterization was carried out to understand the structural details of the mixed

oxide films. The Fig. 5.5 shows XRD patterns of the CeO,—HfO, films.
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Figure 5.5: XRD patterns of CeOo—HfO2 mixed oxide films with varying Hf concen-
trations
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The characteristic peaks of the XRD patterns were matched with that of CeO,
(JCPDS no. 043-1002). The peaks were indexed with fluorite cubic structure with
Fm-3m space group. The XRD patterns were composed of four strong and broad peaks
corresponding to the (111), (200), (220) and (311) reflections from CeO, films peaks
at 260 of 28.4°, 33.1°, 47.3° and 56.2° respectively. This indicates that all the films are
polycrystalline in nature. No other phases of CeOy such as Ce,O3 and CeO,_, were
observed as seen from the XPS data (Ce®" oxidation state). Also, no characteristic
peaks related to HfOy were observed; this may be due to the presence of HfOs in the
amorphous phase. However, a slight shift in all the peak positions around 0.3 to 0.4
degrees towards a higher angle was observed. This shift in the peak positions can
be attributed to the presence of Hf in the film, which may have induced a strain in
the CeOy lattice Izu et al. (2005b), Izu et al. (2007), Wang et al. (2008), Bonk et al.
(2016).

In general, the fluorite cubic CeO, tends to grow in the (111) orientation under
normal deposition conditions because of the lowest surface energy due to the highest
atomic packing density along the (111) plane Izu et al. (2002a), Izu et al. (2003b).
But, in this work, it was observed that the intensity of the (200) plane increases
with an increase in the Hf concentration upto 11% in the CeO, film, after which it
showed a decreasing trend. To quantify the preferred orientation, the intensity ratios
of the (200) and (111) planes were calculated; it was found that the ratio increased
to 0.67 upto 11% of Hf concentration and then showed a decreasing trend. A detailed

investigation is required to understand the nucleation process.

The improvement in the oxygen sensing characteristics in CeO,-HfO, films with
an increase of Hf concentration (upto 11%) can be attributed to the increase of (200)
preferred orientation since the (200) plane of CeOy has highest surface energy and
hence, high reactivity when compared to other planes Younis et al. (2016), Hu et al.
(2016).

From the XRD and XPS data, it can be concluded that the good sensing charac-
teristics of CeOy—HfOs, mixed oxide films between 10-11% atomic concentration of Hf
can be attributed to the existence of the highly reactive plane (200) with the highest
surface energy and strongly reduced surface, with oxygen vacancy formation due to

the presence of Ce®* ions and HfO,, x<2 on the surface of the mixed oxide films.

From the gas sensing data, it was observed that as the Hf concentration increases

upto 11%, there is an improvement in the response and recovery times. This might
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be due to an increase in oxygen vacancies with introduction of Hf. Further increase
in Hf concentration (above 11%) is leading to structural changes [from XRD data it
has been observed that the preferred orientation of the films, (200) orientation has
changed to (111) plane orientation|, which may limit the oxygen vacancies as the
(111) orientation is highly packed plane. This can result in an increase of response
and recovery times due to low surface energy of (111) planes with low defect density
compared to (200) oriented planes.

The uniform distribution of Hf was validated using the Field Emission Electron
Probe Microscope Analysis (EPMA) using the EPMA-JEOL JXA-8530F tool. The
EPMA results (Fig. 5.6) showed that Hf is uniformly distributed in the film and CeOq
matrix (red colour = Ce, blue colour = Hf and green colour = Oxygen). These results

are in good agreement with the TEM-EDS mapping.

Figure 5.6: EPMA analysis showing the uniform distribution of Hf

5.2.5 Optimized CeO,—HfO,; mixed oxide thin film sensor per-

formance

The optimized sensor film, CeOy—HfO, (between 10-11% of Hf concentration) of thick-

ness 220 nm was tested (by exposure to oxygen gas) at different temperatures ranging
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between 300 to 400°C at 50°C intervals to identify the suitable operating tempera-
tures. The sensor film could sense oxygen gas at all the three operating temperatures
of 300, 350 and 400°C. It was observed that as the operating temperature decreased
from 400 to 300°C, there was a slight increase in the response and recovery times from
8 s and 12 s to 10 s and 15 s respectively. All the reported CeOs oxygen sensors have
been operated at very high temperatures of >600°C. As reported in Chapter 4, a CeO,
oxygen sensor was developed that operates at a low temperature of 400°C; however,
the sensor did not respond below 400°C because of very high resistance of the sensing
film in the order of GQ2 (10°2). The addition of HfO5 to CeO, altered the structural
and surface properties of the CeOy thin films, thereby leading to a reduction in the
resistance values from 10° to 107 Q. Hence, there was an improvement in the sensor
performance in terms of sensitivity, response and recovery times. The films were also
able to sense oxygen gas at a relatively low temperature of 300°C.

Fig. 5.7 illustrates repeatability of the sensor when subjected to identical gas
concentrations of 100% indicating that the sensor can recover fairly well. A maximum

sensitivity of 15 for oxygen concentration of 10,000 ppm at 400°C temperature was

observed.
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Figure 5.7: Response of the 220 nm film for fixed concentration (100%) at an operating
temperature of 400°C
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Figure 5.8: Dynamic response of the 220 nm film at an operating temperature of
400°C

Fig. 5.8 shows the dynamic response of the 220 nm CeO,-HfO, thin film sensor at
an operating temperature of 400°C. The sensor was exposed to pure Ny followed by
successive oxygen gas pulses of 100%, 90%, 80%, 70%, 60% upto 20%. From Fig. 5.8, it
is evident that the sensor response increased with an increase in oxygen concentration
and could even sense at low oxygen levels of 20%. Not much drift was observed
in the baseline resistance when subjected to increasing and decreasing concentrations
(Fig. 5.8).This clearly indicates that the oxygen vacancies on the reduced mixed oxide

surface do not affect the stability and reproducibility of the sensors.

5.3 Conclusions

A novel technique was used for the synthesis CeOy—HfO5 mixed oxide thin films using
RF sputtering. The mixed oxide films showed better sensing performance in compar-
ison with pure CeO, films. The Hf atomic concentration was controlled using the size
and number of HfO, pellets to achieve the best sensing performance. The characteris-

tics and sensing performance were evaluated using various characterization techniques

such as TEM-EDS, FESEM-EDS, XPS and XRD. The EDS and XPS data indicated
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that the Hf concentration increases with an increase in size as well as number of HfO4
pellets. From the XRD and XPS data, it was understood and concluded that the best
sensing characteristics of CeOo—HfO, mixed oxide films with 10-11% atomic concen-
tration of Hf can be attributed to the existence of the highly reactive plane (200) with
the highest surface energy and strongly reduced surface with oxygen vacancy forma-
tion due to the presence of Ce?" ions and HfO,, x<2 on the surface of the mixed oxide
film.

The sensor film (CeOy—HfO3) could sense oxygen gas even at low temperatures of
<400°C; however, the response and recovery times were slightly higher.

The fabricated/optimized CeO,—HfO, mixed oxide sensor showed excellent sen-
sitivity (~15), response time (8 s) and recovery time (10 s) at low operating tem-
peratures of 400°C compared to reported values in literature till date. The sensor’s
performance is reproducible without any drift in the base line resistance. This work
may pave the path towards development of scalable oxygen sensors using mixed metal

oxides.
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Chapter 6

Design and Development of
Microheaters with High
Temperature Uniformity for Gas

Sensors

6.1 Introduction

A sensing element such as a metal oxide film can sense the target gas with max-
imum sensitivity only at certain temperature, hence localized heating arrangement
with good uniform temperature profile is very much necessary to realize the devel-
oped oxide thin films in a viable sensor technology. microheaters with appropriate
design and the physical properties of heating element at that length scale will play
crucial role in achieving uniform temperature profile in the desired area of the sensing
element. Moreover, the design should be process compatible. In this chapter, the

design, simulation, fabrication and testing of the microheaters will be discussed.

Conventional heaters with larger dimensions have high power consumption, long
heating times and long cooling cycles. In contrast, microheater has a fast heating
response as compared to the conventional heaters Hwang et al. (2011). However, the
heating response time and cooling cycles depend on the heating element (material)
and their physical dimensions (length, width and thickness) as well as their physical

properties (resistance and thermal conductivity) at that length scale.
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Microheaters or Micro-hotplates are high-temperature generators, with precise con-
trol, that can offer very high temperatures (in excess of 1000°C) depending on the
heater material. It consists of a substrate on which a heating element is fabricated.
Heating element is a thin conducting path made of a high resistive material which
exhibits joule heating when a current is passed through it. The substrate distributes
the heat of the heating element uniformly over its surface. Due to their low power con-
sumption and short response time, microheaters have been extensively used in micro
systems based gas sensors Moon et al. (2012), Liu et al. (2018) and Li et al. (2017).

Platinum has been extensively used as heater material in fabrication of micro-
heaters mainly due to its stable temperature coefficient of resistance, tolerance of
large current density, high melting temperature also exhibit high stability in temper-
ature cycles Li et al. (2017), Akasaka et al. (2019) and Cardinali et al. (1997). The
main advantage of platinum is that it is resist to oxidation even over 500°C Spannhake
et al. (2006). Other than platinum, materials such as molybdenum Mele et al. (2012),
titanium nitride (TiN) Creemer et al. (2008), polysilicon Laconte et al. (2004), plat-
inum—tantalum (Pt—Ta) Maeder et al. (1998), Firebaugh et al. (1998) and Esch et al.
(2000), are also used in fabrication of microheaters.

Microheaters happen to be the very important component in MEMS gas sensors
since the sensitivity and selectivity of the gas sensing film is decided by the heater tem-
perature. While integrated gas sensor aims at precision measurement of gas concen-
tration, the operating temperature of the thin film sensor should be uniform. Highly
non-uniform temperature profile gives rise to ambiguity of the operating temperature.
It will also degrade the selectivity and sensitivity. Moreover, this is also the most

power consuming part in gas sensors which is decided by the geometry of the heater.

6.2 Design and Electro Thermal Modeling of Mi-

croheaters

The aim of this design is to optimize the geometry shape of the microheater to achieve
very good temperature uniformity and higher temperature throughout its surface.
The temperature uniformity across heater structure can be increased by optimizing

the space between the elements of heater.

Resistive microheaters generate heat by the inherent resistance of metal conductors
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to electron flow. By controlling the voltage supplied to a resistor, a predictable amount
of power in the form of heat energy per unit time can be emitted from the resistor.
The Power (P) equation which relates conductor is :

v2

P== (6.1)

where V' is the applied voltage and R is the Resistance. The resistance of the

heater with material properties and its geometry is given by :

_rL
A

where p - resistivity (©2/0), L - Length, A - Cross sectional area of the conductor.

R (6.2)

Thermoresistive effects of the thin metal films can be considered advantageous to
measure the temperature to a high degree of precision and linearity. The equation

which relates the resistance and temperature for thin metal films is given by :

Ry = Ryl + an(T —T,)] (6.3)

where Rp- Resistance measured at different Temperature, R,- Resistance at Room
Temperature T,, ap - Temperature Coefficient of Resistance (TCR) of the heater

material and T - Measured Temperature in °C.

_ pL
WD

For a conductive line made with material resistivity p, length L, width W and

RT [1 + O./R(T — TO)] (64)

thickness D, the heater pattern can be tailored within the limits of the processing
capabilities by variably reducing the line width of the pattern.

Modeling of micro-heating elements has been performed for years. COMSOL is the
most convenient MEMS design tool used in the industry these days. It is an efficient
integrated design environment that reduces design risk, speeds time-to-market and
lowers the development costs. The simulation tool enables schematic-based structural
modeling and detailed 3D multi-physics numerical analysis to support every MEMS
application, such as automotive sensors, RF devices, optical MEMS, acoustics and
micro fluidics Messina et al. (2007),Bechtold et al. (2004),Ali et al. (2008), Li et al.
(2006), Udrea et al. (2001), Pike and Gardner (1997), Astie et al. (1998), Joy and
Antony (2015), Elmi et al. (2006), Biré et al. (2014), Kumar et al. (2014), Noor et al.
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(2014), Venkatesh et al. (2016) and Kwak et al. (2018).

The electric current density ‘J’ is proportional to the electric field. Due to the
electric current, there is resistive heating which is shown to be proportional to the
square of magnitude of the electric current density ‘J’. This is referred to as Joule
heating. The Joule heating predefined multiphysics coupling combines a Conductive
Media DC application mode from COMSOL Multiphysics with the Heat Transfer Mod-
ule. The Joule heating model node in COMSOL uses the following heat equation for

mathematical modeling of heat transfer in solids:

QalJ|? (6.5)

where @ is the amount of heat generated and J is the Current density in (A/m?)

Correct design of microheater is an important aspect since this is the most power
consuming part in any device it is integrated into. In the past, extensive research
has been carried out to optimize the geometries of the microheater, and geometries
such as square plate with central hole, meander, S-shape, fan shape, honey comb and
double spiral are most commonly used geometries Singh and Mohan (2005), Velmathi
et al. (2010),Sujatha et al. (2012), Bhowmick et al. (2017), and Lee et al. (2003).
However not much work on shapes and patterns have been reported. The Square
plate with central hole structure suffers from undistributed hot spots near the hole
and it also consumes more power Singh and Mohan (2005). Though single meander
is extensively studied due to its simple geometry, it consumes high power and hot
spots were observed at very high temperatures leading to large temperature variations
across the hot plate Lee et al. (2003). S-shaped heaters will be suitable only for smaller
dimension sensing films and they suffer from high stress due to thermal expansion Je
and Lee (2014) and Velmathi (2017). Though Fan shaped heater consumes less power,
it suffers from process compatibility Bhatt and Arora (2014).

Recently, six commonly used structures (Square plate with center hole, Honey
comb structure, Fan shape, Meander structure, Double Spiral shape and S-Shape) of
microheaters were simulated and fabricated and it was reported that double spiral
and fan shape consumes less power Velmathi et al. (2010). However, as seen from
the simulation results in Fig. 6.1, though the dimension of the heaters are 500um x
500pum, the temperature is uniformly distributed only for a smaller area of around
200pm x 200pm. This clearly indicates that the entire heater area is not fully utilized

due to non-uniformity of temperature. This will affect the sensor’s performance.
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Figure 6.1: Simulated results of commonly used heater structures for 500um x 500um
Velmathi et al. (2010).

With this in background, the design, simulation and fabrication of microheaters

with focus on improving the temperature uniformity is attempted and reported in this

chapter.

The uniformity in temperature profile can be improved by increasing the resistance
of the heating element. Usually the heating profile is modified by increasing the length

of these elements. However the temperature profile can also be improved by modifying
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the area of the heater. In this work, the area of the heater is optimized in order to
increase the resistance by adopting novel designs / geometries.

The single meander shape was taken as a reference design Velmathi et al. (2010),
Singh and Mohan (2005) and several modifications were done on this structure to
cover more area under heat. After several iterations and optimizations, a novel designs
namely Perforated Type 1 and Type 2 microheaters have been developed with an array
of connectors placed at different points as shown in Fig. 6.2. This was done in order
to improve the heating and maximize the current density over the entire structure
which leads to higher heat generation. Thermal insulation was provided to achieve an

improved temperature profile.
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Figure 6.2: Perforated Type 1 and Type 2 microheater designs of 500um x 500um
dimension.

6.2.1 Meshing in COMSOL

A mesh is a partition of the geometry model into small units of simple shapes. In
COMSOL Multiphysics a default mesh could be created which are triangular in shape
for a 2D simulation and tetrahedral if the simulation is 3D. A mapped mesh also could
be created for user defined element shapes.

In both the cases some parameters mentioned below could be adjusted:

e Predefined mesh sizes: It is possible to choose the size of the mesh for each sub-
domain, boundary or edge in the model. More important parts can be adjusted

to smaller mesh sizes.
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e Scale geometry : For this parameter, the scale factor in each direction (z,y, z)
is adjustable. Scale factors are used to generate anisotropic meshes, they are
useful when there is large aspect ratio in the geometry, like cases where z,y

parameters include micrometers and z parameter is in nanometer scale.

Microheater geometry chosen in this report is 500um x 500pm x 100nm
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Figure 6.3: Meshing of Perforated Type 1 and Type 2 microheater.

6.2.2 Simulation Results

The microheaters are modeled for the area of 500um x 500um and a thickness of
100nm. The thermal profile of each heater geometry to produce around 400°C is
shown in Fig. 6.4 and 6.5. The temperature profile in both the designs have shown
excellent temperature uniformity throughout the entire area of the heater.

Both types of microheaters are fabricated and characterized thermally & elec-
trically and their results are compared in order to validate the design strategy and
simulations. These microheaters have been fabricated at Center for Nano Science and
Engineering (CeNSE), Indian Institute of Science (IISc), INDIA.
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Figure 6.4: Temperature Profile of Perforated Type 1 microheater.
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Figure 6.5: Temperature Profile of Perforated Type 2 microheater.

6.3 Fabrication of Microheaters

Schematic of microheater fabrication process is shown in Fig. 6.6. Microheater fabri-

cation consists of the following steps:
1. Wafer cleaning
2. SiO, by PECVD
3. Lithography
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Figure 6.6: Microheater Fabrication :- (a): Deposition of 1 micron PECVD SiO3 on
RCA cleaned Si Wafer, (b): Microheater patterning and lift-off (Ti/Pt - 10/100 nm
thickness).

4. Pt deposition (by sputtering) and lift-off

Si wafer (one quarter of 3”) was cleaned with RCA-1 and RCA-2 solutions. Then
1pm oxide layer is grown using PECVD Technique on top of the polished surface of
the wafer. Photoresist AZ5214E is applied using a spin coater. An array (16 x 16)
of heater patterns (as shown in Fig. 6.7) are directly written upon the photoresist
using Optical Lithography technique (Tool: Heidelberg UPG 501) which is also called
as Laser / LED writing. Subsequently the heater patterns are developed in MF26A
developer solution and rinsed with DI water followed by nitrogen drying. This was
followed by deposition of Ti/Pt — 10/100nm by sputtering technique. Ti was used
as an adhesion layer. Finally the sacrificial photoresist was removed using lift-off

technique.

6.4 Microheater Characterization

The fabricated devices are visually inspected using optical microscope (Fig. 6.8), to
check short circuits, cracks in the wafer or in the microheaters, and overall quality.
Also, a color CCD equipped with 100x magnification lenses was used via a desktop
PC to inspect the wafers. Any platinum left on the edges of the wafers was removed
to prevent short circuits, and then a continuity test was performed.

The fabricated microheaters were also inspected by using high resolution SEM.
This was done in order to validate the physical dimensions, finishing at the surface

and the edges. The SEM images of the fabricated microheaters shown in Fig. 6.9
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Figure 6.7: The .cif file consisting of array of heater patterns created by direct writing.

Figure 6.8: Visual inspection of fabricated microheaters using optical microscope.

clearly indicate that there is no deviation w.r.t the original design.

The fabricated microheaters are characterized for their thermal and electrical prop-
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Figure 6.9: SEM Images of fabricated microheater patterns.

erties to ascertain the temperature uniformity and power consumption. To perform
this, firstly the die is separated from the array of devices by using the Automatic
Dicing Machine (DAD321 Disco Wafer Dicer). The die is then attached to the IC
header with the help of non-conductive adhesive. The electrical contacts are obtained
by connecting the contact pads using of the wire bonding (HB16 TPT Wirebonder)
technique. Microheaters are wired bonded using 25 thick gold wire. Keithley source
meter is used for the measurement of electric parameters and FLIR SC5200 infrared

camera is used for thermal imaging.

6.4.1 Thermal Images of the Microheater Patterns

The thermal images of the microheaters are captured by IR camera - FLIR SC 5200.
The microheater is placed on the test bench of the thermal imaging camera and the
electrical contacts of the heater are connected to the probes of the source meter for
driving current or voltage. After setting up adequate capturing parameters such as
emissivity and number of frames, the thermal images are acquired and shown in Fig.
6.10 to Fig.6.12.

Fig. 6.10 shows the FLIR image of the two heaters. From Figures 6.11 to 6.12, it is
clear that the heater elements exhibits uniform temperature throughout the entire area
as observed in the simulated results. Even at very high temperatures, the fabricated

structures showed high stability and without any hot spots.
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Figure 6.10: FLIR Image of microheaters as focused in IR Camera.
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Figure 6.11: FLIR thermal image of Perforated Type 1 microheater showing the
uniform temperature distribution along the heater.

6.4.2 Electrical Characterization of Microheaters

The different microheater geometries fabricated are electrically tested for their thermal
properties using DC probe station. The temperature was calculated by using equation
6.3 as discussed in Section 6.2.

The electrical characterization was performed for both types of heaters and the
temperature-power analysis graph is shown in Fig. 6.13. As can be seen from this

graph, the power consumed by Perforated Type 2 heater is 1.14 watts to reach a tem-
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Figure 6.12: FLIR thermal image of Perforated Type 2 microheater showing the
uniform temperature distribution along the heater.
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Figure 6.13: Temperature-Power curve for comparison of two types of heaters.

perature of around 400°C, whereas the Perforated Type 1 heater consumes 1.44 watts

to reach the same temperature. Velmathi (2015) designed and fabricated a membrane
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based double spiral shape heater which consumed 1.8 W to reach 400°C. Yoon et al.
(2002) have used a microheater of spiral groove of size 280um x 280um for polymerase
chain reaction (PCR) application. Their results indicate that the power consumed is
1.34 W for a temperature rise to 90°C. The results presented in our work are better
than those presented in the literature. The excellent temperature uniformity and low
power consumption can be attributed to the novel designing technique obtained by
optimizing the area of the heater.

The power consumption could be further reduced by micromachining the area
below the heater. This is done by removing the Si underneath the heater area. How-
ever this needs additional process steps namely patterning the area to be etched and

etching of Si wafer by wet or dry etch technique.

6.5 Integrated Gas Sensor (Microheater + Sensing
Element)

The microheater fabrication process was explained in Section 6.3. Steps (a) and (b)
shown in Fig. 6.6 followed for fabrication of microheater will remain same. The
subsequent fabrication steps involved in Integrated Gas Sensor are shown in Fig. 6.14

and are discussed below.
S
C
&
d
e

Figure 6.14: Fabrication Steps of Integrated Oxygen Gas Sensor (c) Deposition of
Si0g, (d) Deposition of Electrodes (Ti/Pt) (e) Sensor Film Deposition.
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As shown in step (c) of 6.14, a thin, 1um film of SiO, is deposited on microheaters
using PECVD technique. This layer acts as a barrier layer or an electrical insulator
between the microheaters and sensing electrodes. Since SiOs is required only on top of
the microheater, this area is masked (by photoresist) and SiOs is etched from the rest
(unmasked) of the areas by Reactive Ion Etching (RIE). Later the Ti/Pt interdigitated
sensing electrodes (IDE) of thickness 10/50 nm is deposited by sputtering method
which is carried out by lift-off technique after necessary patterning (as shown in 6.14
step d). Finally, as shown in 6.14 step e, the sensor film (CeOy+ HfO,) is deposited
by sputtering technique (as discussed in Chapter 5) on top of the electrodes with

necessary masking (to protect the other areas).

The fabricated integrated gas sensor is shown in Fig. 6.15(a). Individual dies (as
shown in Fig. 6.15(b)) are separated after proper dicing. The contact pads (micro-
heater and IDE’s) of the fabricated gas sensor of different patterns are then attached
on the header with suitable wire bonding techniques. The prototype of the integrated
sensor mounted on two different headers (TO5 and Plastic) are shown in Fig. 6.15 (c
and d).

Figure 6.15: Integrated gas sensor (a) Wafer level, (b) Die level, (a) Sensor mounted
on TO5 header and (b) Sensor mounted on plastic header
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The gas sensing measurements for sensing oxygen gas were carried out using the
sensor developed. The response and recovery time for these sensors were found to be
of 13 and 20 seconds respectively which is in good agreement to the results discussed
in Chapter 5. The gas sensing curve performed on 100% oxygen gas is shown in Fig.
6.16. The gas sensing was carried out for 1.5 hours duration and the results were

found to be reproducible with no drift in the baseline resistance.
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Figure 6.16: Gas sensing results on Integrated Sensor.

6.6 Conclusion

Microheaters play a crucial role in MEMS gas sensor technology. Several microheater
designs have been studied and new heater patterns with excellent temperature unifor-
mity and low power consumption have been developed.

Two different geometrical structures namely Perforated Type 1 and Type 2 Plat-
inum microheaters of dimension 500um x 500um were designed and analyzed using
FEM based software COMSOL. The simulated results show the temperature being
distributed uniformly across the entire structure in both the designs.

The designed microheaters were fabricated and characterized thermally and elec-
trically. The results showed excellent temperature uniformity in the entire heater area
and the power consumed to raise the temperature to 400°C is nearly between 1.14 to
1.44 W which was considerably lower than that reported in the literature. This can
be attributed to the novel microheater designs obtained by optimizing the area of the

heater.
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The fabricated heaters were integrated into a gas sensor and the device was tested
for oxygen gas. The sensing results (response time of 13 seconds and recovery time
of 20 seconds) were found to be in good agreement with the results obtained using a
bulk or conventional heater (as discussed in Chapter 5).

Apart from gas sensor applications, microheaters with high temperature unifor-
mity, low power and high thermal stability find very wide applications, such as, in
shape memory alloy microactuators, heater actuated cantilevers and BioMEMS ap-

plications where precise temperature control is one of the important requirements.

96



Chapter 7

Design of Wide Range Readout

Circuit

7.1 Gas Sensor Readout circuit Design

Readout circuits are circuits used to convert the sensed signal, such as voltage, current,
resistance etc. or changes in it into a more convenient form of the same or different
type of signal for further processing. This chapter presents a brief review on resistance
readout interface circuits reported in the literature and explains the requirements
of the readout circuit. The chapter also presents a highly efficient readout circuit

designed for measurement of very high resistances.

7.1.1 Interface circuit requirements and state of art

An intelligent design and integration of the electronic circuitry (for drive, signal con-
ditioning/compensation, and readout) with the gas sensing element can mitigate some
of the significant issues inherent in solid-state gas sensors, such as strong temperature
and humidity dependence, signal drift, aging, poisoning, and weak selectivity.

There are two possible ways of implementing smart gas sensors, viz.,
1. Hybrid approach and
2. Monolithic approach

Hybrid Approach

In this approach, the gas sensor and the interface circuitry form two different chips, as
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shown in Fig. 7.1a and these two can come from different foundries and hence have the
advantage of fewer thermal and material design constraints. Also, in this approach,
the electronic circuit dies can be reused even if there is a problem with the sensing
chip. However, the parasitic capacitance/resistance arising because of the interconnect
between the chips is clearly larger, less predictable and less repeatable than with
the monolithic approach. Furthermore, there is the additional cost of fabricating,

interconnecting and mounting two chips (with a larger area) into a single package.

Monolithic Approach

In this approach, both the sensors and the interface electronics are on the same silicon
chip as shown in Fig. 7.1b and this approach benefits from a well established mi-
croelectronics process that leads to a reliable and reproducible performance with less
parasitic effect. However, the gas sensing component can only be made with foundry
provided materials and a defect in the sensing element will result in the failure of the
whole integrated chip even if the readout circuitry is working properly. Hence the cost

of device failure is significantly higher.
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Figure 7.1: Gas Sensing film integrated with the Readout Chip in (a) Hybrid Approach
and (b) Monolithic Approach Li et al. (2007)

7.1.2 Interface circuit requirements

All gas sensors require a sufficiently fast interface circuitry in order to manage transient
data acquisition and limiting the signal distortion to minimum. For gas monitoring
applications, the range of resistance values to be measured is significantly wide. In

order to detect a variety of gases of interest with enough accuracy usually in the order
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of tens of parts per million (ppm), it is important to measure the sensor resistance
value (Rens) with a precision better than 1% (Malcovati et al. (1996)). Furthermore,
considering the state of the art in oxide sensors manufacturing Martinelli et al. (2004),
the sensor resistance values may vary widely because of the effect of three typical sensor
response components listed below. A wide-range of readout performance is also needed
(Barrettino et al. (2004)) because the sensor resistance value, (Rsens), may vary by
several orders of magnitude (decades when expressed in dB) due to the combination
of the following three variable components Burresi et al. (2005), Capone and Siciliano
(2004), Far et al. (2008).

e The baseline value Ry, which typically depends on the fabrication technique.

e The deviation from the baseline ARy, due to technological and aging spread as

well as temperature.

e The resistance variation A Rz 45, which depends on gas concentration and which
is negative for most gas types (its value can be as large as a couple of decades

below the baseline value).

Thus the resistance value can be written as,
RSens - RO —|— ARO — ARGAS (71)

Resistance measurements are divided into three types- low resistance measurement,
medium resistance measurement and high resistance measurement. If the resistance
measurement is from a few milli ohms to micro ohms, then it is considered as a
low resistance measurement. Medium Resistance measurements are from 1€2 to 100
K€). Potentiometers, thermistors, etc., fall in this category. Very high resistance

measurements are those that lie in the range 100 K2 to more than 100 M.

7.1.3 State of art of interface circuits

In chemoresistive sensors the presence of volatile compounds change the resistance
of the sensing element. Interface circuits for these sensors are relatively simple since
they involve measuring the change in resistance. Two types of resistance measurement

circuits are commonly used: voltage dividers and Wheatstone bridges.
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7.1.3.1 Potential divider circuit

Early work by Shurmer and Gardner (1992) on odor discrimination with an elec-
tronic nose made use of the potential divider methodology, shown in Fig. 7.2, for the

interfacing of chemoresistors.

Vg

Voo =

R VL

Figure 7.2: Potential divider circuit (Shurmer and Gardner (1992))

The resistive sensor Rg is placed in series with a load resistor R;, and connected to
a reference voltage Voe. The current through the sensitive element and load resistance

is given by,
Voo
N Rs + Ry,

Any changes in the resistance of sensor are measured as voltage across the sensor

Is (7.2)

(Vi) or the load resistor (V7). For convenience, the voltage across the load resistor will
be used since it is a single-ended measurement and the subsequent derivation becomes

simpler. The resulting output voltage is given by:

Vee

Vi =1IsRy, = Rst R,

Ry (7.3)
Although voltage divider method is recommended by several metal-oxide sensor man-
ufacturers, it has several shortcomings. Firstly, the relationship between the sensor
resistance Rg and the output voltage V7 is nonlinear since the current Ig is inversely
proportional to the total resistance and also depends on the varying sensor resistance.
Secondly, and most importantly, the circuit is only appropriate for measuring large
resistance changes, such as those typical of metal oxide sensors. Conducting polymer

chemoresistors have sensitivities one order of magnitude lower than the metal ox-
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ide sensors Shurmer and Gardner (1992) and hence require the use of more accurate

measurement circuits such as Wheatstone bridges.

7.1.3.2 The Wheatstone Bridge

When the resistance changes to be measured are small relative to the baseline re-
sistance of the sensor, the information in the output voltage will consist of small
fluctuations superimposed on a large offset voltage. Although the sensitivity can be
boosted with a gain stage, the problem remains because of the fact that a large por-
tion of the dynamic range of the Analog to Digital Conversion (ADC) will be wasted
in measuring the offset voltage. One solution for measuring small resistance changes

is to subtract the offset voltage with a second voltage divider, as shown in Fig. 7.3.

Rl RS
+
v — Iz I S
cc Vout
Rz RL

Figure 7.3: Wheatstone circuit (Shurmer and Gardner (1992))

The differential voltage in the bridge is given by :

Voo Vee Ry e
Vou = Rils — Rol, = R ~-R =V -
Out Lis 242 LRS+RL 231+R2 CC(RS+RL Ry + Ry

) (7.4)

Maximum sensitivity for the Wheatstone bridge is obtained by choosing resistors
Ry, Ry and Ry, equal to the sensor baseline resistance. This measurement approach is
known as a deflection method, because the sensor response is measured as a differential
voltage when the bridge becomes unbalanced. An alternative approach, known as the
null method, consists of adjusting the resistors R1 and R2 to cancel the differential
voltage Vour. The sensor resistance is then obtained from the balance condition:

R Rgs Ry

Vou =0 — = Rs = Ry, — 7.5
Out <—>R2 RL—> S LR2 ( )
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The main advantage of the Wheatstone bridge is that it affords higher amplifica-
tion gains since the offset voltage has already been removed. The Wheatstone bridge
technique has been employed in the past by Cole et al. (1999) and Gardner et al.
(1998) as a front end interfacing circuit for conducting polymer chemoresistors. Ar-
shak et al. (2003) observed the output to be nonlinear with large resistance swing.
Leung and Wilson (2005) also designed a Wheatstone bridge configuration for polymer
chemoresistive sensors, where they used an active and another identical less-sensitive
polymer layer as two arms of a Wheatstone bridge. The result is a differential signal
between the baseline and sensing films. This signal is first amplified, through a differ-
ential amplifier, and then compared with a saw tooth signal to perform Pulse Width

Modulator signal conversion (as shown in Fig. 7.4).

Vaa A Vad
Differential Amplifier

Comparator
Rbias Rbias

RSensor RBaseline

i
v v

Figure 7.4: Chemiresistance to digital conversion circuit scheme (Leung and Wilson
(2005))

Wheatstone Bridge cannot be used for low resistance measurements because the
output voltage will be affected by the resistance of wire and leads. For example, if the
resistance to be measured is 12 and the lead resistance is 0.02€2, there is already an
error of 2% which will increase and gets added in every step of calculation.

For precise measurement of medium resistance, Wheatstone bridge is commonly
used.

When the bridge is in balanced condition, no current flows through the galvanome-
ter connected across V,,; terminals in Fig. 7.3. The change in current will be very low
for high resistance measurements. Hence the galvanometer needs to be very sensitive

to sense low currents, otherwise the reading will be zero even if there is a current
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flowing through the galvanometer owing to an unbalanced bridge.
Several design techniques and selection of components can improve the perfor-
mance and accuracy of the pico-ammeter. In this regard, IC selection is an important

part prior to designing ultra-low current measurement circuits.

7.2 Developed Readout Circuit structure

The schematic of the designed 3-stage op-amp based readout circuit is shown in Fig
7.5. The three stages are namely : constant current source, buffer amplifier and
feedback amplifier. The 3 amplifier configuration is a constant current source used to
measure the change in resistance when a constant current is pumped and voltage is
measured across the resistance under test. The op-amp’s (OP07) used have very high
input impedance, very low input bias current and very low input capacitance. Since
the change of resistance to be measured is too high, the constant current to be fed

will be in the order of nano amps.
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Figure 7.5: Schematic of the designed readout circuit
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In the first stage, a ripple free voltage of = 10V is fed to the input amplifier
U1l which works as non-inverting amplifier. This stage acts as a voltage to current
converter which gives a constant current corresponding to the input voltage applied.

The second stage is a buffer between the load and the feedback amplifier. This
buffer has a very high input resistance which does not disturb the load current but
the feedback voltage is transferred to the next stage. The voltage across the load
generated due to flow of constant current is measured by amplifier U2. The amplifier
U2 is designed such that the feedback has a trimming facility to precisely set constant
current and to control it for variations in the load. The output of amplifier U2 is also
connected to an amplifier which displays the change in voltage to show the change in
resistance.

The feedback amplifier (U3) generates the error voltage developed across the load
due to change in resistance. This error Voltage is fed to the first Stage to maintain
current constant.

The schematic of the designed readout circuit is simulated using Proteus 8 Pro-
fessional Simulation Software. As the resistance of sensor element changes, the corre-

sponding output voltage also changes in real-time.

Figure 7.6: Schematic of Gas Sensor readout circuit
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Chapter 8

Conclusions and Future Scope

8.1 Conclusions

A prototype of Micro Electro Mechanical Systems (MEMS) based Oxygen sensors for
leak detection has been developed since MEMS offer a small, low cost, and low power
platform that combined with appropriate metal-oxide sensing films.

CeOs thin films of different thicknesses ranging from 90 nm to 340 nm have been
deposited at 400°C using RF magnetron sputtering on Al,O3 substrate. Character-
ization techniques such as Ellipsometry, XRD, XPS and AFM have been used to
characterize the CeOy films for their thickness, structural, compositional/chemical
and surface morphological properties. The CeO film with an optimum thickness of
260 nm has shown very high sensitivity (12.6), fast response time (<10 s) and recov-
ery time (15 s) at a low operating temperature of 400°C, which are the best values
reported till date in case of undoped CeO, thin film based sensors. The response time
of CeO, based sensor may be reduced further by increasing the conductivity of the
CeOQs films with appropriate dopants.

Novel technique was used for the synthesis CeO,—HfO, mixed oxide thin films using
RF sputtering. The Hf atomic concentration was controlled using the size and number
of HfO, pellets to achieve the best sensing performance. The fabricated/optimized
CeOo—HfO5 mixed oxide sensor shows excellent sensitivity (~15), response time (8 s),
and recovery time (10 s) at low operating temperatures <400°C reported till today in
the literature. This work has the potential to develop scalable oxygen sensors using
mixed metal oxides.

Two different geometrical structures namely Perforated Type 1 and Type 2 Plat-
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inum microheaters of dimension 500pum x 500pum were designed and analyzed using
FEM based software COMSOL. The simulated results show the temperature being
distributed uniformly across the entire structure in both the designs. The designed
microheaters were fabricated and characterized thermally and electrically by IR Cam-
era and DC probe station respectively. The results showed excellent temperature
uniformity throughout the entire heater area and the power consumed to obtain the
temperature 400°C is nearly between 1.14 to 1.44 W which was considerably low than
reported in the literature. This can be attributed to the novel design technique used
by optimizing the area of the heater. The fabricated heaters were integrated into
a gas sensor and the device was tested for oxygen gas sensing. The sensing results
(response time of 13 seconds and recovery time of 20 seconds) were found to be in
good agreement with the results obtained as discussed earlier.

The resistance changes of the gas sensing film due to the change in both the
type and concentration of the gas analyte should be measured dynamically. For this

purpose, a high efficient readout electronics has been designed.

8.2 Future Scope

This research work has explored and established the sensing behavior of MEMS based
CeO, thin film based oxygen sensors for leak detection purpose. Use of HfO, with
CeO, has enhanced the sensitivity. In order to improve the sensors performance,
further research could be undertaken to improve the sensors performance by doping
with other metal oxides such as TiOs, ZrO,, etc., By expanding the range (lower and
higher) of oxygen concentration and operating temperature, a number of other areas
of application can be explored.

A more detailed correlation between film porosity and its inherent characteristics
such as grain size, crystallite size, grain boundaries and surface roughness and their
dependence on processing parameters will throw more light on sensitivity control

Apart from gas sensor applications, microheaters with high temperature unifor-
mity, low power and high thermal stability find a very wide application. So this part
of the thesis results provide a motivation to do our future research in integrating the
designed microheaters in applications like Shape memory alloy, Heater actuated can-
tilevers and BioMEMS applications where precise temperature is much a needed one

for functioning.
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The designed readout circuit can be validated by using “Off the Shelf” components.
Similarly a circuit needs to be designed to monitor and maintain the temperature of
the microheater. Both the readout circuit and the temperature control unit could be
integrated into a single chip with CMOS foundry process which make the gas sensing
unit completely integrated and portable. This strategy can also be further extended

and deployed in wireless sensor networks.
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