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ABSTRACT
ARTIFICIAL OLFACTORY SYSTEM FOR MULTI-COMPONENT ANALYSIS OF
GAS MIXTURES
Alexander Aleksandrovich Larin

November 1, 2017

Gas analysis is an important part of our world and gas sensing technology is
becoming more essential for various aspects of our life. A novel approach for gas mixture
analysis by using portable gas chromatography in combination with an array of highly
integrated and selective metal oxide (MOX) sensors has been studied. We developed a
system with small size (7 x 13 x 16 inches), low power consumption (~10 W) and absence
of special carrier gases designed for portable field analysis (assuming apriori calibration).
Low ppb and even sub-ppb level of detection for some VOCs was achieved during the
analysis of 50 ml of gas samples. A detailed description of our innovative design of multi-
sensory platforms based on MOX sensors for multidimensional portable gas
chromatography is provided in detail in this work. As a part of this effort, we successfully
synthesized nanocomposite gas sensors based on SnO- for selective detection of hydrogen
sulfide, mercaptans, alcohols, ketones and heavy hydrocarbons. The morphology of the

prepared sensors was closely studied by scanning electron microscopy (SEM), atomic force



microscopy (AFM), transition electron microscopy (TEM) and X-Ray diffraction (XRD).
Optical and electrical properties of polycrystalline SnO. were investigated by using UV-
Vis spectroscopy, transmission line measurement (TLM) and four probe resistance
measurement techniques. Furthermore, more advanced gas sensing performance for
detection of benzene, toluene, ethylbenzene, and O-xylene (BTEX) of polycrystalline SnO-
film (30 nm) coated with bimetal Au:Pd (9:1 molar ratio) nanoclusters was measured.
Finally, besides the experimental result, the theoretical validation of the detector’s
performance was provided based on high catalytic activity of nanocomposite materials and
its superior electronic structure for gas detection compared to the polycrystalline SnO». The
theoretical background of gas chemisorption process at the surface of polycrystalline SnO>
was reviewed in this work. Furthermore, one dimensional Poisson equation relates surface
energy states (EZ Ej Ej , and Ef ) and the bulk electronic structure (EL E? Ef,’.g and E}’ )
of polycrystalline SnO.. The main theory of electronic processes on the surface of
semiconductors during the gas chemisorption was further applied in a case of

nanocomposite materials.

Vi
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CHAPTER 1: BACKGROUND

1.1 Overview

The detection and analysis of gases and vapors is an important part of the modern
world where gas sensing technology is becoming increasingly important for various aspects
of our life. Gas sensing technologies improve the self-sustainability of our society and
quality of everyday life. A variety of gas analysis techniques and gas detectors are regularly
used to improve safety, establish more precise product quality control and process control
[1, 2]. Some industrial sectors such as food/medicine, automotive, heavy industry,
environmental, security and home appliances have utilized gas analysis for a wide range of
applications ( ).

In the security sector, for example, indoor smoke and fire alarm detectors and
alcohol and drugs intoxication analyzers are household items. However, more complex
medical breath analysis, forensic analysis, and explosive trace detectors (e.g. airports) are
an important part of public safety [3-6] . In addition, safety protection is one of the most
important among end users, especially related to the increasing number of accidents
connected to gas leakage and explosions of hazardous gases. High gas related security of
production plants and workplaces is a necessary requirement from insurance companies
that increase the demand for gas sensors, detectors and analyzers.

In heavy industry and food/medicine sector, air, water, food, or natural gas analysis
with analytical instruments provides more reliable data for everyday product quality

control [7-9]. Specifically, quality control and responsibility for industrial products have



been gaining much attention since the enforcement of 1SO 9000 standard certification.
Presently, the control of food quality is based on hand operated manual tests ran by special
food experts. An automated method to replace the manual analysis is necessary to improve
the speed and reliability of food quality monitoring [10]. The automated product quality
control systems based on different types of gas sensors, detectors and analyzers are highly
demanded by various industries. Finally, the gas analysis by using different instruments
and techniques provides the essential data output to control some industrial processes. The
system and process control by using gas analysis techniques is widely accepted in
automotive and aircraft industry, air filtration systems, industrial plants, refineries,
fumigation facilities, and waste-water treatment plants [11-14]. The gas sensors provide
on-line measurement and feedback for real-time process control. For example, some new
vehicle diagnostic and control processes include monitoring of a wide range of emission
gases, including NO, NO2, CO, CO2, HC, and O2 etc. in order to eliminate a high level of

pollution [15].
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Figure 1.1 Some important applications of gas analysis.



The minimum requirements for analysis of gas samples such as detection range and
precision are the most important parameters that determine the type of gas analysis
technique utilized in a system. The ongoing process of developing new gas sensing
methods in parallel with improving the conventional state-of-the-art gas sensors, is
primarily governed by modern technological processes and ecological standards that
require better sensitivity, faster response and recovery time, better selectivity and improved
stability from gas sensors. In this chapter we provide a broad overview of main target
analytes, and gas analysis techniques involving state-of-the-art gas sensors, detectors along

with complex analytical instruments.

1.2 Primary analytes and concentrations

Based on historic data from 2014 and the forecast analysis for the 2021 [16] , the
gas analytes in highest demand are methane (CH4), hydrogen sulfide (H2S), carbon
monoxide (CO), oxygen (O.), carbon-dioxide (CO.), other hydrocarbons (CxHy), sulfur-
dioxide (SO.), nitrous oxide (NO), nitrogen-dioxide (NO.), ammonia (NHs), chlorine-
dioxide (ClIO2) and volatile organic compounds (VOC) ( a,b) a. The demand for
methane detection is the highest with a market share to be equal to 22.4% in 2014. The
importance of methane detection is related to a broad range of its applications, including
oil and gas transportation, mining and gas turbines, domestic cooking and heating.

The second highest demand for detection with the market share equal to 20.3% was
indicated for H>S. The dangerous level of H>S concentration above 100 parts per million
(ppm) makes its detection and intoxication prevention at early stages very important. Due

to high toxicity the concentration of H>S must be monitored across various industrial



processes that involve natural gas, oil, sulfur production (Claus process) as well as water
treatment and paper mills.

Carbon monoxide and CO- are the other two important gases that account for 19.7%
and 7.1% of total gas sensors market revenue in 2014, correspondingly. CO is a toxic gas
that is generated by burning fuel inside car engines, stoves, lanterns, grills, fireplaces, gas
ranges, or furnaces. The concentration level of CO in indoor air has to be constantly
monitored to prevent human poisoning. The exposure limit for CO, according to
Occupational Safety and Health Administration (OSHA) is only 50ppm. Similarly, with
concern about indoor air quality control, energy efficiency of industrial processes and
outdoor air pollution, monitoring of CO> became very important. The climate change and
global warming seem to be correlated with the amount of carbon in the atmosphere. The
tendency to reduce carbon emission from different manufacturing processes require to
equip factories with CO detectors. At the same time, both gases CO, and CO in
combination with oxygen (O2) have been widely monitored for indoor air quality,
cryogenic suppliers, and medical breath analysis.

The detection of VOC’s and other toxic and combustible gases such as
hydrocarbons, sulfur-dioxide, ammonia, chlorine and etc. is an important part of modern

gas sensors, detectors and analyzers market accounted for approximately 17.9% in 2014.



PERCENT REVENUE BY TYPE OF GAS, PERCENT REVENUE BY TYPE OF GAS,

GLOBAL 2014 GLOBAL 2021
Others Others
7.20% 7.10%
* 17.90% H2S 16.60% H2S
12.50% 12.70%
co Cco
CH4 CH4
20.30% 02 20.70% 02
o
22.40% o DRI o
19.70% 20.00%

Others includes VOC’s, hydrocarbons, sulfur-di-oxide, nitrous oxide, nitrogen-di-oxide, ammonia,
chlorine, and chlorine-di-oxide.

Figure 1.2 The target gases for detection and analysis by revenue (left) in 2014 and estimated forecast for
2021 (right).

The application of gas sensors, detectors and analyzers in the area of public safety,
quality control or system control show the importance of detection of some VOC’s
components such as alcohols (ethanol, propanol, and methanol), ketones (acetone), light
hydrocarbons (methane, propane, and butane), and heavy hydrocarbons (benzene, toluene,
ethylbenzene, xylene), sulfur components (H2S, sulfur dioxide, and mercaptans) and others
(CO, nitric oxide, ammonia). The detection of some specific gases in complex backgrounds
as well as multi-component analysis of gas mixtures was determined to be critically

important for field applications.

1.3 Overview of different methods and instruments for gas mixture analysis

Analytical instrumentation for gas sample analysis can be divided into three main
categories: portable handheld devices that are based on selective gas sensors or an array of
partially orthogonal sensors, semiportable gas analytical instruments with primitive gas
sample preconditioning system and stationary devices for laboratory analysis with

advanced gas sampling, conditioning and delivery systems ( ).
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Figure 1.3 A diagram of some important methods for gas mixture analysis.

The first category of portable gas analyzers utilizes selective sensors
(semiconductor, electrochemical, catalytic, infrared, etc.) in order to identify specific
components in gas mixtures. Selective detection of target gases in the mixture is an
essential part of portable gas analysis. The ability of passive detectors with selective
sensors to detect signatures of some chemical components in gas mixtures has been
previously reported [17-19]. The capability of those system to perform a real-time analysis
is always a significant advantage. However, many gas sensing methods, which successfully
detect individual gases in the ambient air, fail when employed in complex gas mixtures due
to high cross-sensitivity. Additional filters such as optical/mechanical filters or protective
membranes are necessary to solve the selectivity problem [20, 21]. Also, the number of
detectable gases is limited by the number of sensors in the array.

In contrast to the handheld devices, the stationary analytical instruments for

laboratory analysis of gas mixtures can detect and measure concentrations of hundreds of



different components in complex blends. Advanced sampling system, which includes
collection, preconditioning and delivery of gas samples is the major difference between the
laboratory instruments and portable/handheld devices. The most common analytical

instruments based on mass spectroscopy, gas chromatography, or ion mobility

spectroscopy have similar algorithms for gas mixture analysis ( ).
1. Collection of Gas 2. Gas sample 3. Separation 4. Gas detection and
sample > preconditioning »  of gas components data analysis

Figure 1.4 A diagram of general algorithm for gas mixture analysis.

The injection of fixed volume of gas sample is followed by sample preconditioning
and separation of gas components prior to the detection. Despite a complex gas delivery
system in the laboratory analytical instruments, the detectors utilized in them are rather
basic. High accuracy of selective detection of gas components is primarily achieved
through specific separation methods. A combination of two or more gas Separation
techniques in one instrument was determined to be very effective. For example, a
combination of mass spectroscopy and gas chromatography (GC - MS) results in a very
accurate analysis of gas mixtures. However, high complexity of analytical instruments
allowed one to perform gas sample analysis under laboratory conditions only. Pressure
control, special carrier gases, high power requirements, and excessive size make it
impossible to utilize laboratory gas analyzers in the field. Also, the analysis time that takes
from several minutes to half an hour, is another drawback of this method.

The new generation of gas analytical equipment is intended to provide a close to

real-time sample analysis for fast and reliable on-site implementation. A novel highly



integrated detector together with the advanced miniaturized sampling and separation
system, are the key components for the novel portable gas analyzer. Recently, some
portable gas analyzers were developed based on miniaturized ion mobility spectroscopy,
portable infrared spectroscopy and portable gas chromatography [22-24]. Those
instruments established a first step toward high quality field analysis of gas, liquid and
solid samples at low cost. However, many problems in semi-portable gas analysis remain
unsolved. Real time, non-destructive, direct, field analysis at low power consumption, with
no special carrier gases, that provides wide detection range for variety of different
chemicals is still unavailable for the general public.

In order to overcome some current limitations of semi-portable gas analytical
instruments an optimal gas sample preconditioning system has to be integrated with
powerful analytical detector into one system. For example, the analysis of gas samples by
using gas chromatography (GC) in combination with a variety of detectors, such as flame
ionization detector (FID), photo ionization detector (PID), pulse discharge detector (PDD)
and thermal conductivity detector (TCD) or IR and UV spectroscopy is one of the most
common techniques for gas mixture analysis. The gas separation method based on gas
chromatography has some important advantages compare to the other methods. First of all,
the separation of gas species inside the GC column can be done without ionizing the gas
sample. Nondestructive separation of gasses is an advantage of the GC method compared
to the separation of gasses done by MS and IMS methods. In addition, possible
miniaturization of GC columns makes the separation technique available for portable
devices. Finally, cost advantage of the GC gas analysis compare to mass spectroscopy is

significant. The separation of the most common VOC compounds, sulfur compounds and



etc. inside narrow tube with inner diameter of 10-50 um, is related to specific chemical and
physical properties of different chemicals. The chemicals from the gas sample are
interacting with filling material inside the column under constant temperature and
switching between solid (stationary phase) and gaseous (mobile phase) state. The main

function of the stationary phase is to separate gas components with different time of

retention prior the detection ( ).
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Figure 1.5 A schematic diagram of classical gas chromatograph.

Semi-portable miniaturized GCs with various kinds of detectors including mini
PIDs, micro FIDs (uFID), surface acoustic wave (SAW) and on chip thermal conductivity
(uSC-TCD) detectors have been recently developed ( ). The new sensors exhibit
high sensitivity and selectivity toward VOCs at sub-ppm level in combination with
compact size and low power consumption. However, the major drawback of the portable
gas analyzers such as requirement of special carrier gases still has not been resolved.

Currently, novel types of sensors and detectors, such as surface modified quartz

crystal micro-balance system (QCM), miniaturized molecularly imprinted polymers quartz



crystal tuning forks (MIP-TF), and novel metal oxide (MOX) sensors have been
investigated as detectors for real time portable gas analysis (Table 1.1). The weight, size
and power consumption of miniaturized GC with the novel sensors has been drastically
reduced making them suitable for portable field analysis using filtered air as a carrier gas.
However, the sensitivity of such sensors without a long term pre-concentration procedure

is extremely low and does not allow to perform the analysis of gas mixtures at ppb level.

Table 1.1 Major characteristics of some portable GCs with different detectors.

GC detectors for Carrier gas Sampling Limit of Time of one  References
portable field and flow rate  technique and detection cycle
analysis (mL mint) injecting (LOD) analysis
volume (mL) VOCs (ppb) (min)
Micro Flame Oxyhydrogen N/A VOS’s N/A [25]
lonization Detector (35) (100)
(WFID)
Mini Photo N2/H> 6 port valve Benzene 10 [26]
lonization Detector (2.5-35) (0.2) (<1)
(mini PID)
On chip Thermal He Pre- concentrator ~ Benzene 14.5 [27]
Conductivity (1-5) (10) (<100)
Detector (uSC-
TCD)
Surface Acoustic He 6-port valve + Benzene 1.3 [28]
Wave Detector (1-5) Pre-concentrator (<1)
(SAW) (30)
Micro Quartz filtered ambient 3 way valve Benzene 4 [29]
Crystal Tuning air Online sampling (10000)
Forks (8)
(MIP-TF)
Metal Oxide filtered ambient 3 way valve + Benzene 60 [30]
MEMS sensor air Pre-concentrator (0.2)
array (MOX) (15) (2700)

The desirable detector for portable GC should operate under standard atmospheric
conditions (pressure and temperature) without special carrier gases and also provide
enough sensitivity for selective analysis of gas components at low ppb level. The miniature
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size, low power consumption, low fabrication cost, and low maintenance are also important
requirements of the detector. In order to meet all of the requirements, an overview of gas
sensing methods has to be performed and natural limitations of each sensing method have

to be underlined.

1.4 Physical principles and methods of gas detection

Different types of gas sensors and detectors have been developed in the past based
on different gas sensing mechanisms. Electrical, optical, acoustic and thermal gas sensing
methods were successfully utilized. These methods are based on converting the gas
concentration into a corresponding measurable physical quantity. Some of those

mechanisms and quantities are listed in the
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Figure 1.6 A classification diagram of major gas sensing methods.
1.4.1 Electrical methods
The most common gas sensing method is based on variations in electrical properties
of sensing material upon exposure to target gases. The conductometric technique is related

to the change in conductance/resistivity of sensing element when exposed to different gas
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environment [31]. The electronic interaction between gas molecules and sensor’s surface
governed by the density of electronic states and the total energy available for the
interaction. Good examples of chemo-resistive sensing elements are different transitional
and non-transitional MOXs (SnO., ZnO, V.0s, and WOs3), or carbon nano-structure
(graphene and graphene oxide, carbon nanotubes (CNT)). Conductometric sensors
(chemiresistors) typically are simple in design, have high sensitivity and fast response at
low power consumption. However, a substantial long-term drift of these sensors
complicates their utilization in analytical instruments. Also, most of the conductometric
sensors are broadly tuned and non-specific. At the same time, some reports claim that the
surface modification of chemiresistors can make them selective to specific chemical
groups. It was shown that highly integrated array of conductometric sensors can be
successfully utilized for analysis of simple gas mixtures [32-35].

Another gas sensing method, which is based on capacitance change, is widely used
in the process of gas detection [36]. Capacitive humidity sensors were successfully
commercialized in the past. The technique is based on monitoring the change in dielectric
constant or/and the change in dielectric layer thickness upon exposure to gas. A
miniaturized stable and reliable chemicapacitor was reported by Zamani et al. [37]. The
selective detection of CO2 and NO is the key feature of chemicapasitors. However, their
sensitivity is relatively poor and allows for detection of only parts per millions (ppm) with
a special amplifier circuit. Also, slow time of response and recovery of chemicapasitors is
another drawback of the method.

Electrochemical sensors, utilizing electrochemical reactions between target gas and

ionic liquids, currently have the largest market share globally. The electrochemical sensing
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method is based on electroactive gaseous species, which react within the electrochemical
cell by either producing or consuming electrons [38]. The reaction rate is sensitive to
environmental changes. The electrochemical techniques are categorized as being either
potentiometric or amperomentric. The potentiometric approach based on increase in
potential difference between the working and counter electrodes inside the electrochemical
cell according to the Nernst equation [39, 40] . The amperometric gas sensing technique is
related to the change in electric current between working and counter electrodes at fixed
potential inside the electrochemical cell [41, 42]. The electrochemical technique of
detection has shown significant advantages compared to other detection methods. Modern
electrochemical sensors provide high sensitivity at relatively low cost and compact size in
combination with low power consumption. Selective detection of specific gaseous
compounds (O2, CO2, CO, PH3, CxHy, NH3, H2S, SO, CIO2, NOy, O3, H202, H2 and etc.)
inside the electrochemical cell is the strength of the method which allowed to develop very
selective gas sensors. Electrochemical sensors were proven to be very robust under
standard sensing environment (-40 to 50 °C, 20-90% RH, ~latm). The drawback of
electrochemical sensors is their relatively short lifetime from 6 months to one year. Also,
high cross sensitivity to gaseous compounds within the same chemical group, such as
hydrocarbons, and small (2-10%) cross sensitivity between different chemical groups (O2
and COy) is a limitation of the method. Another drawback of the technique is very long
time of response. The delay between gas exposure and gas detection is limited by the
diffusion time through the sensors’ membrane. According to some recent reports on
amperometric gas sensors, the time of response for different commercial sensors is varying

between 11 and 25 sec [42]. High selectivity and stability, low detection limit (sub-ppm)
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and simplicity are the key components of the global success of the electrochemical method.
However, the multi-component analysis of gaseous mixtures by using electrochemical
sensors is hard to accomplish with a single detector. An integrated sensor array can be
much more comprehensive for multi-component analysis. Currently, the size limitations of
electrochemical sensors make it impossible to build a highly-integrated array of sensors for
synchronized analysis of gas mixtures. Also, the amount of sensors needed for gas mixture

analysis should be equal to the amount of detectable gases.

1.4.2 Optical methods

Optical methods are mainly based on IR and UV spectroscopy, photoionization,
and chemiluminescence [43, 44]. They provide higher sensitivity down to sub-ppm level
in combination with long lifetime and operational stability. Short response and recovery
time is another advantage of optical sensors, which is important for real-time gas analysis.
However, the main disadvantage of optical methods is relatively high cost and complexity
of optical detectors. Several different optical techniques based on absorption and emission
spectroscopy have been developed in the past. The theory of photon absorption by gas at
specific wavelengths (i.e., Beer-Lambert law) determines the working principle of
absorption spectroscopy. Some well-known specific absorption spectroscopic approaches
includes Differential Absorption LIDAR (DIAL) [45, 46], Differential Optical Absorption
Spectroscopy (DOAS) [47], Raman Light Detection and Ranging (LIDAL) [48], Tunable
Diode Laser Absorption Spectroscopy (TDLAS) [49], and Intra-Cavity Absorption
Spectrometry (ICAS) [50, 51] etc. The gas analysis based on emission spectroscopy enable
to detect specific photons emitted by excited atoms while returning to their ground state.

The emission spectroscopy techniques such as Laser-Induced Breakdown Spectroscopy
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(LIBS) [52] , and Fourier Transform Infrared Spectroscopy (FTIR) provide very accurate
and reliable result in gas analysis [53].

Photoionization is another well-known optical gas detection technique [54]. The
technique relies on gas ionization. The ionization is applied to gases by using deep ultra-
violet (DUV) light source with short wavelength inside a closed chamber with two to three
electrodes and a polarization voltage across it. The photon energy of light ionizes gas
molecules; whose ionization potential is lower than the photon energy of the light source
energy (~10 eV for A=120 nm). After the gas is ionized, the electric current is generated
between the electrodes. The recorded current is proportional to the gas concentration. The
photoionization technique has several advantages, such as: excellent sensitivity, long term
stability and accuracy. However, the technique is not selective and cannot be utilized for
analysis of gas mixtures. Also, the gases with ionization energy lower than the energy of
DUV source cannot be detected. In order to overcome selectivity limitations, the
photoionization detectors have been widely used in analytical gas chromatography. The
fast time of response in combination with GC gas separation technique provide selective
detection of specific chemical compounds in gas mixtures. However, analysis of gas
species that are poorly separated by the GC column is limited by using single, non-selective
photoionization detector.

Chemiluminescence is unique gas detection technique that is based on emission of
photons as a result of chemical reaction [55]. The optical methods based on
chemiluminescence are extremely selective. For example, chemiluminescence technique is
used as the industrial standard for detection of NOx. During the reaction between NO and

ozone (Ogz), photons with specific wavelength are produced. The amount of light generated
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during the reaction is proportional to the gas concentration. The detection of photons is
performed by using a photo multiplier tube (PMT). The chemiluminescence technique
enables instant and selective detection of specific gases in low concentrations. However,

only a few gases can be detected by this technique.

1.4.3 Acoustic methods

Acoustic methods for gas detection have been widely investigated [56]. Acoustic
sensing methods have shown some advantages such as longer life time and robustness
compared to the sensors based on chemical principals. Acoustic gas sensing methods are
mainly based on the speed of sound, attenuation and acoustic impedance. Monitoring sound
velocity is the most robust method for gas detection [57]. The method is based on variations
in sound propagation velocity obtained for different gas environments. The gas sensing
method demonstrated high precision, stability and long sensor life under laboratory
conditions, but the impact of the environment, large power consumption and
miniaturization problems makes it problematic to utilize the technique for portable field
testing.

Another type of gas detection using acoustic method is based on sound attenuation
[58]. The loss of energy due to different kinds of interactions (thermal, scattering) between
sound waves and gaseous environment during the sound propagation can be measured. The
gas analysis method by using attenuation technique was determined to be less robust due
to the particle contamination and the presence of turbulence in the gas sample. The
technique can be utilized in combination with speed of sound method to improve the

reliability of the detector.
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In addition, acoustic impedance technique for determination of gas density was
utilized in the gas analysis [59]. The acoustic impedance technique is related to the gas
density calculation by using the equation: Z=C*p, where C is the speed of sound, Z is
impedance and p is the gas density. It is important to note; that impedance measurement is
complicated procedure especially under complex environmental conditions. Both,
attenuation and acoustic impedance techniques have not been utilized in commercial gas
sensors for mass production.

A surface acoustic wave (SAW) gas detection technique is based on modulation of
acoustic signal which can be generated and recorded by using single MEMS device [60,
61]. The system transducer generates an output in terms of mechanical wave which can be
disturbed by a physical phenomenon such as gas adsorption. The generated signal is then
transduced back into the receiving part of the MEMS device and converted into an
electrical signal. Phase, frequency, amplitude modulation of the signal or time delay
between transducer and receiver can be detected and used to measure the gas concentration.

The detector is very sensitive to the background gases and signal conditioning.

1.4.4 Calorimetric methods

Calorimetric methods for gas detection have shown some promising result [62, 63].
There are commercially available gas sensors based on catalytic, thermal conductivity and
enthalpy methods. The catalytic method is based on sensing heat from gas catalytic
oxidation reaction on the surface of special catalytic pellistor. The catalytic type of
detectors enable to detect high concentrations (low ppth) of combustible gases and provide
fast sensing response [64]. The main disadvantage of the method is related to catalyst

poisoning problem by gases other than the combustible, which significantly affects the
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sensitivity. Also, poor selectivity within the group of combustible gases prevents using the
method in analytical instruments.

The detection of gasses with different thermal conductivity was successfully
utilized by using thermal conductivity pellistors. The gas sensing method based on thermal
conductivity measurements do not rely on the flammability of the detectable gases. The
technique can be used to provide the information about two gases present and that the two
gases have significantly different thermal conductivities [65-67]. The resistive change in
preheated sensing element upon exposure to target gases provides information about the
thermal conductivity of the environment around the sensor. Later the detector was
miniaturized, keeping stable and reliable result for a wide range of gas concentrations from
part per thousands (ppth) to 100%. However, the sensitivity of the thermal conductivity
method is very poor and need to be significantly improved to address ppm level of
detection. Also, thermal conductivity method cannot be used for gas mixture analysis
where the thermal conductivities of the two gases are very similar.

Some other types of sensors based on calorimetric methods were also investigated
by utilizing temperature gradient created by active chemical reactions. The temperature
difference can be measured by a thermocouple (Seebeck-effect) [66]. Apart from low
sensitivity of the temperature gradient method, poor selectivity is another important
limitation of the technique. In general, all calorimetric methods based on catalytic, thermal
conductivity, or temperature gradient (enthalpy) methods experience the lack of selectivity

toward similar gases.

1.4.5 Comparative analysis of gas sensing methods
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The classification and characterization of gas sensing methods has been
accomplished in order to identify the best type of detector for portable analytical instrument
for analysis of gas mixtures. The evaluation of different gas sensing techniques was
performed based on several important sensor characteristics, such as: (1) sensitivity, (2)
selectivity, (3) stability (4) time of response, (5) size, (6) power consumption, and (7)

fabrication cost ( ).
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Table 1.2 Comparative analysis of gas sensing methods and techniques

Gas Detec- Gas Time of Detector Power Fabrication
tion Detection Sensi- Selec- Stability ~ Response Size Consu cost and
Methods Technique tivity tivity mption mainte-
nance
Conductance @ @ @ @ @ @ @
Capacitance (%) © ® © ® ® ®
Electrical
Electro- @ @ @ @ @ @ @
chemical
IRIUV ab- © ® ® ® © © ©
sorption
. v © ® ® ® © © Y
Optical Fluorescence
Photoionizati @ ® @ @ @ @ @
on
Lumines- @ @ @ @ @ ® ®
cence
Speed of K © ® © by Y ©
sound
_ Attenuation & © © © (%} & (029}
Acoustic
Modulation © © © ® ® ® ®
Thermal (%) © ® © ® © ©
conductivity
Catalytic (%9} ® ® ® ® ® ®
Calorimetric
Thermal ® ® @ @ @ @ @
gradient

X poor, © good, @ excellent

The comparative analysis of different gas sensing mechanisms has shown that only
optical and electrical methods provide satisfactory sensitivity at low concentrations. The
low limit of detection at least at sub-ppm level is necessary to address some important
problems of gas analysis. Gas detection techniques based on modulation of conductance,
electrochemical reactions, and photoionization were determined to be the most suitable for
fast and reliable detection of gas components at low concentrations. Miniaturization of
sensing elements, low power requirements, and low maintenance are also the key
advantages of conductometric, electrochemical, and photoionization gas sensors.

Selectivity is another important characteristic of sensor’s performance. Excellent

selectivity of electrochemical sensors is determined by unique electrochemical reactions
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occurring with specific gas components in complex gas mixtures. The conductometric gas
sensors based on MOXs were determined to be less selective. However, temperature
modulation in combination with sensor’s surface modification improved the selectivity of
conductomentric gas sensors and minimized cross sensitivity between some important
chemical groups: hydrocarbons, ketones, sulfur compounds, alcohols and etc. In contrast
to electrochemical and conductometric sensors, the photoionization detector does not
provide any selectivity and cannot be tuned for selective detection of specific gases.

A variety of gas sensors and detectors were developed lately based on the gas
sensing techniques described above. The characterization of gas sensing methods, was
determined to be in a good agreement with recent market analysis of gas sensors and
detectors by its revenue ( a-c). In the report from 2014 [16] the major part of the
gas sensors and detectors is based on photoionization (Photoionization detectors, PID),
catalytic reaction (Catalytic sensors, CA), conductance variation (Semiconductor sensors,
SS), infrared absorption (IR detectors, IR) and electrochemical reactions (Electrochemical

sensors, EC).
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Figure 1.7 (a) Different types of gas sensors, detectors and analyzers,(b) market analysis by revenue from
2014 for gas sensors, detectors and analyzers and (c) revenue analysis by the different types of gas detectors.

From all of the above, novel gas sensors and detectors based on different sensing
mechanisms have to meet very strict requirements in order to be utilized in portable
analytical gas instruments. The demand for innovative gas sensors with better sensing
performance, low power consumption, low cost, miniature size, and low maintenance in
combination with simple circuitry, versatility and robustness make semiconductor gas
sensors the best choice. Also, the manufacturing process of semiconductor gas sensors and
sensing arrays is compatible with CMOS processes, which brings precise control into
manufacturing process. It is important to note that semiconductor gas sensors do not require

special environmental conditions and can operate under standard room temperature and
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pressure with ambient air as a background gas. At the same time, the new generation of
semiconductor gas sensors based on novel nanocomposite materials show significant

progress toward much higher stability and sensitivity.

1.5 Solid-state semiconductor gas sensors

The conductomentric gas sensors based on MOXs semiconductors have been
widely studied for the last fifty years [68-71]. The industrial application of semiconductor
gas sensors attracted much attention due to some advantages compared to other sensing
techniques [72, 73]. Many commercial options of MOX sensors are now offered by
different companies around the world such as Figaro, CityTech, Applied-Sensors, FIS,
TGS, SGX and etc. Gas detection under atmospheric conditions is one of the main
advantages of semiconductor gas sensors. Also, several factors such as real time detection
of large number of gases, long lifetime (2-3 years), good reliability, low cost, low
maintenance and associated production simplicity make semiconductor gas sensors very

attractive for a variety of gas sensing applications.

1.5.1 Electronic theory of chemisorption

The main working principles of MOX sensors are based on the theory of gas
chemisorption. According to Wolkenstein [74], the change in surface electronic structure
of metal-oxides upon exposure to oxidizing or reductive gases has a noticeable impact on
the bulk electronic structure inside the material. It has to be noted that not all the gases
have direct impact on the sensor’s resistance. Some inert gaseous species are not involved
in free carrier exchange with the surface of MOX. Instead, different type of gas adsorption
(physisorption) is based on surface dipole formation (Figure 1.8a). In a case of

chemisorption, the conduction of semiconductor sensing element is primarily determined
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by the rate and amplitude of the reactions at the surface. For example, it is well accepted
that chemisorption of oxygen species O, and O, O* under elevated temperature (200-400
°C) generate negative charge at the surface of MOX nanocrystals and change the surface
electronic band structure ( b). The molecular form of surface oxygen is dominant
at low temperature (~150C) and chemisorption of ionized oxygen species O and 0%
happen at higher temperatures (~ 250 °C). It is important to note that, gas chemisorption
process is strongly influenced by physical and chemical properties of MOXs such as
electronic band structure, concentration of free carriers, amount of surface and bulk defect,
doping and morphology of the material. The schematic diagram of n-type semiconductor
band structure is presented for both cases: flat band structure and surface band bending

under chemisorption of oxygen (Figure 1.8).
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Figure 1.8 (a) Flat band structure and (b) band bending after oxygen ion sorption at the surface of n-type
semiconductor, where ¢ is the work function inside (bulk) the MOX and ¢’ is the work function at the surface
of the MOX due to the chemisorption process, y is the electron affinity, p is the electrochemical potential,
gVs is the band bending and zo is the depth of depleted layer. Evac, Ecb, Ew, Ef, Eg are the vacuum energy
level, bottom of the conductive band, top of the valence band, Fermi level and band gap respectively. Ecs, Evs
are the values of conductive and valence band borders at the surface, Eq and E are the levels of donors and
surface states.

The charge transfer mechanism from the bulk to the surface of nanocrystals due to

additional low energy surface states available is very similar to the metal-semiconductor
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Schottky contact [75, 76]. The connection between surface and bulk electronic structure

can be established by solving one dimensional Poisson equation with specific boundary

conditions:
av
(%) =0 V=Y,
d*v _ p(2)
7 1.1
dz? £ (1.1)

where p(z) = q(p —n+ N7 + N7) is the total charge density, ¢ is the semiconductor
dielectric constant, q is the absolute value of the electron elementary charge, n and p are
the electrons and holes concentrations and N; and N, are the ionized donors and acceptors
concentrations. The analytical solution of the equation (1.2) can be obtained with some
approximations: the charge density outside the depletion region (z>zo) is zero, the
concentration of free carriers inside the depletion region (0<z<zo) is negligible (n=p=0),
and ionized donors concentration is equal to the doping concentration (N; = N;) . The

equation 1.2 can be rewritten in another form:

d*v N,
£’ __ 1% (1.2)

dz? £
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Integration the equation 1.2 with the boundary condition (dz) = 0, gives the function

Z=Zy

of the electric field along z axis inside the depletion region 0<z<z:
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Further integration of the electric field function (equation 1.3) and setting V (zo) = 0, gives
the function of the potential inside the depletion layer (equation 1.4):

av. qNg qNg

rrARr Ik
V(z) = qgﬂzzo —%Zz +C,
V(z) = %23 +C,=0
Ca =%Z(§
V(z) = ql:d ZZy — qIEVd z? + qzl\;d z2 (1.4)

Setting V(0) = Vs provides useful connection between surface potential due to gas
chemisorption process and the width of depletion region inside the semiconductor
(equation 1.5):

quZg
2&

V() =V = (1.5)

The equation 1.5 can be rewritten by using the expression (equation 1.6) for Debye length
(Lp) which provides the relation between the surface potential and the depletion depth
under different temperature conditions and impurity concentrations for different MOXs

(equation 1.7):

Srka
Lp = (1.6)
P q*Ng
2qV?
2o = Lp kb; (1.7)



where kj, is the Boltzmann’s constant and T is the temperature of MOX.

In case of partially ionized impurities, when the concentration of free charge
carriers cannot be easily approximated or simplified, a numerical solution to Poisson
equation can be obtained to describe interaction between surface and bulk electronic band
structure as well as free charge carrier distribution inside the semiconductor [77]. Also, the
calculation of the surface potential and depletion depth for other geometrical shapes
different than flat surface approximation, was done in Cartesian, spherical and cylindrical
coordinate system by other research groups [78, 79].

A general theory of gas chemisorption at the surface of MOXs is applicable to some
real world materials and devices with specific morphology (thin and thick polycrystalline
films, nanowires, and etc.) and chemical composition. For example, the chemoresistive gas
sensor consists of a pair of metal electrodes and a sensing layer usually transitional or post
transitional MOXs operating at elevated temperature 200-400 °C. The MOX sensing layer
can be described by two simple models: compact layer model and porous layer model
( a, b) [80] . In a case of the compact layer model (Figure 1.9b), only surface of
the sensing element can be exposed to an ambient atmosphere due to very high material
density. As a result of high material density, no grain-grain Schottky barriers within the
layer are formed. The compact layer model can be applied in a case of monocrystalline
MOX nanowires. On another side, porous sensing layer model (Figure 1.9a) enable
interaction between gas species and polycrystalline sensing layer all the way through the
volume. Most of thick and thin MOX gas sensing films can use the porous layer model for

approximation.
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Figure 1.9 A schematic diagram of (a) porous layer and (b) compact layer approximation model with
corresponding electronic band structure.

The generalized theory of conductometric gas sensors provides the necessary
background for further investigation and optimization of MOX gas sensors performance.
High surface to volume ratio of the sensing material in combination with high density of
active surface sites and easy ionized bulk impurities, provides preferable conditions for
converting gas-solid interaction into a noticeable electrical signal. The gas sensing
characteristics of different MOXs as well as its thermal and chemical stability are primarily
determined by its electronic and crystal structure, concentration of surface defects, amount

of bulk impurities and basic morphology and geometry the sensing layer.

1.5.2 Gas sensitive MOXs

A variety of MOXs exhibit significant change in conductance up on exposure to
reducing and oxidizing gases [70-72, 81]. Different MOXs including SnO2, ZnO, WOg3,
In203, V205, TiO2, Cr203, Mn203, NiO, CuO, Co304, SrO, GeO2, Fe203,Nb20s, M0oOs,
Tax0s, La203,CeO2, Nd2O3 were reported to be gas sensitive. The wide range of MOXs
can be divided into two categories: transitional and non-transitional (pre-transitional and

post transitional). The first category of consists of oxides formed from transitional metals

28



suchas iron (Fe), nickel (Ni), titanium (Ti), vanadium (V) and etc. The insignificant energy
variations between dn and dn+1, dn-1 configurations, allowed different kinds of oxides to be
formed. The transitional MOXs have high sensitivity. However, high instability makes it
difficult to use the transitional MOXs as gas sensors [82]. Only, transitional MOXs with
an electronic structure do and dio was determined to be stable enough for gas sensing
applications (TiO2, V205, and WO3). In contrast, pre-transitional MOXs (MgO, AIO3
etc.) are chemically stable and inert. The large band gap of pre-transitional MOXs is
another obstacle that limits the formation of electron-holes pairs and make it very difficult
to measure conductivity of the sensing element even at elevated temperatures (150-500
°C). The post-transitional MOXs were determined to be the most proper material for gas
sensors. In particular, the post-transitional MOXs with electronic configuration of dio such
as SnO2 and ZnO were studied the most [81, 83, 84]. Both oxides have high sensitivity to
variety of oxidizing and reducing gases (VOCs, H2S, NO, NHj etc.). Also, thermal and
mechanical properties of SnO. and ZnO provide long term operational stability.

Both n- and p-type semiconductors have been determined to be gas sensitive [85-
88]. The conductivity of n-type semiconductors ( a), where major carries are
electrons, increase upon exposure to reducing gases (VOCs, H,S, NOyx, NHs, etc.) and
decrease upon exposure to oxidizing gases (O2, Oz, H202, etc.). In contrast, opposite effect
was observed for p-type semiconductors ( b), where the major carriers are holes.
The conductivity of p-type semiconductors decreases upon exposure to reductive gases and
increases upon exposure to oxidizing gases. It is important to note that conductivity of both
n and p type semiconductors is also highly depend on internal crystal structure of MOXs.

Presence of crystal defects and impurities plays an important role in conduction mechanism
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of semiconductors and determine total free carrier concentration. For example, both MOXs
such as SnO. and ZnO with a wide-band gap (>3.5 eV) were determined to be n-type

semiconductors due to some internal crystal defect.
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Figure 1.10 The most studied (a) n- and (b) p-type MOX semiconductors for gas sensing applications (internet
search Web knowledge).

In most cases, choice of SnO> as a main gas sensing material is determined by its
advanced physical and chemical properties compared to the other oxides. High thermal
stability of polycrystalline SnO2 even at 900 °C and wide spectrum of surface energy sites
for chemisorption processes has been previously shown [89, 90]. Also, moderate resistance
of the material under ambient air allowed to perform accurate conductance measurement
of SnO; with a simple electric circuit. Currently, different types of SnO, gas sensing

materials has been developed based on various synthesis methods.

1.5.3 Synthesis and deposition methods of SnO gas sensing layer
Gas sensing properties of SnO> strongly depend on material morphology, crystal
structure including stoichiometry and coordination, internal microstructural features and

defects, geometry, size of SnO2 nanocrystals, and interaction between them. In the context
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of reliable and repeatable device fabrication, the method of gas sensing material synthesis
and deposition plays a very important role. Different SnO2 synthesis techniques for gas
sensing applications [91, 92] mainly focus on the production of nanoscale materials with

tightly controlled morphological, structural and electronic properties ( ).

Table 1.3 Different methods of SnO, synthesis and deposition

Methods Synthesis Morphology Advantages Disadvantages Ref.
technique
- High chemical homogeneity - Poor control over coating
- Low processing temperature and deposition
Sol-gel Polycrystalline/ - Control over size and - Fabrication cost [93, 94]
Thick film morphology of nanoparticles - High carbon content

- Mechanical stability

- Low processing temperature - Collecting and purifying
- Fine powder production the particles is complicated
Liquid — Co-precipitation Polycrystalline/ - Control over size and - Not universal for various [95]
solid Thick film morphology of nanoparticles MOXs
- Homogeneity on microscale - Poor control over coating

and deposition

- Homogeneous on microscale - Not universal for various
- Thermodynamically stable MOXs
Micro-emulsion Polycrystalline/ - High surface to volume ratio - Poor control over coating [96]
Thick film - Control over size and and deposition

morphology of nanoparticles

- Homogeneous on microscale - High temperature and low
- Diverse crystal morphology vacuum process
- Control over size and - Poor control other device
morphology of nanoparticles morphology at nanoscale [97, 98]
Chemical vapor Polycrystalline/ - Good control over coating
deposition Thin film thickness
- Universal techniques for
variety of MOXs

- High yield and low cost
- High thermal stability

- Low temperature process - Low pressure process
- Excellent control over - Expensive operational
Physical vapor deposition thickness and equipment and maintains
deposition/ Polycrystalline/ surface homogeneity
Magnetron Thin film - Universal for MOXs, [99]
Sputtering metals and nanocomposite
materials

- Highly reproducible

technique

- Fine nanocrystal structure

Gas — - High control over deposition - Ultra- low pressure
solid rates process
- High purity of fabricated - Low control over film
Thermal Polycrystalline/  films properties [100]
Evaporation Thin film - Flexibility over deposited - Poor film thickness
materials uniformity and surface
- Least expensive PVD system coverage

- High purity thin films can be - High cost of equipment
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Methods Synthesis Morphology Advantages Disadvantages Ref.
technique
obtained deposition and precursors
Atomic layer Polycrystalline/ - High control over film - Low vacuum system [101]
deposition Thin film thickness - Not universal for various
- High control over film materials
morphology
- Ultra-fine crystal structure
- Excellent chemical, thermal - High temperature of
and mechanical stability material temperature
Thermal Singles crystal/ - Low fabrication cost >800 °C
evaporation Nanobelts - Advanced catalytic, optical - Poor control over device [102]
Condensation and manufacturing by using
electronic properties single or multiple SnO,
the nanobelts
Other - High surface to volume ratio - Poor flexibility for
novel of nanocomposite material
composite Electrospinning Polycrystalline/ 1D nanofiber fabrication
Methods Nanofibers - Low fabrication cost and - Wet chemistry processes [103]
simplicity are involved
- Low fabrication temperature - Not reproducible at
< Nanoscale
300 °C
- Excellent chemical, thermal - Require high temperature
and mechanical stability > 800 °C and low pressure
Vapor liquid Single crystal/ - Advanced catalytic, optical during the material [104]
Solid Nanowires and synthesis
electronic properties - Require additional
Catalyst (gold, nickel,
platinum)
- Unique morphology, optical - Wet chemistry processes
and catalytic properties of are involved
Solvothermal Polycrystalline/  solid - Require high temperature [105]

Microspheres

and hollow spheres fabricated
by the method

- Well controlled process for
nanomaterial fabrication

- Relatively inexpensive and
simple

and pressure during the
material synthesis

The variety of SnO> preparation methods can be grouped into two main categories:

liquid-solid and gas-solid. The preparation methods based on liquid-solid techniques such

as co-precipitation, sol-gel, micro-emulsion, provide tight control over morphological

properties with a “bottom-up” approach. However, creating a uniform coating with the

sensing material in a specific area using liquid-solid methods is problematic. The SnO>

sensing layers manufactured by using co-precipitation, sol-gel and micro-emulsion are

usually referred to as “thick film” methods. Conversely, the synthesis of MOXs by using

gas-solid techniques (such as chemical vapor deposition (CVD) and plasma assisted
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chemical vapor deposition (PECVD), physical vapor deposition/sputtering (PVD), thermal
evaporation, atomic layer deposition (ALD)) are usually used for generation of ultra-thin
and ultra-fine nano-crystalline MOX films. The gas-solid deposition methods enable to
control physical parameters of sensing element in combination with morphological,
chemical, and electrical properties of the SnO> layer.

Recently there is much interest in a new generation of MOX gas sensors with high
surface to volume ratios using so-called “one-dimensional” (1D) structures. Several new
methods were developed for synthesis of 1D SnO> nanostructures: nanowires, nanotubes,
nanorods and nanosprings. These methods include: metal-organic chemical vapor
deposition (MOCVD), vapor liquid solid (VLS), pulse laser deposition (PLD),
hydrothermal decomposition, solvothermal, electrospinning, thermal evaporation-
condensation (TEC) and controllable oxidation/ anodic oxidation. However, repeatable
synthesis of 1D materials with highly controllable structure, morphology and electrical
properties is still a challenge. Also, the lack of control over the product of synthesis is
another drawback of self-assembly methods. Finally, the technique of making electrical
connection to nanowires and nanotubes is unreliable and has a significant impact on over
all sensors performance.

An analysis of different methods for synthesis and fabrication of SnO- sensing layer
shows some important advantages of the physical vapor deposition technique (PVD).
Exacting control over film thickness, the uniformity of the coating across the sensing
element without particle agglomeration as well as excellent adhesive properties, make the
sputtering technique one of the most reliable methods for production of reproducible

sensing elements according to the industrial standard. This type of fabrication method open
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an opportunity for comparative analysis of different samples. Furthermore, high gas
sensitivity of ultra-thin (10-100nm) films produced by magnetron sputtering technique is
primarily determined by high catalytic activity of ultra-fine crystal structure of the
deposited oxide in combination with high surface to volume ratio of the sensing material.
In addition, the deposition and synthesis of the sensing layers are closely combined in the
fabrication process which bring much more stability and repeatability than using PVD
methods. In particular, magnetron sputtering technique is one of the most reliable methods
in electronic industry allowing for production of identical sensing elements with high
reproducibility in contrast to the other deposition methods, such as: spraying, dipping,
dropping or spinning technique by utilizing sol-gel materials. The simplicity of the
sputtering method in combination with a variety of available materials for deposition
including insulators, semiconductors and metals, makes it very attractive compared to the
other industrial deposition methods such as atomic layer deposition (ALD), high
temperature and e-beam evaporation or electroplating. Also, the multi-source magnetron
sputtering technique brings more flexibility to the process of complex material fabrication
and makes it possible to control the material surface or volume doping.

The material deposition technique has one of the most significant impacts on the
MOX gas sensing performance. It is well known that electronic and catalytic properties of
the MOXs are tightly related to the imperfection and defects in the periodic crystal structure
of the MOX lattice. Different deposition techniques can significantly change the
morphology, electronic and lattice crystal structure of MOXs. On the other hand, it is
important not only design and manufacture highly gas sensitive materials but also being

able to reproduce them. The problem of repeatability and reproducibility of MOX gas
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sensors is one of the most important in the industry of MOX sensors. The control of crystal
defects at the atomic level is impossible by using magnetron sputtering technique due to
the complexity of the problem. However, reproduction of MOX thin film with similar
electronic, mechanical, and morphological properties was proven to be possible at micro
and even nanoscale level. The combination of the precise deposition technique and

photolithography process provides a tool for identical sensing element fabrication.

1.5.4 Doping and surface modification of SnO>

Surface modification and bulk doping of SnO: is one of the major methods to
optimize stability, sensitivity and selectivity of MOX sensors. Several research groups
previously reported that small 1% to 5% volume doping of SnO> with In, V, Cu, Pt, Ce, or
Re can improve the overall stability of the sensor’s response and minimize sensor’s
baseline drift [106-108]. Different types of SnO2 volume and surface doping were reported
in order to stabilize structural and face transition of SnO2 under long term of use.
Unfortunately high poisoning resistance of SnO2 - Pt were also reported [109] as well as
improvement in its surface catalytic properties.

Noble metals (Au, Pt, Pd and Ag) were determined to be extremely effective
oxidation catalysts for enhancing surface catalytic reactions at low temperatures by
decreasing the energy barrier for chemical reactions [110]. Also, reactivity and catalytic
activity of noble metal nanoclusters is strongly related to the size of the nanoparticles.
Small metal nanoclusters of Au, Pd, and Pt (2-5nm) have recorded the highest catalytic
activity under interaction with tested gases and produced the highest sensor’s response
[111-115]. The main theory of advance sensing mechanism of MOX sensors modified with

noble metal nanoclusters is based on two different mechanisms. The first is “electronic
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mechanism” which is related to the depletion zone formation around metal nanoclusters
and nano-Schottky barriers modulation upon exposure to different gases. The “chemical
mechanism” of enhanced gas sensation is related to the advanced catalytic activity of noble
metal nanoparticles and their enhanced dissociative ability. The “chemical” and
“electronic” sensing mechanisms will be discussed in details in Chapter 3. Previous
research [32, 82] has shown that SnO gas sensors modified with noble metal (Au, Pt, and
Pd) nanoparticles allowed one to detect ultra-low concentration of VOC’s in the ambient
air. However, the stability of such a fine nanostructure under elevated temperature was
ascertained to be very poor. High particle migration, agglomeration, sublimation, poor
particles surface density and chemical deactivation are common problems of ultra-fine
noble metal nanoparticles. Synthesis of highly stable and ultra-small nanoparticles is
another important step toward novel MOX detectors.

Low selectivity of SnO2 due to its wide energy range of surface adsorption sites is
a significant drawback for selective analysis of gas mixtures. The modification of SnO>
surface in order to improve its selectivity is one of the focus areas. The sensitivity of MOX
conductometric gas sensors is primarily determined by the magnitude of surface catalytic
activity and electronic interaction between the surface of SnO- and the bulk of the material.
Both the bulk doping and the surface modification of MOX has been widely used to
increase sensing characteristics and improve selectivity of the semiconductor gas sensors.
Some dopants/additives behave as “accelerators” while others serve as “inhibitors”,
depending on the chemical reaction. Noble metals (Au, Pd, Pt, and Ag), transitional metals
(Fe, Co, Cu), non- metallic (Se), earth metals (Ca, Ba, Sr, Mg), metalloids (B, Si) have

been widely used for modifications of tin oxide polycrystalline surface [33] . Surface
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modifications by noble metal nanoclusters or transitional MOXs are the most commonly
used techniques to modify the catalytic properties of the original oxide. MOX detectors
have been shown to be able to be tuned toward detection of specific chemical groups (

. For example, selective MOX sensors for hydrocarbons, ketones, alcohols, sulfur

compounds and other gases have been previously reported ( ).
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Table 1.4 Different type of SnO, doping for selective detection of specific gases.

Nanocomposite Preparation method/ Operational ~ References
Gases and Vapors material sensing material temperature
O
H20, O, SnO; - Sh Pulse Laser Deposition/ ~300
nanowires
Oxidant Sputtering/
gases Os, SnO; - INz03 thin film ~200-300
Short Pulse Laser
NOx SnO;—- W03 Deposition/thin film ~25
H-S SnO; — CuO RF sputtering/ ~ 140
thin film
Toxic gases NH3 SnO2;-WOs3 Glassing angle ~ 450
deposition/
thin film
SO, SnO, — NiO RF sputtering/ ~180
thin film
Ethanol Sn0; - Fe;0, Chemical Precipitation/ ~ 250
thick film
Alcohols Facile hydrothermal/
Methanol SnO2 - Pt — thick film ~ 150-200
Pd - In,03
Co-precipitation/
Propanol Sn0O2 - Ag, thick film ~ 300
Au
Methane SnO2— RuO; Impregnation method/ ~150 -
thick film 250
Hydrocarbons  Propane SnO; — Pt Sol-gel/
thick film ~ 300
BTEX SnO; — Pt, Pd Selective growth/
Nanowires ~ 300
Carbon CO SnO; — Pt,Pd Selective growth/ ~ 250
monoxide Nanowires
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Furthermore, recent reports on MOXs modified with bimetal noble nanoclusters
indicated even more enhanced gas sensing performance compare to monometallic metal
clusters [129]. In addition, selective catalytic properties of bimetal nanoparticles was
shown to be highly dependent on nanoparticles composition. For example, Au-Pd
nanoparticles were determined to be extremely catalytically active toward toluene when its
molar ratio is 10:1 [130, 131]. Also, bimetal particles Pt - Pd, Au - Pd, Cu - Pd were
identified to be much more stable compared to pure Pt, Au, or Cu nanoparticles under
elevated temperature (>400 °C) [132, 133]. However, the catalytic effect of bimetal
nanoparticles as well as its electronic interaction with support layer has not been studied
well and many question remain unanswered. The improvement of gas sensing
characteristics of pure SnO2 by using noble bimetal nanoclusters can significantly improve
the detection level of next generation MOX gas sensors and sensors arrays, bring more
selectivity for multi-component analysis of gas mixtures and provide long term stability

for MOX detectors.

1.5.5 Gas sensor array based on MOXs

The major advantage of multi-sensory systems is the ability to provide unique
fingerprints for different chemicals, chemical groups or specific gas mixtures. Unlike many
other analytical techniques, a multi-sensory systems do not try to separate all the chemical
components within a sample, but it perceives a sample as a whole, creating a global
fingerprint. The devices for the gas analysis by using multiple sensors is usually called
electronic nose. In an electronic nose, the headspace from a sample (i.e. the gases
emanating from a sample) are delivered to an array of chemical sensors. As each sensor is

different in some way, (usually broadly tuned to a different chemical group) each sensors
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response to a sample is different. These responses can then be used to form a chemical
fingerprint of a sample. The response is seen as a change in electrical properties (normally
resistance) of the sensor. Specialized software then identifies the sample from this
fingerprint. Pattern recognition algorithms and/or neural network hardware are used on the
output signals arising from the multi-sensory system to classify, identify, and where
necessary quantify, the vapor or odors of concern. This response is much like the way the
mammalian olfactory sense produces diagnostic patterns and then transmits them to the
brain for processing and analysis. This approach does not require development of highly
specific recognition chemistries. Instead, this approach requires a broadly responsive array
of sensors that is trainable to the target signature of interest and then can recognize this
signature and deliver it to the sensing electronics in a robust fashion for subsequent
processing by pattern recognition algorithms (Figure 1.11).

Hydrogen Sulfide Methane Sulfur Dipxide

Toluene Benzene

Figure 1.11 So-called “radar diagrams” of simultaneous response (R air/ R gas) Of multi-sensory system of
24 sensors to different chemicals can be the basis of a pattern recognition algorithm. Note that each shape is
reproducibly (within statistics) different from the others and thus rules for pattern recognition algorithms can
be determined.
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A variety of multisensory systems based on MOXs have been developed and are
continuing to be developed. The low cost of MOX devices is the main advantage of the
method. There are two main approaches for the development MOX multisensory systems
for gas mixture analysis. The first approach was developed around multiple identical
sensing elements on the same chip. The variation of internal parameters of each sensor
such as operational temperature and bias voltage, has an impact on the sensor’s response
toward different chemical groups. One of the first multisensory systems based on single
layer of MOX was proposed and developed in Germany by J. Goschnick (Figure 1.12)
[134, 135]. The Karlsruhe Micro Nase (KAMINA) chip is based on monolayer metal-oxide
film deposited over multiple parallel metal electrodes. The multi-sensory system is formed
as a result of sensing layer fragmentation. The response of each segment is recorded based
on resistance change upon exposure to detectable gases. The short time of gas analysis
between 1 to 10 seconds allowed to analyze gas mixtures in real time. Also, simple design

and low cost of the device are the main advantages of the KAMINA system.

Figure 1.12 An image of (a) portable KAMINA device with electronics and the detection chamber, (b) the
amplified image of the KAMINA multi-sensory chip and (c) thermal imaging of the temperature distribution
across the chip.
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The second approach is mainly based on manufacturing of chemically different
sensing elements which are thermally and electrically independent from each other. The
pioneers of this approach is Sweden group, Baltes [136, 137]. Another integrated
multisensory system based on different types of chemo-resistors, was designed by S.
Semancik [138, 139]. In this work, a new approach toward multi-sensor gas analysis based
on micro-hot plates was developed and an array of micro gas sensors (100x100 pm?) was
constructed on a single chip [140]. The proposed structure is based on gas mixture analysis
by using thermally and electrically independent sensing elements where each sensor has
its own heating element and a pair of electrodes (Figure 1.13a-c). The miniaturization of
sensing elements brings great flexibility in operational temperature control and minimized

energy consumption down to 30mW per sensing element.
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Figure 1.13 An image of (a) the array of four sensors based on micro hot plates, (b) the single micro hot plate
with metal contacts on the top, and (c) the main layout of MOX gas detector based on micro hot plate
technology.

The development of multi-sensor platforms for gas analysis based on chemo-
resistors has attracted much attention in the United States. An important work was done by
C. Zhou [141, 142]. In his work, different types of monocrystalline nanofiber (SnO2, ZnO,
and In203) were used as sensing elements, instead of thin film MOXs. Lately, many other

multi-sensory systems based on chemo-resistors were developed and commercialized such
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as Cyranose (Cyrano Sciences, USA), JPL Enose (NASA, USA), Sam Detect (Daimler
Chrysler Aerospace, USA-Germany), i-PEN (WMA Airsense Analysentechnik, Germany)
[143-1486].

The review of different methods and instrumentations for gas mixture analysis has
shown that multidimensional analysis of gas mixtures by using multisensory systems based
on chemo-resistors has some obvious advantages: low detection limit, low power
consumption, miniaturization of the device, simplicity, low cost and variety of gases and
vapors that can be detected.

However, using those sensory systems in analytical instruments is still a big
challenge. The main drawback of the technology is cross sensitivity of different sensors to
variety of gases and vapors which affects multicomponent analysis of gas mixtures with
the sensing array. Also, long term instability of sensing elements as well as poor
reproducibility during the fabrication process makes it impossible to utilize the state of art
MOX detectors in analytical instruments.

In order to develop an analytical instrumentation based on MOX chemo-resistors,
a complex approach has to be taken. First, new types of MOX gas sensors has to be
developed for highly selective detection of specific gaseous compounds and provide gas
sensitivity at ppb level. Second, the fabrication process of the sensing elements has to be
highly controllable in order to be able to reproduce repeatable sensors and sensors arrays.
Third, a special preconditioning system including gas sampling, gas separation and gas
delivery has to be integrated into the final device.

In this work, we developed gas analytical instrumentation based on novel MOX

sensors array in combination with portable gas chromatography. A multisensory detector
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was manufactured for detection of specific gases such as sulfur compounds (H.S,
Mercaptans), heavy hydrocarbons (BTEX), ketones (acetone) and alcohols (ethanol,
propanol, methanol). The nanocomposite sensing materials which were chosen, had
outstanding performance for multidimensional analysis of gas mixtures at ultra-low
concentrations. We will also present research that the multidimensional portable
chromatography is able to analyze complex gas mixtures such as natural gas and human

breath.
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CHAPTER 2: EXPERIMENTAL METHODS
In this chapter, the design and fabrication of novel multi-sensor platforms is
discussed as well as synthesis of nanocomposite thin films based on multi-source
magnetron sputtering technique. The description of main instruments and procedures for
analysis of gas sensing materials is an important part of the chapter. Also, the detailed
explanation of gas delivery instruments and the process of gas sample preparation is

provided.

2.1 Design, modeling and fabrication of multi-sensor platform
2.1.1 Multi-sensor platform design

The fabrication of the multi-sensor MOX detector requires high precision
manufacturing methods in combination with specific materials that are long term
mechanically and electrically stable under elevated temperature. The standard CMOS
microfabrication processes for machining bulk silicon such as photolithography,
sputtering, reactive ion etching (RIE) and deep reactive ion etching (DRIE) allowed us to
achieve high quality control over device dimensions down to a few microns and produce
hundreds of identical devices simultaneously. At the same time, the MEMS made out of
Si/SiO2 were proven to be very robust over an extensive period of time even at highly
elevated temperatures (>400C), which is a necessary condition for activation of MOX
sensors [140, 147]. There are two types of micro-machined Si-based thermally insulated

structures that have been mostly used in the process of making micro gas sensors: front
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side etched micro-bridge and backside etched membrane [148-151]. The combination of
both methods by using the DRIE technique provided more control over the membrane final
thickness and total mechanical stability of the device over the fabrication process.

The fabrication methods to produce thermally activated sensing elements at the
surface of the thin membrane can be divided into two main categories: stacked and planar.
The stacked structure ( a) where the sensing material, sensing electrodes,
insulating layers and the heating element are stacked successively is considered to be a
conventional way to build semiconductor type gas sensors [140]. However, the stacked
approach is fairly complicated. First of all, during the manufacturing process several (5-6)
photolithographic masks are necessary to develop many layer structure, which increase the
complexity of the fabrication process. Second, the temperature distribution over the sensing
element is hard to control due to the temperature difference between the heating paths and
the area between them. Third, the stability of the stacked structure over long period of time
is poor. Any changes in the stacked structure have a significant impact on the resistive
signal from the sensing element especially in a case of ultra-thin film MOX gas sensors.

The ‘planar-type’ structure in contrast to the ‘stacked-type’ structure is much
simpler to manufacture and it demonstrated higher stability and temperature control over
sensing element area [152]. The proposed planar structure in which heating element,
electrodes and sensing element are located on the same plane ( b), demonstrated
the ability to integrate multiple sensing elements at the surface of the membrane and control
the activation temperature of the sensors by a single micro-heater. The main advantage of
the planar structure with the single micro-heater and multiple sensing elements is

maximum time and space synchronization of multiple sensor response in combination with
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identical temperature conditions. In addition, the total power consumption of the multi-
sensor planar structure gas detector is much less than the total power consumption across

the array of individual sensors activated independently from each other.

M Pt H Pt
(a) contacts Si (b) Si
AN Si02 contacts Si02
Sn02 I/ \I SnO2
nnin f [ N |
heater
heater

Figure 2.1 A schematic diagram of MEMS based MOX gas sensors including main components and outline
for (a) stacked structure and (b) planar structure.

The multi-sensor MOX detector consists of several major components such as main
support structure, thermally insulated suspended membrane, a micro heater, multiple pair
of electronic contacts and sensing elements. The choice of silicon as a main building block
and support material for the device was predetermined by several factors. First of all, the
material properties of silicon crystal such as thermal expansion, thermal conductivity and
mechanical stability under elevated temperature (>400°C) allowed us to fabricate thermally
insulated membrane structure suspended in the middle of the device [153, 154]. In addition,
the advanced silicon micromachining CMOS techniques allowed to manufacture
microscale devices and significantly decrease the necessary power consumption of the
detector. Also, a thin layer of thermally stable electrical insulator (SiO2) can naturally be
formed by using dry or wet oxidation of silicon on the surface of the device. Among the

possible solutions, silicon based systems for metal-oxide (MOX) sensors seem to be the
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best candidates for miniaturized, low-cost, highly stable devices, compatible with
integrated microsystems [155, 156].

The design and choice of material for the main membrane structure is one of the
most important steps during the fabrication process that determines total power
consumption of the device, the temperature distribution across sensing elements, and the
mechanical and thermal stability of the micro-system. The membranes made out of
dielectric materials such as silicon dioxide or silicon nitride were well investigated and
have shown great performance in terms of low power consumption and thermal insulation
[157]. However, the mechanical stability and elasticity of the thin membranes made out of
the dielectric materials is very poor which increases the complexity of fabrication process.
Different types of polymer material such as polyimide (PI) were recently used to increase
the mechanical stability and flexibility of the membrane and bring the advantage by
simplifying the manufacturing process [158, 159]. However, low thermal conductivity of
the material (PI) does its use in a planar structure without creating a wide temperature
gradient across the sensing elements. Also, the temperatures on ultra-thin membranes (1-
3um) are very dependent on total gas flow rate across the device. Instant change in gas
flow can significantly affect the membrane temperature and be a cause of unpredictable
behavior of the detector. In this work, the planar structure of multi-sensor MOX detector
was proposed in combination with Si/SiO2 membrane (50um) in order to simplify the
fabrication process, increase thermal and mechanical stability of the device and reach low
level power consumption ( < 20mW) per sensing element.

Another important part of the multi-sensory MOX detector is an onboard micro-

heater. Using micro-heaters is necessary in most MOX gas detectors because the detection
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of different chemicals by the sensing layer takes places at high temperatures (100-300C).
The temperature of the sensing layer must be held constant in order to be able to detect a
change in resistance across the sensing elements upon gas exposure. The micro-heater
generates heat by running electric current through a resistive element and keeps the
suspended membrane structure of the multi-sensor device at stable elevated temperature.
The choice of the proper material for the micro-heater fabrication is extremely important
to create a low power and long term stable micro-heating element. Some important
properties of the material for micro-heater fabrication such as thermal conductivity,
thermal expansion (o)), melting point (T), material density (p), electrical conductivity (o)
and geometrical shape of the micro-heater have major impact on the micro-heater
performance characteristics. For example, thermal conductivity of the material can affect
the response time of the micro-heater. At the same time, the thermal expansion of the
material is related to the physical size of the micro-heater and the overall mechanical
stability of the system. Finally, the total power consumption by the device depends on the
electrical conductivity and geometrical shape of the micro-heater through the Joule heating
law. It is a challenge to choose the right material for micro-heater and meet the criteria for
the desirable temperature requirements of the multi-sensor MOX detector. A variety of
different materials such as SiC [160], Pt [148-150], poly-silicon [161], single crystal silicon
[162] and TiN [163] were proposed by different research groups for fabrication of different
micro-heaters. In this research, platinum was used to fabricate micro-heating element.
Platinum is a well-known metal with well-known characteristics, which makes it easy to
build a simulated model of the device. The parameters of the platinum micro-heater

satisfied all the necessary conditions by providing thermal stability due to the high melting
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point of platinum and very low thermal expansion at high temperature. Also, the excellent
thermal conductivity of platinum creates an isothermal distribution across the micro-heater
and thus an instant response to the temperature ramping. Finally, using platinum as the
material for micro-heater allows the simultaneous fabrication of platinum contacts for
multiple sensing elements by utilizing the simplicity of the planar structure. Some
important materials and its characteristics for multi-sensory platform fabrication are shown

in Table 2.1.

Table 2.1 Materials and characteristics

Material properties Silicon Silicon dioxide Platinum Sl
(Si) n-type (100) (Si02) (Pt) Units
Specific heat capacity (Cp) 710 720 133 JI(Kg*K)
Young module (E) 130 66 168 GPa
Thermal expansion (o) 2.59*%106 5.6%107 8.80*10¢ 1K
Thermal conductivity (k) 150 1.4 72 W/(m*K)
Density (p) 2.57 2.2 21.09 g/lcm3
Electrical resistivity (p) 100 10%6 10.5*108 Q*m
Melting point (t) 1412 1700 1768 °C

2.1.2 Modeling and simulation of the multi-sensor platform

A computer simulation model of the multi-sensor MOX detector was performed
with COMSOL™ 5.2 Multiphysics. The simulation of the device prior to the actual
fabrication allowed us to optimize some physical parameters and main geometries of the
device in order to minimize power consumption and optimize temperature distribution
across the sensing elements. The model of the simulated device consists of four pairs of
platinum contacts and a cross-shaped micro-heater, with the total thickness of 350 nm, all
located at a thin suspended membrane in the middle of the multi-sensor platform (Figure

2.2). The platform is mechanically and electronically connected to a modified transistor
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outline package (TO8). The total meshing of the model was obtained for finite element

analysis prior to thermo-electric simulation of the device.

Figure 2.2 An image of thermo-electric simulation of multi-sensor MOX detéétor by using finite element
analysis with COMSOL™ Multiphysics.

Thermo-electric characteristics of the detector was obtained by using Joule heating
and thermal expansion model with COMSOL™ Multiphysics. The results from the
thermo-electric simulation of the device were obtained in a case of steady state conditions
for different membrane thicknesses ( a, b and Table 2.2). The geometry of the
micro-heater at the surface of the main membrane was ascertained to be very important
especially in a case of ‘planar-structure’ of multi-sensor platform. A cross shaped micro-
heater at the center of the suspended membrane was designed to provide uniform
temperature distribution across all four sensing elements. Another important parameter
such as thickness of the main membrane has a great impact on the temperature distribution
across the sensing area. In order to optimize the performance of the detector, the balance
between low power consumption and uniform temperature distribution was determined in

the case of the four sensor platform. In this work, we optimized the power consumption of
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the multi-sensor MOX detector and minimized the temperature gradient across the sensing
elements by varying the thickness of the Si/SiO> membrane. The ultra-thin membrane 2.5
um thickness recorded the lowest power consumption for the fixed average temperature
across the sensing area. However, poor temperature uniformity across the sensing element
was identified in the case of ultra-thin SiO>/Si membrane. The balance between low power
consumption and acceptable temperature distribution within 10 °C (FWHM) was

determined for the membrane thickness of 50 pm.
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Figure 2.3 Calculated (a) temperature distribution and (b) average temperature over sensing element as a
function of membrane thickness and total activation power.

Table 2.2 Results from thermo-electric simulation of the multi-sensory platform

Voltage Current Power 2.um 10 um 50 um
(V) (mA) (mW)  Ta(CC) FWHM  Tay(°C) FWHM Taq(°C) FWHM
2 57 114 163.5 6.98 160.85 3.11 158.61 0.64
3 71 210 272.5 27.46 266.19 12.66 261.36 3.11
4 82 320 412.2 58.61 394.48 28.41 379.71 7.52

2.1.3 Multi-sensor platform fabrication
The fabrication process of the multi-sensor metal-oxide detector can be divided into
three main steps: fabrication of the micro-heater, contacts and suspended membrane,

sensing elements deposition and final device packaging. The step by step process requires
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total four photomasks ( a-d) to pattern the parts of thin films or the bulk of the
Si/SiO; substrate. During the fabrication process several hundred identical devices were

fabricated on a single 4-inch wafer.

Figure 2.4 An image of multiple photo-masks for step by step fabrication of multi-sensor MOX detector:
(@) mask 1, (b) mask 2, (c) mask 3, and (d) mask 4 with white color corresponds to transparent glass and
the dark area is protected by thin chromium layer.

During the first fabrication step, front side Pt contacts and Pt micro-heater were
deposited on a surface of oxidized silicon (100), 4 inch wafer. The patterns for the contacts
and the micro-heater (Mask 1) were transfer on the surface of the device by using
photolithography process. After the pattern of the front side contacts and the micro-heater
was transferred, the quality of photolithography was verified by optical microscopy to
match the desirable percent of defects, right geometry and the photoresist free area. The

deposition of metal layer Ti/Pt (5-10 nm / 350 nm) over the patterned photoresists layer
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was achieved by utilizing a DC multi-source magnetron sputtering technique (Lesker PVD
75). The deposition of titanium layer prior the main platinum deposition is necessary to
create stable adhesive layer between SiO2 substrate and the Pt layer. The consecutive
deposition of both metals was done under an inert argon environment in order to avoid
oxidation of the adhesive (Ti) layer. After the deposition of metal layer, the lift off process
was applied to the wafer in order to dissolve the sacrificial layer (PMMA). During the lift
off process only the materials that have direct contact with the substrate stay in place and
the rest of the sacrificial layer is washed away. After the lift off process the optical revision
of the device surface was done by using optical microscopy and the total thickness of the
deposited metal layer was verified by contact profilometer to be 350 nm +/- 10 nm. The
step by step process for deposition of front side Pt contacts and Pt micro-heater is described
below:

1. Wafer cleaning and drying (acetone bath 1min, deionized water, drying with
N2)

2. Spin coating of photoresist (PMMA 1827, 0.2 sec — 500 rpm, 10 sec — 4000

rpm)

Soft bake (temperature 90° C, time 70-75sec)

Exposure to UV light (front side, mask 1, power 325W, time 22 sec)

Toluene bath (time 60 sec)

Blow dry and soft bake (gas N2, temperature 90° C, time 15 sec)

Develop photoresist MF-24A (time 90 sec)

Quick dump rinse (QDR) (time 3x1 min)

Spin rinse dryer (SRD) (30 sec 500 rpm water spray, 3 min 2000 rpm N2 flow,

and 3 min 4000 rpm dry)

10. Sputtering parameters( based pressure 5*10® mTorr, temperature 25C,
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substrate rotation 10 rpm,)
11. Ti layer deposition ( 5mTorr (Ar), DC power 300W, time 60 sec)
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12. Pt layer deposition ( 5mTorr (Ar), DC power 200W DC, time 15min)
13. Acetone bath (time 2 hours, temperature 60-70C)

14. Ultra-sonicated acetone bath (time 5-10 min, temperature 25C)

15. QDR, SRD

16. Optical microscopy

17. Contact profilometer

The next step in the fabrication of multi-sensor platform is to manufacture the
Si/SiO2 encapsulated membrane at the center of the device by using the RIE and DRIE
techniques. The formation of the membrane structure was divided into two parts. During
the first phase the encapsulation pattern (Mask 2) was transferred on the front side of the
multi-sensor platform by using photolithography process following by machining the
SiO2/Si surface with RIE and DRIE. The second part of the process is the membrane
fabrication. During the second step the backside of the multi-sensor platform was processed
by using photolithography (Mask 3), RIE and DRIE to form the encapsulated SiO2/Si
membrane structure with a total thickness of 50 um. The consecutive machining of the
front and then back side of the platform was done by protecting the other side of the
platform with silicon wafer. The step by step procedure for suspended Si/SiO2 membrane
fabrication is described below:

1. Wafer cleaning and drying (acetone bath 1min, deionized water, drying with N2 )
2. Spin coating of photoresist (PMMA SPR 220 - 7, 0.2 sec — 500 rpm, 30 sec —
4000 rpm)

Soft bake (temperature 90° C for 30sec, and temperature 115° C, time 70sec)
Exposure to UV light (front side, mask 2, power 325W, time 55 sec)

Wait time (time 30min)

Hard bake (temperature 120° C, time 75 sec)

Develop photoresist MF-24A (time 120 sec)

QDR, SRD

© N o g B~ w
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10.

11.
12.
13.
14.
15.
16.

17.
18.
19.
20.
21.
22.
23.
24,

25.
26.
217.
28.

RIE ( time 10min, Ho+CHj4 (5+5sccm), Pressure (500mTorr), RF power (80 W))
DRIE (50 cycles, passivated phase: C4F8 flow rate 200sccm for 5 sec, and
etching phase: SF6 flow rate 400sccm for 15 sec)

Acetone bath (time 2 min, temperature 60-70° C)

QDR, SRD

Optical microscopy

Contact profilometer

Wafer cleaning and drying (acetone bath 1min, deionized water, drying with N2 )
Spin coating of photoresist (PMMA SPR 220 - 7, 0.2 sec — 500 rpm, 30 sec —
4000 rpm)

Soft bake (temperature 90° C for 30sec, and temperature 115° C, time 70sec)
Exposure to UV light (back side, mask 3, power 325W, time 55 sec)

Wait time (time 30min)

Hard bake (temperature 120° C, time 75 sec)

Develop photoresist MF-24A (time 120 sec)

QDR, SRD

RIE ( time 10min, Ho+CHj4 (5+5sccm), Pressure (500mTorr), RF power (80 W))
DRIE (250 cycles, passivated phase: C4F8 flow rate 200sccm for 5 sec, and
etching phase: SF6 flow rate 400sccm for 15 sec)

Acetone bath (time 2 min, temperature 60-70C)

QDR, SRD

Optical microscopy

Contact profilometer

The final pattern of multiple sensing elements (Mask 4) with areas free of PMMA

across four pair of metallic electrodes was transfered on the surface of the encapsulated

membrane by using photolithography process. It is important to note that masks 1-4 have

specific marks that allowed to match all features of the platform at each step of the

fabrication process. During the platform fabrication hundreds of identical devices were

manufactured on the same 4 inch wafer. The separation of multiple platforms from each
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other was done by using dicing procedure. The step by step process of pattern (Mask 4)
transfer and device separation is described below:

Wafer cleaning and drying (acetone bath 1min, deionized water, drying with N>)
Spin coating of photoresist (PMMA 1827, 0.2 sec — 500 rpm, 10 sec — 4000 rpm)
Soft bake (temperature 90° C, time 70-75sec)

Exposure to UV light (front side, mask 4, power 325W, time 22 sec)

Toluene bath (time 60 sec)

Blow dry and soft bake (gas N2, temperature 90° C, time 15 sec)

Develop photoresist MF-24A (time 90 sec)

Quick dump rinse (QDR) (time 3x1 min)

Spin rinse dryer (SRD) (30 sec at 500 rpm water spray, 3 min at 2000 rpm N2
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flow, and 3 min 4000 rpm dry)
10. Dicing (road width 100um)
The original 15 step fabrication process (Figure 2.5) was applied to manufacture the

multi-sensor platform with a total amount of sensors equal to four (4X platform).
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1. Substrate oxidation 6. Front side spin coating of PMMA 11. Backside spin coating of PMMA
2. Front side spin coating of PMMA 7. Front side photolithography process  12. Backside photolithography process
3. Front side photolithography process 8. Front side silicon oxide etching 13. Backside silicon oxide etching

4. Front side Metal deposition 9. Front side silicon substrate etching 4. Backside silicon substrate etching
5. Lift Off process and PMMA removing  10. PMMA removing 15. Backside PMMA removing

Figure 2.5 The multi-sensor platform step by step micro-fabrication process.

The 4X platform provides the ability to analyze gas samples by using four highly
integrated distinct sensing elements under identical temperature condition. Also, the

simultaneous fabrication of multiple sensing platforms (Figure 2.6) on the same
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substrate/wafer provides necessary conditions for comparative analysis of different sensing

elements and minimize possible errors from device variations.
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Figure 2.6 An image of the Si/SiO2 wafer with multiple sensing platforms.

2.2 Sensing element fabrication

In this section, we present sensing element manufacturing process by using multi
source magnetron sputtering technique in combination with photolithography and shadow
mask process. The deposition chamber contains three sputtering source that can operate
simultaneously: 4 inch RF sputtering source and two DC sputtering sources with 2 inch in
diameter. The chamber has a sample holder located 5 inches above the sputtering sources.
The sample holder undergoes a constant rotation of 10 revolutions per minute. The shadow
on/off protection bellow the sample holder provide the ability to precisely control the
deposition time. The thicknesses of all the layers were monitored during the deposition
process by using quartz crystal sensor (Inficon, Gold, 6 Mhz) and verified by surface
profile meter (Alpha Step 500) after the fabrication. The base chamber pressure prior any

deposition process is required to be set below 5.5x10° Torr. The major components and
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schematic diagram of the deposition chamber for sensing element fabrication is presented

in Figure 2.7.
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Figure 2.7 An image of multi-source magnetron sputtering deposition system for sensing element
fabrication.

The deposition of sensing elements over a pair of platinum electrodes was
performed by utilizing photolithography technique by depositing the gas sensing material
over the area free of PMMA and protecting the rest of the device with a thin layer (2.7um)
of polymer (Figure 2.8a and b). The photolithography approach was used to precisely
control the dimensions (width and length) of the sensing element down to a couple of
microns. Such a high precision of the photolithographic technique allowed us to fabricate
sensing elements over extremely small surface area of only hundred square microns. After
the sensing layer was deposited, the lift off process was applied to the device in order to

remove the rest of the PMMA. During the lift off process the sensing platform was washed
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inside a warm (50° C) ultrasonic acetone bath over a period of time 15 min followed by

cleaning the sample in deionized water and drying it with nitrogen gun (Figure 2.8c).

Figure 2.8 A zoomed image of the sensing element (a) before the MOX deposition, (b) after the deposition
and (c) after the lift off process.

2.2.1 Sn0Oz, TiO2, and SnO2-TiO:

Thin films of TiO2, SnOz, SnO>-TiO. bilayer and multilayer structures were
synthesized by using multisource RF magnetron sputtering technique. The material
deposition was done by using SnO2 and TiO2 four inch sputtering targets with purity of
99.99% and 99.998%, respectively. The deposition was conducted at room temperature
and no special bias voltage was applied to the sample during the deposition. The schematics
of a single-layer, a bilayer and a multilayer structure are shown in Figure 2.9a-c,

respectively.

Figure 2.9 A schematics diagram of (a) mono-oxide single-layer, (b) bilayer and (c) multilayer structure.|
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The pure oxide layers of SnO2 and TiO2 were sputtered under 12 mTorr of argon
(Ar) pressure and total RF power of 200 W. The bilayer structure of SnO2-TiO, were
fabricated under identical conditions over two step process: deposition of main layer of
SnO; and then deposition of surface modified layer of TiO2. The multilayer SnO2-TiO;
structures were prepared by multiple consecutive depositions of two MOXs. Different
volume fraction (vol%) of TiO. in SnO2 were obtained by varying the deposition rate of
TiO,. The multilayer structure was constructed out of six layers: three layers of SnO> and
three layers of TiO». During the sample preparation eight different sensors were prepared
for detection of H>S (Table 2.3). After the deposition, all the samples were annealed in a
tube furnace (MKS OTF 1200x, MTI Corporation, Richmond, CA, USA) under 500° C for

48 hours in ultra-zero grade air (UZ300 Airgas, flow rate 100 sccm).

Table 2.3 Sensors’ structure and composition as deposited

Sample # Sensing material Composition Total thickness
S.1.0 Sno; 100% 30 nm
S.11 SnO,-TiO;, bi-layer 30 nm+5 nm 35 nm
S.1.2 SnO2-TiO; bi-layer 30 nm+8 nm 38 nm
S.1.3 SnO2-TiO; bi-layer 30 nm+20 nm 50 nm
S.14 SnO2-TiO, multilayer 5vol% TiO, 31.5nm
S.15 SnO2-TiO, multilayer 10vol% TiO; 33 nm
S.16 SnO2-TiO, multilayer 20vol% TiO; 36 nm
S.1.7 TiO; 100% 30 nm

2.2.2 Pt@Sn0O2, Au@SnO2, PA@SnO-, and Au/Pd@Sn0O-

Four different types of SnO2 based nanocomposite thin films ( ) were
prepared for detection of VOCs. A thin layer of SnO2 (30 nm+/-2 nm) was first deposited
over all four sensors S.2.0 - S.2.3. During the SnO: sputtering, the deposition rate was kept
constant at 0.6 A/s by applying 200 W RF power to 4-inch tin oxide (SnO2 99.99%) target

under 12 mTorr of Argon pressure. A thin layer (1.5 nm) of platinum was then deposited
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on the surface of SnO> sensor S.2.0 by using 2-inch Pt (99.995%) sputtering target under
5 mTorr of argon pressure with constant deposition rate of 1 A/s. The surface of sensor
S.2.1 was then modified with 1.5 nm+/-.2 nm of gold (Au 99.99%) deposited over the SnO-
layer. Similarly, the SnO; surface of S.2.2 sensor was coated with 1.5 nm+/-0.2 nm of
palladium (Pd 99.95%). The Au and Pd depositions were performed by applying DC power
to a 2-inch metal target under 5 mTorr of argon pressure. The deposition rates of Au and
Pd remained constant at 1 A/s and 0.5 A/s respectively over the deposition process. The
surface of sensor S.2.3 was then modified with a thin Au/Pd (9:1) alloy layer by
simultaneous sputtering from both Au and Pd targets. The DC power for the Pd target was
adjusted in order to decrease the deposition rate of Pd down to 0.1 A/s and the deposition

rate of the gold target was left unchanged.

Table 2.4 Sensors’ structure and composition as deposited.

Sensor # Sensor’s bulk material Sensor’s surface modification
S.2.0 SnO; (30 nm+/-2 nm)) Pt (1.5 nm+/-0.2 nm)
S.21 SnOz (30 nm+/-2 nm) Au (1.5 nm+/-0.2 nm)
S.2.2 SnOz (30 nm+/-2 nm) Pd (1.5 nm+/-0.2 nm)
S.2.3 SnO; (30 nm+/-2 nm) AuU/Pd (9:1) (1.5nm+/-.+/-0.2nm)

The sensors S.2.0-S.2.3 had an amorphous structure right after the deposition. The
synthesis of metal nanoparticles and the formation of SnO. nanocrystals from the
amorphous pre-deposited layers was achieved via high-temperature calcination process.
The samples were calcined in a tube furnace (MTI) at 500 °C for 48 hours under a flow
rate of 100 sccm of ultra-zero grade air from AirGas. During the heating and cooling stage
of the annealing process, the furnace was pre-programmed for slow temperature ramping

at the constant rate of 10 °C per minute.

2.2.3 Multiple sensing element fabrication on a single platform
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The placing of different sensing elements onto one multi-sensor platform is an
important part of the detector fabrication. The sensing elements deposition process is the
last step of multi-sensory platform fabrication in order to avoid any further modification of
the sensing element surface. The multi-sensory platform with four different sensing
elements was fabricated by using combination of photolithographic process and hard-
contact shadow mask approach. The combination of both (photolithography and hard
contact shadow masks) techniques allowed us to preserve high precision over the deposited
sensing area, introduce some flexibility to the process of multiple sensing element
fabrication onto a single sensing platform and avoid the deposition of PMMA over existing
sensing elements. It is important to remember that any wet chemical process applied to the
sensor’s surface after it was deposited might affect the surface properties of the sensing
material and change its future performance. In order to avoid the multiple use of the PMMA
material per sensor fabrication, an additional glass and silicon shadow mask was used over
the existing photolithographic pattern on the surface of the multi-sensory platform to
specify the deposition area and protect the rest of the device (Figure 2.10a and b). The
rotation of the shadow mask over all the sensing elements allowed us to avoid multiple
photolithographic processes and protect the sensing elements. After the deposition of all
the sensors on the single platform, the similar lift off process was applied. The multisensory
system with four different sensing elements (S1.0, S.1.5, S.2.3 and S.2.0) was fabricated
for multi-component analysis of complex gas mixtures such as indoor air, natural gas and

human breath (Figure 2.10c).
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Figure 2.10 A zoomed image of a sensing element (a) before and (b) after sensing element deposition and (c)
different sensing elements integrated onto one platform by using hard contact shadow mask technique.

2.3 Device packaging

The interconnection of microelectronic devices with the main electronic circuit
board is an important step. The packaging technique provides the necessary connection and
maintain the necessary mechanical and electrical stability of the device over a long term.
Additionally, the electronic package plays an important role in developing a long term use
gas detector by applying laminar flow of gas samples over the sensor’s surface and
removing dust particles from the stream of gas prior the detection process.

High thermal insulation of the sensing platform under elevated temperature in
combination with high mechanical stability of the device was preserved by attaching the
platform to a modified transistor outline package (TO8) through additional supporting
structure at the corners of the platform. The supporting structure was manufactured by
modifying the surface of the metal package (TO8) with a high precision milling machine
and producing four identical thin and long legs. The mechanical stability of the point like
contacts at the four corners of the device was achieved by using ultra-high temperature
adhesive paste. Thermally stable electronic interconnection between the multi-sensor

platform and the electronic package was performed by using a wire bonding technique. All
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the connections between the platinum pads at the surface of the multi-sensor platform and
the TO package pins were done by using 1 mil gold wire. (Figure 2.11a). Finally, a small
detector’s volume (< 0.5 cm®) was obtained by using a cap for the TO package with active

gas intake structure (Figure 2.11b).
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Figure 2.11 A magnified image of the detector with (a) electrical and mechanical connections between the
sensing platform and the modified transistor outline package and (b) optical image of the detector with
passive air intake structure and small detector’s volume (< 1 cm?).

2.4 Material characterization

In this work the material characterization techniques for analysis of ultra-thin films
can be divided into two categories: direct analysis of the sensing layers on the surface of
the device and analysis of simplified samples. Some techniques such as Scanning Electron
Microscopy (SEM), Atomic Force Microscopy (AFM), Energy Dispersive Analysis by X-
Ray (EDAX) and surface contact profilometry directly characterize the sensing materials
on the actual device. Other techniques such as Transmission Electron Microscopy (TEM)
and X-Ray Diffraction (XRD) are very important for material characterization but cannot

be applied on the device. In such cases, the analysis is performed on simplified samples.
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Ultra-thin nanocomposite MOX gas sensing films are the main priority of this
research. The total thickness of each sample was monitored during the deposition by using
quartz crystal thickness sensor (6MHz INFICON Crystal, part number 008-010-G10). The
verification of the deposited layer thickness was done by using surface contact profilometer
(KLA-Tencor 500 AlphaStep 1Q, (TENCOR Instruments, Mountain View, CA, USA).
Further analysis of atomic and molecular crystal structure, surface and bulk morphology,
chemical composition of each sample was performed by using XRD, SEM, TEM and
AFM.

The crystal structure of the samples was evaluated by the XRD method. The XRD
spectrum of samples was collected by a Thermo ARL (model XTRA, Thermo Fisher
Scientific Waltham, MA, USA) X-ray diffraction machine (Cu Ka radiation wavelength
was 0.15056 nm). The machine was calibrated prior the analysis by using quartz sample.
The analysis of the XRD diffractogram was accomplished by using special built in software
which enable to identify the major diffraction peaks, intensity and related angle. After all
the peaks were located, the process of sample identification was done by using online
database: Powder Diffraction File 1 (PDF 1).

A scanning electron microscope (SEM Zeiss Supra 35, Carl Zeiss AG, Oberkochen,
Germany) was utilized to study the surface microstructure of the samples. The SEM
imaging enable to provide surface image of the samples with resolution down to several
nanometers (10-20 nm).

Atomic force microscopy was performed by using Asylum MFP-3D AFM with
symmetric taping probe (Tapl190-G, resonant frequency 190 kHz). The AFM analysis

provide high resolution 3D surface topography at nanometer and even at sub-nanometer
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scale. Sensing layer surface morphology and surface roughness is an important parameter
that was directly measured by using the AFM.

A JEOL 1400Plus transmission electron microscope (TEM) was utilized in our
research in order to analyzed polycrystalline thin films of MOXs and define shape, size
and density of noble metal nanoparticles. In TEM analysis an electron beam is transmitted
through the material which is supported by a very thin carbon film sitting on a 3 mm
diameter gold grid (Carbon Type-B, 200 mesh TH, Gold, part number 01808G ). The best
resolution routinely obtained by using the TEM is less than 1 nm. The preparation of TEM
samples were synchronized with actual sensor fabrication with simultaneous deposition
over the sensing element area and the TEM grid following by annealing process in the same
chamber.

In this work, UV-Vis-NIR versatile fiber-optic spectrometer (Avantes AVASPEC
2048-L) with a broad usable range 200 — 1100 nm and the resolution of 3 nm was used in
combination with a deuterium - halogen light source, (AvaLight-DHc Full-range Compact
Light Source, 200 — 2500 nm) for calculation of optical band gap of SnO2 and TiOa. In
addition, during the experiment, a special cuvette sample holder (Avantes CUV-UV/VIS)
was utilized in order to prevent the ambient light from entering the light path. During the
experiment, dark spectrum of the background was first collected. The spectroscopic data
was then collected for transparent glass slide (1x1 inch). Finally, the UV-Vis spectroscopy
of a glass slides with a thin (30 nm) film of semiconducting material (SnO2 and TiO2) was
obtained. The absorption coefficient alpha (a) for specific photon energy (hv) was then
calculated for both semiconductors (SnO2 and TiOz) by using the intensity of the incident

light (lo) and the transmitted light spectrum (I). Optical band gap of SnO and TiO> for
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both direct and indirect allowed transitions was approximated by using the Tauc plot

method.

2.5 Experimental techniques

The experimental techniques for study conductometric gas sensors can be divided
into two main categories: electrical measurements and spectroscopic experiments. The
study of MOX surface states (active sites) as well as direct investigation of chemical
reactions on the surface of semiconductors can be investigated by using photo-electron
spectroscopy. However, spectroscopic studies of the surface catalytic reactions by utilizing
simplified samples (thin films only) might be different from the reactions on the surface of
actual device due to sensing layer polarization and effect of metal contacts. The main focus
of this work is to investigate the chemisorption processes and surface-gas interference
based on phenomenological experimental techniques such as relative change in
conductance of the sensing layer on the surface of actual device rather than simplified thin
film samples.

Conductance/resistance measurement is the main instrument in this work to
characterize sensing performance of the device. However, electrical measurements of
MOXs is not that simple. The device morphology, the electronic contacts, the amplitude of
applied voltage, the lead resistance (R iead) during the experiment are important parameters
that can potentially affect the resistance measurement. The four probe resistance
measurement method is one of the most useful techniques that eliminates lead resistance
and thus obtain a much more accurate result (Figure 2.12a) [164]. In this work, four probe
resistance measurement was obtained by using high performance digital multi-meter

(Keithley 3706A). The low current option of this device (0.64 uA) let us obtain a precise
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resistance measurement up to 2 MQ without any polarization effects. For sensing element
resistances higher than 2 MQ, an ultra-low current source (Keithley 6221) and high
precision DC voltmeter (Keithley 2010) were used in conjunction with a four probe
measurement circuit under low polarization voltage (< 1 V).

In addition, the influence of electrical contact resistance (end resistance) between
the sensing layer (MOX) and metal electrodes (Pt) has been studied by using the
transmission line measurement (TLM) technique [165]. The TLM method is a very useful
tool to obtain the contribution of “end resistance” to the total resistance of the sensing
element by running the experiments with different geometries (Figure 2.12b). The total
resistance between platinum electrodes was obtained by using four probe resistance
measurement technique utilizing the low DC current source (Keithley 6221) and DC multi-
meter (Keithley 2010). During the experiment the current was kept constant at 0.5 pA and
the voltage was recorded to calculate the total resistance for different geometries.

Finally, the polarization effect on MOX semiconductors was investigated under
different bias voltage conditions in the range between 0.1 and 10V. During the experiment
the bias voltage across the platinum interdigitated contacts (distance d = 25 pum) was
adjusted to specific values (0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 5 and 10 V) by using variable DC
voltage source (Keithley 487) and DC voltmeter (Keithley 2010). The current in the circuit
was then recorded for each bias voltage by using high precision ammeter (Keithley 487)
(Figure 2.12c). The resistance of the sensing layer was then calculated under different

polarization conditions.
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Figure 2.12 Schematics diagrams of (a) four probe resistance measurement, (b) transmission line
measurement, and (c) V-1 characteristics of the sensing element.

2.6 Gas sampling and delivery systems
2.6.1 Multi-channel gas mixing system

A multi-channel gas mixing system was utilized for evaluation of sensors’
performance ( a). The gas mixing part of the system ( b) is capable
of producing small concentrations of different gases by diluting the commercially available
pre-mixed gases of known concentrations into ultra-zero-grade air. The flow rate from a
single gas input was measured by a thermal mass flow meter and controlled by an
integrated mass flow controller (MKS 1179A) with an accuracy of +/- 1% within a full
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scale range from 0.2 to 10 sccm. Also, a gas pre-mixing chamber with a total volume of 5
cm?® was added to the system prior the detector in order to produce a uniform concentration
of deliverable gases even at sub ppm level. During the analysis, the total flow rate through
the detector and the detector’s volume were kept constant at 10 sccm and lcm?®
respectively. The multi-channel gas mixing system was controlled via LabVIEW software
and NI PCI1 6259 hardware. The gas detector (Figure 2.13c¢) was connected to the output of
the gas mixing system to provide accurate response to different gas concentrations. The
four probe DC resistance measurement of the sensing element was conducted by using a
Keithley 3700A high performance DMM. The resistance of each sensing element was

measured with a sampling rate of 10Hz.
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Figure 2.13 A schematic diagram of (a) multi-channel gas mixing system with () total six different gases
and (c) detector’s chamber.
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2.6.2 Portable gas chromatograph

A portable GC analyzer ( ) was used for the analysis of complex gas
mixtures. The GC unit was equipped with a Restek MXT WAX (30 m) column internal
diameter (ID) with 0.53 mm and coating layer thickness (df) of 2 um. The flow rate and
column temperature were held constant at 10 sccm and 55 °C, respectively. The major
device settings such as temperature, pressure, and different time cycles as well as data
acquisition parameters for analysis of gas mixtures were defined and upload to GC
firmware prior the detection.

The GC operating cycle includes three main steps: sampling, gas mixture
separation, and detection. During the first step, the gas sample was injected into the system.
The sample volume of 50 ml was kept constant for all of the experiments. It is important
to note that in contrast to the straight gas sample injection into the GC column when
utilizing a classical table top GC, the portable GC unit was equipped with a sample pre-
concentrator. The gas mixture components are absorbed by the pre-concentrator under
room temperature during the sampling step and then instantly injected into the GC column
by rapidly increasing the temperature of the pre-concentrator. During the second step, the
gas mixture components were separated inside the capillary column by differences in
molecular weight, polarity, and chemical composition. Finally, the detection of gas
components was performed by the detector ( b). The data acquisition, signal
processing and data analysis were performed by on board microprocessor. After the
analysis, the purging and cleaning cycle was applied to the system to remove the leftover
contaminants. The device also equipped with RS-232 communication port for real time

data acquisition by using a laptop.

72



(a) 2. Multiple 3-way 6. Heatos Qven
Manifold + Pre-concentrator
5 |I
E o %
- { \
S | ] =
6‘ [}
1. MXT - Wax
z g Column
=
s 2 ,
Y Thermocouple
Vent |4 Pressure 5. Internal 10. Temperature
Sensor Air Dryer control
[ I 9
Amplifier 7. Pump < Filtcrc;j Dry
Air Inlet

| I

8. Pressure-Flow rate
controller

Figure 2.14 A schematic diagram of (a) portable GC unit with optical images of the (b) detector, (c) GC
protection case, and (c) internal architecture of the unit.

2.7 Gases and concentrations

Different concentrations of complex gas mixtures were prepared by using premixed
calibration gases (Table 2.5), ultra-zero grade air and a sample bag (SamplePro FlexFilm,
1L). Ultra-low concentrations of gas analytes at ppb and sub-ppb level was achieved with

precise control over the injected volume (1ul - 20 ml) for each gas utilizing Hamilton

syringes.
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Table 2.5 Gases, vapors and concentrations.

Gases & Vapors Molecular Formula Concentration Vendor in USA
(ppm)
1. Carbon monoxide Co 300 ShopCross
2. Hydrogen Sulfide H.S 20 ShopCross
3. Ethyl-Mercaptan C2HeS 10 Casco
4. Isopropyl alcohol C3HgO 400 Casco
5. Methanol CH30OH 10 Casco
6. Ethanol C,HsO 126.5 Cal-Gas
7. Acetone (CH3).CO 20 Casco
8. Methane CH4 99.9% Cal-Gas
9. Benzene CeHs 5 Mesa
10. Toluene C7Hg 5 Mesa
11. Ethylbenzene CeHsCoHs 5 Mesa
12. O-Xylene CsH4(CHa). 5 Mesa

2.8 Limit of detection

The limit of detection (LOD) of a sensor was determined based on sensors’ baseline
signal under clean dry air and the response of the sensor to different concentrations of
detectable gases. The data for the LOD analysis was collected over the period of one week.
After the data was collected, the distribution of the sensor’s noise was determined based
on average baseline signal sg:;g, and the standard deviation of the signal ¢ under ultra-
zero grade air. The distribution of sensor’s signal under low concentrations of detectable
gases was then determined by the average sensor’s response ng; and standard deviation
of the response d9%°. The distance of 3 times the standard deviation from the mean value
corresponds to 99.74% of the area under the normal distribution curve. Hence, the choice
of parameters will assure that the signal can be distinguished from the noise with the
99.74% probability. The limit of detection is the smallest gas concentration under which

the sensor’s signal can be distinguished from the sensor’s noise (Figure 2.15).
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Figure 2.15 The schematic diagram of the detection limit with sensor’s noise (blue) and minimum detectable
sensor’s signal (red).
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Thermo-electric characteristics of the detector

The thermo-electric characteristics of the multi-sensor MOX detector were
obtained by using high precision Quantum Focus Instrument (QFI) thermal imaging system
which is able to capture thermal images of the platform featuring 0.1 °C temperature and 5
um spatial resolutions. In order to minimize the uncertainty during the thermal analysis, a
precise thermographic calibration and measurement procedure was applied to each sample
prior the actual data collection. The thermal camera was first calibrated under constant
temperature condition when the image of the detector’s surface was obtained under 60
degrees (°C) and the emissivity coefficients were calculated for each material at the surface
of the device. The thermal images of the device surface were then obtained at elevated
temperature by heating the detectors surface with the on board micro-heater. The thermal
images of the device were obtained for three different temperature regions such as low (150
°C), medium (250 °C) and high (>350 °C) and corresponding power dissipation across the

heating element due to the Joule heating was recorded (Figure 3.1a-e) (Table 3.1).
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Figure 3.1 (a,b) Optical images of the detector, (c) a temperature profile obtained with QFI thermal imaging
station, (d) corresponding relation between average surface temperature of a sensing element and the total
power dissipation across the micro-heater for both simulated and actual device and (e) the temperature
distribution across a single sensing element at high temperature > 350 °C and.

Table 3.1 Thermo-electric characteristics of the detector

Voltage Current Power Simulation Experimental
(V) (mA) (mW) Tavg (OC) FWHM Tavg (OC) FWHM
2 57 114 158.61 0.64 145.11 24
3 71 210 261.36 311 241.43 3.9
4 82 320 379.71 7.52 367.62 17.6

3.2 Material analysis
3.2.1 SnO2, SNO2-TiO2 and TiO2

The morphology of the 30 nm SnO: layer (S.1.0) was first investigated by SEM
imaging technique. The SEM analysis revealed its porous and polycrystalline structure

with a uniform coating (Figure 3.2a). In addition to high porosity of the sample, no high
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agglomeration of the nanocrystals was observed. It is important to note that ultra-thin films
with thickness less or equal to 30 nm have an advantage over the thick films due to the
combination of high porosity and low agglomeration of nanocrystals (5-10 nm in diameter).
This feature of ultra-thin films allowed for combining high sensitivity and fast response of
the sensor at the same time. The size of SnO; crystal was further determined by TEM
analysis to be in the range between 7 and 10 nm (Figure 3.2b). High surface roughness of
the sample S.1.0 was measured by using AFM analysis (Figure 3.2c). The average

roughness of the sample surface was determined to be 6.7 nm.
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Figure 3.2 (a) SEM, (b) TEM and (c) AFM analysis of SnO; thin film.

Different types of crystal planes and average sizes of SnO2 nanocrystals were
finally characterized by X-ray diffractometer with Cu Ko (A=1.5056 A), which operated at
30 kV and 20 mA. The X-Ray diffraction patterns for the sample were obtained with a scan
rate of 0.02 °/s over the range of 20°-60° (Figure 3.3). The peak with the highest intensity
was obtained at 20=26.92° which corresponds to the most stable (110) plane of the SnO>.
In addition, some other crystallographic planes (101), (200) and (211) with different
structural and electronic configurations were formed at 20=34.22°, 38.21°, and 52.17°

respectively. Finally, as a result of the XRD analysis, the average crystalline size among
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all the crystal planes of SnO> was calculated to be 7.9 nm from Scherrer equation [166,
167]:

D - KA
~ B cos(6)

(3.1)

where K is the shape factor, which usually has a value 0.9, A is the X-ray wavelength, 0 is

the Bragg angle and B gives the full width of the half maxima (FWHM).
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Figure 3.3 XRD analysis of SnO; thin film.

The morphology of the samples S.1.1-S.1.6 was first investigated by using SEM
analysis (Zeiss Supra 35) (Figure 3.4). All the samples except S.1.3 indicated rough and
porous polycrystalline structure with short neck like interconnections between the
nanocrystals. It can be noted that the porosity of the samples S.1.0 - S.1.3 decreased with
increasing TiO2 coating layer. The SnO>-TiO2 (S.1.4-S.1.6) composite structure also
showed a slightly decrease in porosity with increasing the amount of TiO2 from 5vol% to

20vol%. It seems like that sample S.1.4 has more uniform grain size distribution and the
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higher porosity in comparison to the rest of the samples. It is important to be noted that
smaller grain like structure of the samples S.1.4, S.1.5 and S.1.6 in combination with high

porosity of the samples are produced high surface area for catalytic reaction.

100 nm

Figure 3.4 SEM images of the samples S.1.1-S.1.6: (a) SnO2/TiO; bilayer structure 30 nm + 5 nm (S.1.1),
(b) SnO./TiO, bilayer structure 30 nm + 10 nm (S.1.2), (c) SnOJ/TiO, bilayer structure 30 nm + 20 nm
(S.1.3), (d) SnO,/TiO, multilayer 5vol% of TiO; (S.1.4), (e) SnO2/TiO, multilayer 20vol% of TiO; (S.1.5),
(f) SNO./TiO, multilayer 50vol% of TiO; (S.1.6).

The XRD analysis of the bilayer samples S.1.1, S.1.2 and S.1.3 showed diffraction
peaks similar to SnO: rutile crystal structure with additional peak at 20 = 25.4°
corresponding to (101) crystal faces of anatase structure of TiO, was detected for the
samples S.1.2 and S.1.3 (Figure 3.5a). The position of the major diffraction peak of
multilayer oxides shifts slightly from 20= 26.78° (S.1.6) to 20=26.87° (S.1.5) and
20=26.91° (S.1.4) with decreasing % vol of TiO> (Figure 3.5b). In addition, the average
crystal size of all the samples based on the major diffraction peak was calculated by using
the Scherrer formula. The characteristic size of nanocrystals for a multilayer SnO2/TiO>

structure was determined to be smaller, compared to pure SnO2: d=4.87 nm (S.1.4), d=4.54
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nm (S.1.5) and d=4.09 nm (S.1.6). The smaller grain size of the composite oxides (S.1.4-
S.1.6) could be the advantage for gas sensing properties. During the XRD analysis of the
samples S.1.4-S.1.6, the specific peaks of TiO> crystal structure were not found. However,
a noticeable asymmetry as well as the slight shift in the major peak of the multilayer
structure may be attributed to the overlap of TiO. and SnO, peaks, caused by the small

TiO2 nanocrystals present in the layer.
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Figure 3.5 XRD analysis of (a) the samples S.1.0 - S.1.3 and (b) samples S.1.4 - S.1.6.

The morphology of pure TiO> (S.1.7) layer was first analyzed by using electron
microscopy technigue. According to the SEM analysis the layer of TiO2 was much more
compact compared to the porous structure of SnOz layer (Figure 3.6a). Even distribution
of the sensing material across the sensing area was confirmed without noticeable
agglomeration. Further analysis of the sample with TEM revealed polycrystalline structure
of TiO2 layer. Small nanocrystals of TiOz in the range between 2-4 nm were determined
by analyzing the sample S.1.7 (Figure 3.6b). Finally, the roughness of the TiO> film was
determined by using AFM data (Figure 3.6¢). These results indicate that the surface of

Ti02 is much smoother compare to the SnO: layer of the same thickness.
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Figure 3.6 (a) SEM, (b) TEM and (c) AFM analysis of TiO; thin film.

In addition to the microscopic investigation, the internal crystal structure of TiO>
thin film was analyzed by X-ray diffractometer (Cu Ka (A=1.5056 A), 30 kV and 20mA).
As a result of the XRD analysis, the type of crystal structure and average size of the TiO>
were investigated. The X-Ray diffraction pattern for the sample was obtained with a scan
rate of 0.02 °/s over the range of 20°-60° (Figure 3.7). The anatase structure of TiO2 was
identified according to the major diffraction peaks at 20 = 25.43, 36.28, and 47.86° and the

average crystal size of the TiO2 (S.1.7) was calculated to be 4.21 nm.
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Figure 3.7 XRD analysis of TiO; thin film.
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3.2.2 Pt@SnO2, Au@SnOz, PA@SnO2, and Au/Pd@Sn0O>

Morphologies of the samples S.2.0-S.2.3 were investigated by using SEM and TEM
analysis (Figure 3.8). SEM analysis of the sensors S.2.0 and S.2.3 indicated formation of
spherical metal nanoclusters of 3 -10 nm in diameter on the surface of SnO> layer during
the calcination process (Figure 3.8a, d and j). Also, the magnified surface images of the
sensors S.2.0, S.2.1 and S.2.3 revealed an even distribution of metal nanoclusters across
the sensing element and no agglomeration of metal nanoclusters was identified. In the case
of a SnO> surface functionalized with Pd (S.2.2), no visible metal nanoparticles were
observed by SEM analysis (Figure 3.8g). The overall SEM pictures of the samples S.2.0-
S.2.3 exhibit a uniform distribution of the sensing material across the sensing area. A more
precise analysis of the surface morphology of the samples S.2.0-S.2.3 was then
accomplished by utilizing transmission electron microscopy (TEM) (Figure 3.8b, e, h and
k). The higher resolution ability of the TEM analysis made it possible to describe the shape,
average size, particle agglomeration, as well as the density and size distribution of metal
nanoclusters. Equal distributions of Pt, Au and Au/Pd spherical shape nanoparticles across
the SnO; surface was determined to be in a good agreement with SEM analysis for the
samples S.2.0, S.2.1 and S.2.3 respectively and no particle agglomeration into bigger
clusters was observed. Very small Pd nanoclusters of 2-4 nm in diameter were seen while
analyzing the sample S.2.2 by TEM. According to TEM image (Figure 3.8h), Pd
nanoparticles have a tendency to agglomerate into bigger clusters, which makes it difficult
to conduct a uniform surface modification of SnO> layer. Further analysis of the TEM

images of the samples S.2.0-S.2.3 by utilizing LabVIEW vision module was used to
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determine the particle size distribution (Figure 3.8c, f, i and I) and the density of the

nanoparticles per unit area (Table 3).
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Figure 3.8 (a, d, g and j) SEM surface images of the samples S.2.0 - S.2.3, (b, e, h and k) TEM images of
the simplified samples S.2.0 - S.2.3, and (c, f, i and I) nanoparticle size distribution calculated from the TEM
analysis.
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Table 3.2 Some important characteristics of the metal nanoparticles.

Sensor’s Nanoparticle size distribution Density of Agglomeration of
Nanoparticles
# Mean (nm) FWHM (nm) (10%/cm?) Nanoparticles
Pt@Sn0O; (S.2.0) 3.15 3.12 113 No
Au@Sn0; (S.2.1) 6.42 4.63 31 No
Pd@Sn0, (S.2.2) 2.68 2.72 141 Yes
Au/Pd@Sn0; 7.63 4.21 25 No
(S.2.3)

3.3 Electrical characteristics
3.3.1 Optical band gap of SnO2 and TiO>

The UV-Visible spectrometry was used in this work to determine the optical band
gap of SnO2 and TiO.. Simplified samples were prepared by depositing a thin layer of SnO;
(30 nm) and TiO2 (30 nm) on the surface of 1 x 1-inch glass slides. Several spectrums
including dark spectrum, spectrum of the glass slide with no coating, spectrum of the glass
slide with SnO, and the spectrum of the glass slide with TiO2 were then collected (Figure
3.9a). After the dark spectrum was subtracted the absorption coefficient (o) was calculated
for both SnO; and TiO2 by using the intensity of the incident light (lo) from the glass slide
with no coating. The optical band gap of SnO2 and TiO: for direct allowed transitions was
then calculated (Table 3.3) from a Tauc plot (Figure 3.9b) by using extrapolation method
[168]:

(ahv) = A(hv — E,)/? (3.2)

where A is a proportionality constant, h is Planck’s constant, v is photon’s frequency , and

E, is a band gap for direct allowed transitions.
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Figure 3.9 (a) UV-Vis spectroscopy of SnO,, TiO- thin films and intensity of incoming light (blue) with no
coating, (b) the calculated Tauc plot for the thin films with direct allowed transitions.

A schematic diagram of direct allowed transition between two direct valleys with
energy conservation is presented in Figure 3.10a. When transition requires a change in
both energy and momentum a two — step process is required. The conservation of

momentum via an additional phonon interaction is illustrated in Figure 3.10b [169].

(b)

Figure 3.10 A schematic representation of the process for (a) direct and (b) indirect allowed transitions
inside semiconductors by using energy-momentum diagram, where E; is the energy of a phonon and Eg is
the band gap energy.

The absorption coefficient for the indirect allowed transition with a phonon absorption is
A(hv — E,+E,)?
( o+Ep) (3.3)

E
exp (k_;) -1
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for hv > Eg - Ep and the absorption coefficient for indirect transition with phonon emission
IS

A(hv — Ey—E,,)?

Ep
1—exp (— ﬁ)

for hv > Eg + Ep. The absorption coefficient for hv > Eq + E, can be calculated according

a.(hv) = (3.4)

to equation 3.5.
a(hv) = ay(hv) + a.(hv) (3.5)
According to the equations (3.3-3.4) there is a temperature dependence for indirect
allowed transitions. At low temperature ~ 0 K, a,(hv) is small. However, at elevated
temperature the probability of indirect allowed transition with phonon absorption is
increasing. Both values of Eg + Ep and Eq - Ep for SnO2 and TiO2 under room temperature
~300 K can be experimentally approximated by linear extrapolation method by plotting

(ochv)¥2 vs (hv) (Figure 3.11a and b) [169].
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Figure 3.11 Tauc plots of (a) SnO; and (b) TiO- thin films for indirect allowed transitions
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The approximated values for direct and indirect allowed transitions of polycrystalline films

of SnO-, and TiO> can be found in Table 3.3.

Table 3.3 Optical band gap characteristics of SnO; and TiO».

Sample Direct allowed transition Indirect allowed transition
# (eV) (eV)
SnO; 4.17+/-0.2 3.35+/-0.2
TiO; 3.84+/-0.2 3.15+/-0.2

3.3.2 Polarization effect

Highly nonlinear current-voltage characteristics of SnO: varistors (voltage-
dependent resistors) were previously reported by other groups [170-172]. They also
indicated that the free carrier activation energy inside the SnO; crystals is weak when
electric field is small and strong increase in conductivity was noticed in a case of high
electric field. In our work, the V-1 characteristic of polycrystalline SnO; film (30 nm) was
investigated (Figure 3.12a) and the resistance of the film was calculated under different
polarization voltages (Figure 3.12b). It was determined that the resistance of the thin film
of SnO2 depends not only on ambient test conditions, but also on applied bias voltage

across the interdigitated platinum contacts.
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Figure 3.12 (a) V-1 characteristics of thin SnO; film at 300 °C and (b) resistance of the sensor as a function
of polarization voltage across the platinum contacts under zero grade air and 300 ppm of CO.

In order to minimize the polarization effect on the sensor’s resistance measurement
one can identify an appropriate voltage range between 0 and 1 V, where effect of
polarization become negligible. It is important to note that the appropriate polarization
voltage range for resistance measurements was determined for specific device with known

geometry of metallic electrodes and the distance between them.

3.3.3 Effect of electrical contact

The contribution of electrical resistance between metal (Pt) electrodes and SnO>
sensing layer was investigated by using transmission line measurement (TLM) technique.
The overall resistance of SnO> sensing layer was obtained for several electrode geometries
under ambient air and 300 ppm of CO. The dependence of the sensor resistance was plotted

as a function of the distance (10-80 pum) between electronic contacts (Figure 3.13).
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Figure 3.13 (a) An image of fabricated device for TLM experiment and (b) SnO; film resistance at 300 °C as
a function of the distance between electronic contacts under zero grade air and 300 ppm of CO.

According to the TLM analysis, the contribution of metal (Pt) -semiconductor
(Sn0O.) contact (Rc) was calculated to be less than 10 kQ. The obtained result can be
justified based on polycrystalline and porous structure of SnO; layer, where the major part
of the resistance under elevated temperature and ambient air, coming from the large
number of SnO; grain-grain boundaries. In a case of SnO2 based nanocomposite materials
(SnO2-TiO2, Au@SnO2, Pd@SN0., Pt@SN0O>), the internal resistance of the sensing layer
was observed to be even higher due to additional n-n heterojunctions between different
oxides (SnO2 and TiO2) or nano size Schotky contacts between noble metal nanoparticles

and thin film of SnO..

3.4 Gas sensing characteristics

After all the sensors were fabricated, characterization of sensing material was done,
and electrical characteristics of the sensors were obtained under zero grade air, a series of
experiments were conducted for further investigation of gas sensing characteristics of the

Sensors.
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3.4.1 H»S detection with SnO2, TiO2 and SnO»-TiO2 gas sensors

The performance of sensors (S.1.0-S.1.7) were first investigated over a wide
temperature range between 100 and 350° C upon exposures to 10 ppm of H>S in zero grade
air ( a-c). The optimized temperature conditions for detection of H>S were
determined for each sensing layer (Table 3.4). The thin film of TiO2 (S.1.7) did not show
any noticeable response to 10 ppm of H>S over the temperature range between 100 and 350
°C. Also, the extremely large resistance of TiO; thin film (> 100 MQ) makes it complicated
to measure the resistance of the sensing layer. In our analysis, we compare the ratio of the
sensor’s resistance in the presence of detectable gasses to the resistance of the sensor under
clean ambient air at a given sensor temperature; a ratio hereafter referred to as the
“resistance ratio” or more compactly, Rair /R gas . The bilayer SnO2/TiO> structure (S.1.2)
at 200 °C exhibited higher resistance change under exposure to 10ppm of H.S compared
to pure SnO> (S.1.0) sensor at 225 °C. The highest change in resistance ratio ( R air / R gas
= 1.06x10* ) was obtained for multilayer SnO2/TiO (S.1.5) at 150 °C. Thus a multilayer

material has superior sensitivity toward H.S gas and lower activation temperatures.
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Figure 3.14 (a) Sensors resistance (zero grade air) under different temperature conditions 100-350 °C, (b)
resistance of the sensors in the present of 10 ppm of H,S as a function of temperature and (c) various
response of the sensors toward 10 ppm of H,S over the temperature range.

The content of TiO: in the hybrid structure was determined to be very important

parameter that affects the performance of the sensor for detection of H,S. Both types of
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hybrid oxide structures (bilayer and multilayer) exhibited a decline in sensitivity when the
TiO; content in the layer was high. Even at temperatures as high as 300° C, a thick (20 nm)
compact layer of TiO> deposited over SnO- (S.1.3) affected the layer porosity and caused
the decrease in sensor’s response. The bilayer structure of SnO> with a 20 nm thickness of
TiO2 measured very low resistance over the temperature range 100-350 °C, compared to
the other bilayer samples with thinner TiO2 coating. Increasing the content of TiO2 within
the multilayer structure (S.1.6) from 10 to 20vol% also decreased the sensitivity of the
sensor. The sensor S.1.6 with 20vol% of TiO. exhibited low resistance over the
temperature range between 100 and 350 °C and lower sensitivity compare to the other

nanocomposite oxides with lower TiO2 concentration. Table 3.4 summarizes these results.

Table 3.4 Optimal operational temperature of the sensors S.1.0-S.1.6

Sample # R air () R gas (Q) R air / R gas Temperature ("C)
S.1.0 1.10x10° 8.43x10° 1.31x102 225
S.1.1 2.53x107 2.64x10% 9.55x10? 200
S.1.2 2.50x108 1.85x10° 1.88x10° 200
S.1.3 8.93x10* 1.17x103 7.60x10! 250
S.14 6.90x10° 6.99x10? 9.87x10° 150
S.15 9.39x10° 8.82x10? 1.06x10* 150
S.1.6 3.21x10° 6.65x10? 4.83x10? 150

Sensors S.1.2 (bilayer) and S.1.5 (multilayer) were measured to have the highest
sensitivity to HzS in their groups due to the optimized content of TiO2. The bilayer sensor
(S.1.2) exhibited the highest resistance for this concentration of gas among all the sensors
(S.1.0-S.1.6), which is an indication of the maximum depletion of carriers in the catalytic
layer. The superior response of the multilayer oxide sensors (S.1.4 and S.1.5) compared to
the rest of the sensors, is attributed to the optimal content of TiO2 uniformly distributed

through the volume of the catalytic layers affecting the morphological, electrical and
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catalytic properties of the sensor. The multilayer structures have smaller average crystal
size after the annealing, higher porosity for 5 and 10 % volume of TiO> and the highest
surface roughness.

Also, the response and recovery time upon exposure to 10 ppm of H.S were
determined under optimal temperature conditions for each sensor (Table 3.5). Sensors S.1.2
and S.1.5 were measured to have the shortest time for the sensors’ resistance to reach 90%
of its steady state value under exposure to H»S. It is important to note that time related
experiments were conducted by using ultra-small detector’s volume less than lcm? to

produce almost instant change in concentration.

Table 3.5 Response and recovery time of the sensors S.1.0-S.1.6.

Sample Response time Recovery time Concentration of Temperature
number Too (SeC) Too (sec) H,S (ppm) (°0)
S.1.0 3.7 5.6 10 225
S.1.1 35 2.8 10 200
S.12 3.3 25 10 200
S.13 3.7 2.9 10 250
S.1.4 3.0 2.4 10 150
S.15 3.2 2.4 10 150
S.1.6 3.9 2.7 10 150

Furthermore, the calibration curves for the sensors S.1.0-S.1.6 were obtained
(Figure 3.15a-c) upon exposure to different concentrations (2-20 ppm) of HaS. It was
observed that all the sensors exhibited nonlinear behavior for the given gas concentration

range.
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Figure 3.15 (a) A response of the sensor (a) (S.1.5) multilayer and (b) (S.1.2) bilayer structure to different
concentrations of H,S (2 - 20 ppm) and (c) sensor response vs. concentration for all the sensors.

Besides excellent sensitivity, quick response and recovery time, hybrid sensors also
show superior selectivity to H2S. In our experiments, hybrid sensors were capable of
detecting H2S in complex gas mixtures, such as natural gas, which is not typical for MOX
sensors. The illustration of cross-sensitivity studies on hybrid sensors is shown in the figure
3.16(a). The figure 3.16(a) shows the amplitude response of the sensors S.1.5 (multilayer
structure) and S.1.2 (bilayer structure) to various gases at different concentrations. The
figure 3.16(b) shows the response of sensor S.1.5 to sub-ppm concentrations of H.S diluted
in pure methane. We attribute this remarkable selectivity of hybrid layers to high catalytic
activity of SnO2/TiO2 hybrid structures relative to HoS at relatively low temperatures.
Maximum sensor response for bilayer and multilayer structures was achieved at 200 °C
and 150 °C respectively, which is substantially lower than the optimum activation
temperature of pure SnO2 sensor (300 °C). It is related to a lower activation temperature
for oxidation of hybrid catalyst, compared to SnO>. Because of that, the energy of active
sites on the surface is not enough to overcome the activation barrier of combustibles,
ethanol and carbon dioxide, which provides a natural cut-off for all the catalytic reactions

except for the H.S oxidation.
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Figure 3.16 A response of the sensor (a) S.1.5 (multilayer structure) and S.1.2 (bilayer structure) to various
gases and (b) response of sensor S.1.5 to sub-ppm concentrations of H,S diluted in pure methane.

Finally, the overall gas sensing performance of SnO> based sensor with 10% vol.

of TiO2 (S.1.5) was evaluated with respect to previously reported H>S sensors based on

different materials, morphology and fabrication methods (Table 3.6).

Table 3.6 Some important reports on SnO2 and SnO2 doped MOX gas sensors for detection of H,S.

Material and Deposition Concentration  Sensitivity =~ Temperature References
structure technique (ppm) (R air/ R gas) O
SnO; Sol gel method 13.7 58.057 60 [173]
(porous thick film)
Thermal
Sbh-SnO; evaporation 0.1 10 150 [174]
(nanoribbons)
Glacncing
Ag-SnO; Angle 5 66 300 [175]
(nanocolumns) Deposition
Glacncing
Au-SnO; Angle 5 111 300 [175]
(nanocolumns) Deposition
Ag20-Sn0; Nanocasting 0.3 5,7 100 [176]
(mesoporous)
Fe-SnO; Pechini method 200 100 25 [177]
(nanoparticles)
In203-Sn0O; Screen printing 100 1481 25 [178]
(thick film)
Sn0,-Zn0O 2D Sputtering 0.01 5 100 [179]
(thin film)
Magnetron
Cu0O-Sn0, sputtering 100 1.6x10* 170 [180]
(thin film)
Cu0-Sn0; Screen printing 1 8x10° 50 [181]
(thick film)
Cu0-Sn0; Reactive 20 7.4x10° 150 [182]
(thin film bi-layer) sputtering
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Multi-source
Sn02-Tio2 magnetron 10 1.06x10* 150 This work
(thin film multilayer) sputtering

3.4.2 Detection of BTEX compounds with Au, Pd and Au/Pd-doped SnO- gas sensors

A comparative analysis of the sensors (S.1.0 and S.2.1-S.2.3) was accomplished by
utilizing a multi-channel gas mixing system for sensor exposure to different concentrations
of benzene (12.5-500 ppb) and toluene (12.5-500 ppb). Important sensors’ characteristics
were measured: the optimal operational temperature, the sensors response (as expressed
as R air/ R gas), the time of response, as well as the LOD upon steady state exposure to low
concentrations of benzene and toluene. The operation of sensors in different humidity
levels was also studied along with the effect of oxygen ion sorption.

The effect of temperature on the conductance of ultra-thin MOX films is
significantly different relative to bulk MOX due to high surface to volume ratio. Heating
bulk MOX excites free carriers, which produces a drop in resistance. However, for ultra-
thin films, there are two competing processes: thermal generation of free carriers
(decreasing the resistance) and trapping of free electrons by ionized oxygen at the surface
(increasing the resistance). The heating profile for all four sensor S.1.0 and S.2.1 — S.2.3
(Figure 3.17a) shows that for specific temperature range between 150 — 300 °C the layer
depletion by the adsorbed oxygen dominates, which is sufficient for high sensitivity. At
the same time, for a comparative analysis of sensors’ ability to ionize the atmospheric
oxygen, this profile is insufficient. In Figure 3.17, three out of four layers are functionalized
with metal nanoparticles. Such a functionalization affects both competing temperature-

related effects: the carrier density in the oxide layer and the ion sorption of oxygen on its
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surface. In order to evaluate the catalytic activity of the layers and their ability to activate
the atmospheric oxygen, these competing effects need to be decoupled. In order to
accomplish that, the experiment was repeated in the inert nitrogen atmosphere, where the
effect of oxygen was eliminated (Figure 3.17b). After that the heating profile in oxygen
was divided by the heating profile in nitrogen, generating the relative change attributed to
the ion sorption of oxygen only (Figure 3.17c). The results revealed the highest ion sorption
of oxygen by gold-coated sample, followed by bi-metal gold-palladium, bare SnO, and

palladium modified SnO> respectively.

1.0E+08

1.0E+07

= 1LOE+06 | %
a a

= 1 0E+05
1.0E+04

1.0E+03

0 50 100 150 200 250 300 350 400 450

(€Q)

f

R sirogen

1.0E+06

1.0E+05

1.0E+04

1.0E+03

)

D~

—— S.1.0
-0~ 821
—— 822
-0- 523

g

0 50 100 150 200 250 300 350 400 450

350

300 4

250 4

> 200

130 4

100 4

50

0

- S.1.0
0= 821
—— 822
—0- 823

‘\ (©)
\

0 50 100 150 200 250 300 350 400 450

Temperature (*C) Temperature ("C) Temperature ('C)

Figure 3.17 (a) Baseline resistance of the sensors S.1.0, S.2.1-S.2.3 in ultra-zero grade air, (b) the
corresponding resistance of the sensors in pure nitrogen, and (c) calculated response of the sensors to
presence of oxygen over the temperature range from 25 to 400 °C.

The surface density of adsorbed oxygen ions in combination with optimal temperature for
the catalytic reaction between the oxygen and reductive gas species at the surface of MOX,
determine the rate of the surface catalytic reaction and as a result of that the overall sensor’s
response.

The optimum operational temperature of the sensors S.1.0 and S.2.1-S.2.3 for
detection of low concentrations of benzene and toluene was then determined by using a
multi-channel gas mixing system. During the experiment, the baseline resistance was
measured in ultra-zero grade air (Figure 3.17a) under different temperature conditions in a

range from 25 to 400 °C and the sensors’ resistance was then recorded upon steady state
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exposure to 0.5 ppm of benzene (Figure 3.18a). The quantity R air/R gas Was then calculated
for each temperature condition and the optimum temperature with a corresponding
maximum sensor performance was determined for all four sensors (S.1.0, and S.2.1-S.1.3)
(Figure 3.18b). It was observed that when the target gas was switched from benzene to
toluene of the same concentration, the same result for the optimum operating temperature
was obtained. The pure SnO: sensor had very poor sensitivity and a high operational
temperature of 325 °C. Surface modification of the SnO> layer with gold and palladium
nanoparticles slightly decreased the operational temperature of sensors S1 and S2 to 300
°C and 275 °C, respectively. At the same time, a significant increase in sensitivity of
nanoparticle-functionalized sensors was observed in comparison with the pure SnO> sensor
(S.1.0). It is important to notice that the sensor S.2.2 functionalized with palladium
exhibited higher baseline resistance compared to the sensor S.2.1 functionalized with Au
nanoparticles. Such a dramatic difference under identical conditions reveals a potentially
different mechanism of interaction between SnO> nanocrystals and palladium
nanoparticles compared to SnO; interaction with nanoscale gold. The highest baseline
resistance as well as the highest response was observed for the SnO> functionalized with
bimetal Au/Pd alloy nanoparticles (S.2.3). The lowest operational temperature of 250 “C

was also observed for the same sensor S.2.3.
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Figure 3.18 (a) The resistance of sensors S.1.0, S.2.1-S.2.3 in the presence of 0.5 ppm of benzene, and (b)
the calculated response of sensors S.1.0, S.2.1-S.2.3 to 0.5 ppm of benzene over the temperature range from
25 to 400 °C.

After the optimum operational temperature was determined, the sensors’ responses
to different concentrations of benzene and toluene in a range between 12.5 and 500 ppb
was obtained (Figure 3.19a, b). All of the sensors S.1.0 and S.2.1-S.2.3 show linear
behavior upon exposure to low concentrations (10-100 ppb) of benzene and toluene and
slightly saturated behavior in the case of higher concentrations (>100 ppb). It was
determined that the functionalization of sensors with metal nanoparticles (Au, Pd, Au/Pd)
increases the sensitivity of the sensors S.2.1-S.2.3 compared to pure SnOz sensor (S.1.0).
Sensor S.2.3 was measured to have the highest sensitivity toward the low concentrations

of benzene and toluene.
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Figure 3.19 The average response of the sensors S.1.0, S.2.1-S.2.3 to different concentrations of (a) benzene
and (b) toluene in a range between 12.5 and 500 ppb under optimal operational temperature conditions (Table
3.6) were obtain from multiple experiments over a two week period. The error bars on the graphs correspond
to statistical errors equal to three times the standard deviation.

Another important parameter for sensor characterization such as time of response
was determined to be the time of exposure of the sensors to 500 ppb of benzene and toluene
(Table 3.7). During the experiment, a near-instantaneous change in gas concentration was
achieved by reducing the detector volume to 0.5 cm?® and utilizing a premixed benzene
bottle with concentration of 500 ppb. It was determined that the response time was
improved significantly by coating the surface of SnO2 with metal nanoparticles. The fastest
response time measured was sensor S.2.3, functionalized with bimetal (Au/Pd)
nanoparticles. It should be noted that the sensor S.2.2 modified with Pd nanoparticles have
a faster response time compared to the sensor S.2.1 modified with gold nanoclusters. The
detection limits of the sensors S.1.0 and S.2.1-S.2.3 for benzene and toluene are also

included in the Table 3.7.
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Table 3.7 Performance characteristics of the sensors S.1.0, S.2.1-S.2.3 under detection of benzene and toluene

Benzene Toluene
Sensors Operational Time of response Limit of Operational Time of response Limit of
# temperature Too (S€C)* Detection temperature Too (SEC)* Detection
(O (LOD) (ppb) (O (LOD) (ppb)
S.1.0 325 49 250 325 47 125
S21 300 43 25 300 42 25
S.2.2 275 3.7 25 275 35 50
S.2.3 250 3.3 <125 250 31 <125

*Tgois the time taken by a sensor to reach 90% of its full response.

Also, a comparative analysis of the sensors’ performance at different humidity
levels as well as the response of sensors to 0.5 ppm of benzene under different humidity
conditions was investigated. The baseline resistance of sensors S.1.0 and S.2.1-S.2.3 was
recorded upon exposing them to ultra-zero grade air and the corresponding humidity level
inside the detector’s chamber was determined to be less than 5%. The response of each
sensor upon increasing the relative humidity to 25, 60 and 90% was then calculated (

a). It was determined that all of the sensors S.1.0 and S.2.1-S.2.3 are responsive to the
humidity change. Sensor S.2.1, modified with Au nanoparticles, exhibited the highest drift
in the sensor’s baseline under high (40-90%) relative humidity conditions and a moderate
baseline drift was recorded for sensors S.1.0, S.2.2 and S.2.3. The responses of sensors
S.1.0 and S.2.1-S.2.3 upon exposure to 0.5 ppm of benzene were collected under different
humidity conditions ( b). It was determined that the responses were affected by
the humidity level. The highest (> 6 times) change in response was recorded for sensor

functionalized with Au nanoparticles (S.2.1).
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Figure 3.20 (a) A response of sensors S.1.0, S.2.1-S.2.3 to different relative humidity levels and (b) the
response of the sensors to 0.5 ppb of benzene under different humidity conditions.

gas)

R (zero grade air) / R (th%)
R (air) / R

The selectivity of the sensors S.1.0 and S.2.1-S.2.3 was studied under exposure it
to different gases and vapors (CO, H2S, acetone, ethanol, benzene and toluene) of the same
concentration (0.5ppm). The sensor’s signal was recorded after 10 min of being constantly
exposed to the gas and corresponding sensors response was calculated for each sensor
under different gas environments ( a). The absolute sensor’s response was then
normalized with respect to the total response of a sensor to all the gases ( b).
The selective analysis of the sensors S.1.0 and S.2.1-S.2.3 indicated that while all the
sensors were determined to be highly sensitive to H2S, acetone and ethanol, the advanced
sensitivity toward heavy hydrocarbons (benzene and toluene) was determined only in case
of the sensors S.2.1 and S.2.3. It should also be noted that the response of the sensor S.2.3
constantly increased under detection of heavier gas molecules. This, in fact, might lead one
to the conclusion that higher order of oxidation with more surface oxygen involved is a key

feature of Au/Pd@SnO2 sensor that increase its sensitivity to heavy hydrocarbons.
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Figure 3.21 (a) A response of the sensors S.1.0 and S.2.1-S.2.3 to 0.5 ppm of CO, H2S, acetone, ethanol,
benzene and toluene, and (b) normalized response of the sensors.

The comparative analysis of the sensors S.1.0 and S.2.1-S.2.2 in terms of their
optimal operational temperature, time of response, lowest detection limit, selectivity and
performance under different humidity conditions revealed the superiority of sensor S.2.3.
This sensor with bimetal Au/Pd nanoparticles exhibited the lowest operational temperature,
the highest response to low concentrations of benzene and toluene as well as the fastest
response time, compared to the rest of the sensors (S.1.0, S.2.1 and S.2.2). The sensor’s
signal was not highly affected by the change in relative humidity of the carrier gas and the
sensitivity of the sensor stayed high even under 90% humidity level. Due to its superior
properties, sensor S.2.3 was further used for detection of ppb and sub-ppb level of BTEX
components by utilizing a portable GC analyzer.

A drastic difference in sensors’ response to low concentrations of BTEX
components is related to different surface dopant of SnO». In order to explain the
superiority of S.2.3 sensor functionalized with Au/Pd (9:1) nanoparticles, the origin of the
conduction mechanism for all of the samples has to be identified as well as catalytic

properties of each sample.
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The size of noble metal nanoparticles is one of the important factors that influence
their catalytic properties [183, 184]. Small (2-3 nm) noble metal nanoclusters have the
highest catalytic activity. However, high thermal instability of ultra-small gold clusters
makes them hard to utilize in thermally activated MOX sensors at temperatures ~ 200 -
400 °C [185]. Instead, the bigger size gold nanoparticles with diameters between 5 to 10
nm were determined to be very stable over long term. On the other side, palladium
nanoclusters (2-5 nm) were ascertained to be more thermally stable and no particles growth
was observed over time. However, some partial particle agglomeration into bigger clusters
was observed on the surface of the sample S.2.2. At the same time, the sensitivity of the
sensor S.2.2 with ultra-small Pd nanoclusters toward detection of BTEX components was
determined to be much lower compared to the result obtained from the sensor S.2.1 with
bigger (5-10 nm) Au nanoparticles. Furthermore, the biggest Au/Pd nanoclusters with the
average size of 7.63 nm were determined to have the highest performance for detection of
BTEX components. This in fact provides a clear demonstration that not only the size but
the chemical composition of metal nanoclusters as well has a strong influence on the
surface catalytic activity. The superiority of Au/Pd (9:1) nanoparticles should be further

discussed in combination with MOX (SnO.) support layer.

3.4.3 Multi-component analysis of complex gas mixtures

The multi-component analysis of complex gas mixtures was accomplished by using
novel multisensory detector in combination with portable GC unit. Four different sensing
elements SnO> (S.1.0), TiO2-SnO> (S.1.5), Au/Pd@Sn0; (S.2.3), and Pt@Sn0: (S.2.0)
were fabricated on the same platform for quantitative detection of sulfur compounds (H2S

and mercaptans), alcohols (propanol, methanol and ethanol), ketones (acetone),

104



hydrocarbons (methane and BTEX) and CO. During the analysis the operational
temperature of the detector was kept at 250 °C. The separation of gas species inside the GC
column was accomplished under 55 °C and 14 sccm. The analysis of several gas mixtures

(Table 3.8) was done during the experiment.

Table 3.8 Gas mixtures and concentrations.

Mix. # Gases and Concentrations Possible applications Ref.

H>S (100 ppb)

Mercaptans (50ppb),

Benzene (10 ppb) Indoor air quality control [186-191]
Toluene (10 ppb)

Ethylbenzene (10 ppb)

O-Xylene ( 10 ppb)

Methane (99.99%),

H>S (100 ppb)

Mercaptans (50ppb),

Benzene (10 ppb) Natural gas analysis [192-194]
Toluene (10 ppb)

Ethylbenzene (10 ppb)
O-Xylene (10 ppb)

CO (10 ppm)

H2S (100 ppb)

Ethyl-Mercaptan (50ppb)

Acetone (50 ppb)

Ethanol (50 ppb) Breath analysis [195-200]
Benzene (10 ppb)

Toluene (10 ppb)

Ethylbenzene (10 ppb)

O-Xylene ( 10 ppb)

SourLDOROGRAWDNE

w
©CoOoNoOA~LNE

The detection of low concentrations of HS, ethyl-mercaptan and BTEX
compounds was ascertained to be very important for indoor air quality monitoring. All the
gas compounds from Mix.1 were diluted in 1 liter of zero grade air and small sample
volume of 50 ml was then analyzed. As the result of the analysis, the chromatogram of the
gas mixture (Mix.1) was obtained by using multi-sensor MOX detector. After the device
background was subtracted, seven major peaks were detected (Fig. 22a-b). The
identification of each compound was accomplished according to specific retention time for

each gas.
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Figure 3.22 Gas chromatogram of Mix. 1. (a) zoomed image of light compounds and (b) the full gas

chromatogram.

(1. H2S 100 ppb, 2. Ethyl-Mercaptan 50 ppb, 3. Benzene 10 ppb, 4. Toluene 10 ppb, 5. Water, 6.

Ethylbenzene 10 ppb, 7. O-Xylene 10 ppb).

In this work, the specific gas pre-concentrator (10 mg of Carbopack B, 60/80 mesh
from Supelco No. 20273) inside the portable GC was designed specifically for heavy
hydrocarbons (BTEX). This feature in combination with highly sensitive detector allowed
to achieve a sub-ppb level of detection (Figure 3.23a). In the process, the background signal
from the GC was recorded upon analyzing zero grade air samples. It was determined that
the integrated response of Au/Pd@SnO- sensor to 0.5 ppb of BTEX was higher than the
background signal of the portable GC for all the BTEX components with a confidence level
of 99.74% (Figure 3.23b). The sub-ppb level of detection of the sensor S.2.3 makes it
possible to utilize it for real time indoor air quality monitoring. It is worth noting that the
fast response and recovery time of the detector, upon exposure to reducing gases,
substantially increases the GC selective ability of the device and improves the air sample

analysis in the case of complex contaminated backgrounds or high humidity conditions.
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Figure 3.23 (a) Gas chromatogram of 0.3 ppb of BTEX mixture, (b) integrated detector’s response t0 0.3 ppb
of BTEX mixture and integrated GC background signal.

Furthermore, the ability of the system to analyze the gas samples with more
complex background, different than air, was confirmed. The detection of ultra-low
concentrations of gas impurities (H2S, ethyl-mercaptan, benzene, toluene, ethylbenzene
and o-xylene) in pure methane (99.99%) was accomplished and all the gas components
were identified (Figure 3.24a and b). The specific selectivity of the sensors S.1.5 and S.2.3
to H.S and hydrocarbons respectively, helps to separate different chemicals within very
short time interval (< 20 sec.). The experiment with methane as a background gas, confirms
the advantage of multi-dimensional chromatography by using an array of sensors instead
of a single non selective detector. This advantage can be utilized in the area of fast portable

natural gas analysis by using a single GC column under constant temperature.
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Figure 3.24 Gas chromatogram of Mix. 2: (a) zoomed image of light compounds and (b) the full gas
chromatogram. (1. Methane 99.99%, 2. H,S 100 ppb, 3. Ethyl-Mercaptan 50 ppb, 4. Benzene 10 ppb, 5.
Toluene 10 ppb, 6. Water, 7. Ethylbenzene 10 ppb, 8. O-Xylene 10 ppb).

Finally, the analysis of the third gas mixture (Mix. 3) was done in order to
demonstrate the ability of the instrument to analyze very complex gas samples similar to a
human breath with 10 or more gases from different chemical groups (hydrocarbons,
ketones, alcohols, sulfur compounds, and CO ). It was determined that some biomarkers in
human breath like acetone, ammonia, CO, hydrogen sulfide, mercaptans, and BTEX can
be used for disease diagnostic as well as monitoring the exposure to toxics via breath
samples. It was ascertained that, conventional MOX detector (Figaro TGS 2602) with a
single sensing element does not provide necessary selectivity to identify all the gases

present in the sample (Figure 3.25a and b).
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Figure 3.25 Gas chromatogram of Mix. 3 by using conventional non selective MOX detector (a) zoomed
image of light compounds and (b) the full gas chromatogram. (1. CO 10 ppm, 2. H,S 100 ppb, 3. Ethyl-
Mercaptan 50 ppb, 4. Acetone 50 ppb, 5. Ethanol 50 ppb, 6. Benzene 10 ppb, 7. Unknown, 8. Toluene 10
ppb, 9. Water, 10. Ethylbenzene 10 ppb, 11. O-Xylene 10 ppb).

The slow time of response and recovery, the low sensitivity and the poor selectivity
of conventional MOX detectors based on thick films limits their utility in GC analysis of
complex gas mixtures.

However, novel thin film nanocomposite sensing materials that were developed in
this dissertation research allow multi-dimensional analysis of gas mixtures utilizing an
integrated sensor array e.g. the analysis of the Mix. 3 was accomplished by using four
sensor array. All the known gases in the mixture were detected and identified (Figure 3.26).
Fast response and recovery time of the thin film sensors increases the time resolution of
the device. Also, the separation of the chemicals with almost the same retention time such
as CO and H>S, benzene and toluene was significantly improved by using an array of

selective sensors.
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Figure 3.26 Gas chromatogram of Mix. 3: (a) zoomed image of light compounds and (b) the full gas
chromatogram. (1. CO 10 ppm, 2. H,S 100 ppb, 3. Ethyl-Mercaptan 50 ppb, 4. Acetone 50 ppb,5. Ethanol
50 ppb, 6. Benzene 10 ppb, 7. Unknown, 8. Toluene 10 ppb, 9. Water, 10. Ethylbenzene 10 ppb, 11. O-
Xylene 10 ppb).

In addition to qualitative analysis of gas mixtures and component identification, a
quantitative analysis of each component in the mixtures was proposed by calibrating the
device for different concentrations of the same gas. The standard approach for GC signal
evaluation is based on calculating the area under the curve for each peak detected. In this
work, the integrated detector’s response was calculated by integrating the area under the
curve over the time interval for each gas.

The detector’s performance was evaluated over a period of 10 days. During this
time, the response of the detector was monitored upon exposure to different concentrations
of detectable gases: H2S (10-500 ppb), ethyl-mercaptan (10-500 ppb), acetone (10-500
ppb), ethanol (10-500 ppb) and BTEX (10-500 ppb). Finally, the calibration curves for the
concentration of various gases for all four sensors were obtained based on average sensors’
response (Figure 27a-d). All four sensors exhibited non-linear behavior for detection of
various gases in the concentration range between 10 and 500 ppb. It was once again shown

that pure SnO> have very low sensitivity at ppb level and poor selectivity (Figure 3.27a).
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The TiO2-SnO- sensor which was specifically designed for detection of H.S, also displayed
high response to ethyl-mercaptan (Figure 3.27b). The SnO; films modified with Au/Pd
bimetal nanoparticles provide an opportunity for selective detection of heavy (BTEX)
hydrocarbons at ultralow concentrations (Figure 3.27c). Finally, the highest sensitivity to

ethanol and acetone was obtained by using SnO. film modified with Pt nanoparticles

(Figure 3.27d).
10 5 30 5 —o—Hyd ulfid
J —O—Hydrogen sulfide 1 ydrpgen sulfide
9 é Ethyl-mercaptan (a) 45 ] Ethyl-Mercaptan (b)
2 g ] —?—Acetone 2 40 é —i— Acetone
5 —O—Ethanol é ] —O—Ethanol
% 73 —x—Benzene % 35 g —X—DBenzene
= 6 4 —x—Toluene »E 30 3 —*—Toluene
§ 1 —+—Ethylbenzene % 55 ] Ethylbenzene
§ > E O-Xylene % ] O-Xylene
3 41 <= 20 ]
= 1 % b
.g 3 ; ‘a 15 é il
EEE : 2 10 ]
RS 3 : k= b »
1 J¢g#4 5 , __‘f"’”— =
Ozvllww\wwwwlwlwlllwww\wwww\nwnw 0:;““\""|- L — LI s e B e
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Concentration (ppb) Concentration (ppb)

400 ¥
1 —O—Hydrogen sulfide 1 —O—Hydrogen sulfide

b 140 4
350 1 Ethyl-Mercaptan C ] Ethyl-Mercaptan d
1 —A—Acetone ]

120 1 —— Acetone

300 | —<—Ethanol { —¢—Ethanol

] —X—Benzene 100 1 —>—Benzene
250 { —x—Toluene 4 —*—Toluene

] Ethylbenzene 80 1 Ethylbenzene X
200 O-Xylene E 0-Xylene

Integrated detector's response
Integrated detector's response

] X ]
100 / 40 —
50 14 " 20 4
Lo P ]
() o T T T T 0 =
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Concentration (ppb) Concentration (ppb)

Figure 3.27 The calibration curves for (a) SnO,, (b) TiO2-SnO,, (c) Au/Pd@SnO; and (d) Pt@SnO; obtained
by integrating the total area under the sensor’s response curve over specific time interval.

In this work we established and confirmed a method for the quantitative and the
qualitative analysis of gas mixtures by using an array of selective sensors. All the gases in

the analyzing mixtures were easily separated by the GC column or by selective sensor’s
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array. It is important to note that the performance of the multi-dimensional GC analysis by
using an array of MOX sensors can be significantly improved by calculating first and
second derivative of the original signal. In addition to the amplitude analysis of the
detector’s signal, which represents the absolute rate of surface catalytic reaction, the first
derivative is representing the rate of change in the reaction and can be very useful for close
peak separation.

Data analysis algorithms for multi-dimensional gas chromatography including
signal detection, peak identification, and background analysis are important parts of multi-
component analysis of gas mixtures. However, this material is beyond the scope of this
dissertation project and will not be further discussed but rather noting that there is

significant and sufficient material for future work in these areas.

3.5 Discussion

For the gas sensing materials based on MOX semiconductors the conduction path
inside the sensing layer is extremely important because it has great influence on the
magnitude of the sensor’s response. Based on this assumption, thin porous polycrystalline
films are the best type of gas sensing material where electrons are passing from one MOX
grain to another. The grain-grain boundary with Schottky contact approximation is greatly
influenced by the ambient conditions as discussed above. At the same time, the height of

the barrier controls the concentration of free charge carriers passing through it.

3.5.1 Gas sensing mechanism of polycrystalline SnO>
Recently, new theoretical and experimental evidence of the conduction mechanism
in polycrystalline SnO> films was investigated in detail and revised by N. Barzan et. al.

[201]. In Barzan’s paper, the simultaneous measurement of DC electrical resistance and
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the work function of porous SnO> film was conducted under different concentrations of
reducing gases such as H. and CO in the absence of oxygen and under different
concentrations of oxygen in nitrogen. It was shown that the change in conductivity of SnO-
polycrystalline film is controlled by the potential barrier qV; at the surface of SnO> grains
upon exposure to reducing or oxidizing gases. Different conduction mechanisms by using
depletion and accumulation layer models were investigated as well as a flat band condition
under inert nitrogen gas. In the case of the upward band bending due to oxygen ion sorption
at the surface of the grains ( a), the relative change of the surface potential
barrier upon exposure to reducing gases can be directly calculated from the change in

resistance (equation 3.6):

qAv, = —kT-ln( Ro ) (3.6)

gas

Band bending at the grain surfaces decreases with the decrease of adsorbed oxygen
species. The flat band situation with no oxygen traps at the grain surfaces can be achieved
in dry nitrogen whenever the barrier height becomes comparable to kT ( b).
Futhermore, the surface of the grains becomes an accumulation layer under different
concentrations of reducing gases in nitrogen ( c) and the relationship between

change in resistance and band bending becomes:

qAV, = —2kT-ln( Ko ) (3.7)

gas

Boltzmann statistics for electron energy distribution can be applied to the
accumulation layer model only in cases when the band edges are far enough (> 2kT) from
the Fermi-level. A more general approach to electron density calculation by using density
of states in the conduction band and the Fermi-Dirac probability distribution function can
be used in a case when the band bending is close to the Fermi-level [201].
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Figure 3.28 A simplified diagram of the conduction mechanism in polycrystalline SnO; in the case of (a)
depletion layer, (b) flat band, and (c) accumulation layer model.

3.5.2 Gas sensing mechanism of TiO2-SnO; hybrid sensor

Based on the main theory of conduction mechanism of polycrystalline SnO; film,
the poor response of bare SnO- sensor can be amplified by tuning the grain-grain surface
potential (Vs) and by increasing the catalytic activity on the surface of the grains.
Nanocomposite gas sensing materials based on two or more MOXs is one of the ways to
tune the barrier (Vs) height. In addition to the surface potential barriers between the grains
created by the ion sorption of oxygen from ambient air, the contribution of heterojunction
barrier at the boundary of two different oxides can be very significant even with no oxygen
present. The enhanced gas sensing ability of SnO2/TiOz thin films deposited over SiO2 and
Corning 1737 glass substrates was previously reported by Lee and Hwang [202]. In our
research, the resistance of TiO2-SnO- hybrid sensors was determined to be much higher
than the resistance of bare SnO: film under ambient air conditions. On the other hand, in
the presence of reductive gas species (H2S), an exceptional sensitivity (increase in

conductance) based on high catalytic activity of hybrid TiO2-SnO> gas sensing material
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was shown. This in fact might lead one to the conclusion that electrical and catalytic
properties of the hybrid oxide are closely connected.

First of all, the titanium dioxide powder is a very reactive catalyst that is used in
the Clauss process for sulfur production. It’s much more catalytically active for sulfur
oxidation than SnO.. Some recent reports indicated outstanding catalytic properties of TiO-
nanoparticles in the range between 2 and 5 nm [203-205]. This catalytic activity is related
to the high surface to volume ratio of the nanoscale material and large amount of surface
active sites (oxygen vacancies) for chemisorption. Due to high thermal and mechanical
stability, the TiO- is also used as a catalyst support material [206]. However, the thin films
of TiO2 (S.1.7) fabricated by using magnetron sputtering technique appeared to be
extremely dense with low active surface area. At the same time, high resistivity of TiO>
makes it very difficult to utilize the material for gas sensing applications [207, 208].
Conversely, pure SnOz (S.1.0) sensor exhibits moderate sensitivity to hydrogen sulfide at
low ppm level. Also, no selectivity of SnO> sensor for detection of H>S was determined.
In addition to that, a long time of recovery upon exposure to H»S gas revealed two potential
problems such as poisoning effect and low catalytic activity of the surface even at elevated
temperature ~300 °C.

In our experiments the nanocomposite structure of TiO2-SnO showed enhanced
sensing properties for detection of H>S. Both double layer (S.1.1-S.1.3) and multilayer-
type sensors (S.1.4-S.1.6) demonstrated maximum performance at optimum volume
concentration of titanium dioxide in the sensing layer. For particular concentration of TiO2
in SnO., the sensitivity of the hybrid structure as well as the time of response and recovery

upon exposure to low concentrations H.S were improved dramatically with respect to bare
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SnO,. The sensor (S.1.5) exhibits the highest sensitivity and the fastest recovery time at
10% vol. of TiO.. The decline in sensor performance was noticed with further increase in
TiO2 concentration. This effect can be related to decrease in porosity of the samples with
high content of TiO. Also, the agglomeration of TiO> particles into a bigger clusters reduce
the catalytic activity and the total active area of the sensor. In particular, significant
increase in TiO; coating of the sensor S.1.3 overcoming its percolation threshold and
forming a continuous layer of dense and extremely inert film with low catalytic activity
and poor electrical conductance.

The advanced sensitivity of the hybrid type SnO2-TiO2 sensor is also mainly related
to specific charge transfer and heterojunction formation between the grains of two different
oxides. The electronic structure of SnO2 and TiO> oxide including band gap, work function
and electron affinity was determined to be different (Figure 3.29a). The band gap of
polycrystalline SnO> for direct (4.17 eV) and indirect (3.35 eV) allowed transitions by
using UV-Vis spectrometry (Tauc plot) was measured larger than the optical band gap of
TiO2 with 3.84 eV and 3.15 eV for direct and indirect allowed transitions correspondingly.
The result obtained from our optical band gap measurement agrees with values previously
reported by other research groups for polycrystalline SnO> with rutile crystal structure (3.5
-4.0eV) [92, 209-211] and polycrystalline TiO2 with anatase crystal structure (3.2 - 3.6
eV) [207, 211-215]. Also, the work function of polycrystalline rutile SnO, [210, 216] was
reported to be larger than the work function and electron affinity of polycrystalline anatase
TiO [215, 217, 218] by approximately 0.3 - 0.5 eV. As a result of different band energy
structures, a type two heterojunction is formed between SnO> and TiO2 nanocrystals with

valence and conduction band misalignment and bending at the crystals interface (Figure
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3.29b) [209, 214, 219, 220] . The important work on TiO2-SnO> heterojunction was
previously accomplished by Vagner et al [211]. The research in Reference 205 has shown
that the heterojunction is growing even in the case of anatase TiO2 and rutile SnO> crystals
with slightly different lattice parameters. The formation of the heterojunction leads to a
discontinuity in the conduction band and formation of the energy barrier at the interface
due to the electrons transfer. The electron transfer from the conduction band of TiO2 to the
conduction band of SnO is primarily determined by the position of the Fermi energy level

of TiO2 which is higher with respect to SnO2 Fermi level.

Figure 3.29 A schematic diagrams of flat energy band approximation of (a) SnO; and TiO2 and (b) the TiO,-
SnO; heterojunction in vacuum.

The total build in voltage Vi of the heterojunction is given by the equation 2 [221].

Vbi = ®sno, = Prio,= Vbi, + Vi, (3.8)
where qdgy0, is the work function of SnO2, g0, is the work function of TiO2, qVy,;, is
the band curvature in SnO2 and qVp,;, is the band curvature in TiO2 due to the charge

transfer. Two potential drops from each semiconductor can be determined by solving the

Poisson equation with specific boundary conditions for the region of interest. The solution
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for the depletion region of the heterojunction in a case of fully ionized impurities (p(z)=Nq)

was described in Chapter 1 and expression for the surface potential becomes:

_ quZZZZ

Vbi, = =5, (3.9)

where ( is the magnitude of electronic charge, €2 is semiconductor (TiO2) permittivity, Na2
is donor concentration in TiO2, Vbi2 is built-in potential barrier at the surface of the
depletion region and z» the width of the depletion region. The solution for the potential
drop on another side of the junction Vpiz is more complicated due to the additional
concentration of free carriers n(z) inside the region but can be numerically calculated. An
important theoretical work on TiO2-SnO> heterojunction was done by E. Floriano [222]
where the electronic properties of SnO2 and TiO2 were calculated by using density
functional theory-Becke, three-parameter, Lee-Yang-Parr (DFT/B3LYP) and an enhanced
Ti02/SnO2 heterostructure was proposed to increase the gas detection efficiency of MOX
Sensors.

The effect of charge transfer and heterojunction formation on the gas sensitization
mechanism of nanocomposite SnO2/TiOz is shown in Figure 3.30 has three components.
First, the transfer of free carriers from TiO> crystal leads to the increase of incomplete
bonding in TiO> crystals. Second, the comparably high electron affinity of TiO2 define the
adsorption of reductive gases in the form of negative ions at the TiO> surface. Third, the
formation of an electron-enriched zone at the SnO- side of the interface amplifies oxygen
adsorption in this region [223, 224] , under standard ambient air conditions. Trapping of
free electrons at the surface of the electron enriched region increase the depletion depth
(zo) and reduce the conductance of the TiO2-SnO2 layer compared to the conductance of

polycrystalline SnO (Figure 3.30a). From our experiments, not only does the resistance
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increase for the TiO2-SnO2 hybrid sensors under ultra-zero grade air conditions, but also,
much more significantly, the R air/ R gas Was detected upon exposure to low concentrations
of H>S compared to a single-oxide homogeneous system. This is because hybrid TiO»-
SnO> sensors have more active oxygen resulting in a high catalytic oxidation of HS to
water and sulfur dioxide which is related to increase in free carrier concentration in the
bulk and an overall increase in conductance compared to the same reaction at the surface

of polycrystalline SnO2 [173].

Sn0,(Temp~150—-200°C)
H,S + 30~ H,0 + S0, 4+3e~ (3.10)

At the same time, the direct oxidation of H2S to elemental sulfur with stoichiometric
amount of oxygen at the surface of TiO> crystal is mainly described by MODOP (mobile

direct oxidation process) [203].

TiO,(Temp~150—200°C) 2
H,S 4+ 20~ Hy0 + =S, +2e” (3.11)

It is important to note that other oxidation reactions between H.S and ionized surface
oxygen at the surface of TiOz crystals are also possible and not restricted. The enhanced
catalytic activity of both oxides together with amplified resistance changes due to charge
transfer effects (bulk - surface and oxide-oxide) make the hybrid TiO2-SnO2 sensor

superior to single-oxide (SnOz or TiO2) sensors (Figure 3.30b).
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Figure 3.30 (a) Electronic grain structure of a hybrid SnO2/TiO2 layer in ambient atmosphere and (b) upon
exposure to H»S.

Unfortunately, an analytical model of the change in the heterojunction barrier height under
different ambient air conditions is hard to obtain due to unknown geometry of the
heterojunction and the complicated kinetics of gas adsorption — desorption process at its
surface.
3.5.3 Noble metal nanoparticles and gas sensing mechanism of Pt, Au, Pd and Au/Pd-
doped SnO- gas sensors

The modification of SnO2 with noble metal nanoparticles was determined to be very
effective for analysis of VOCs compounds. In our research we utilized Au, Pt and Pd
monometallic nanoparticles to enhance the sensing performance of pure SnO2 based on
advanced catalytic and electrical properties of noble nanoparticles. Furthermore, sensing
materials based on SnO: and bimetal nanostructure such as Au/Pd were heavily

investigated.
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According to the conduction mechanism theory of bare SnO., the response of MOX
gas sensors can be significantly improved by increasing the concentration of active oxygen
ions (O, 0%) at the surface. Based on the results from our experiments, small additives of
noble metal (Au, Pd, and Pt) nanoparticles to SnO., substantially increase the response of
the SnO> modified sensors to low concentrations of BTEX components. The enhanced
performance of SnO> gas sensor modified with gold nanoparticles was previously reported
by other research groups [127, 225] . The advanced gas sensitivity of the Au-doped SnO-
is mainly related to the outstanding catalytic properties of Au nanoclusters. For example,
low temperature oxidation of benzene and toluene over 5-10 nm gold nanoparticles
suspended at different catalyst support was previously shown [226, 227]. However, deep
understanding of the sensing mechanism of the Au-doped SnO: is necessary to explain the
advanced properties of the sensing material. An important work on explanation of the
sensing mechanism of Au-doped SnO: gas sensors was done by Hubner et. al. [228]. In
this work, the simultaneous measurement of DC resistance and the work function of SnO>
and Au-doped SnO: in inert gas environment (N2) showed that gold nanoclusters have no
noticeable impact on the bulk or surface electronic properties of SnO> nanocrystals. The
absence of upper band bending in SnO> nanocrystals, means that no electron trapping by
Au nanoclusters is present. Conversely, the higher base line resistance of Au-doped SnO>
sensor in the oxygen reach atmosphere and significantly higher sensor’s response to
reductive gases may lead one to the conclusion that “chemical” type of gas sensitization
(Figure 3.31a) is predominant in the case of Au nanoclusters. In this case, the major
function of the gold nanoclusters is assigned to the “spillover effect”. The theoretical

background of the “spillover effect” is based on the proposed idea that the special role of
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electronically independent and catalytically active metal clusters attributes to gas activation
and dissociation function follow by adsorption on the main oxide. For example, the special
role of Au nanoclusters is to enrich the surface of SnO, with oxygen ions under ambient
clean air conditions and dissociate or activate the detectable gas molecules prior the
reaction at the SnO surface. Absence of the common Fermi level between the gold
nanoparticles and the SnO, nanocrystals makes it difficult to monitor the direct chemical
reaction on the surface of gold nanoclusters and convert it to the electrical signal. The
change in the sensing layer conductivity during the catalytic reaction between the
detectable gases and the ionized oxygen is mainly attributed to the charge transfer from the
surface of MOX back to the bulk and decrease the depletion region of SnO2 nanocrystals.
As a result of high catalytic activity of Au nanoclusters and the “spill-over effect”, the
optimal operational temperature of Au-doped SnO. sensors for detection BTEX
components was slightly decreased compared to the SnO- sensor.

The conduction mechanism of Pt and Pd-doped SnO, samples was determined to
be different from Au-doped SnO.. Both, Pt and Pd doped samples exhibited much higher
based line resistance in the ambient air and in nitrogen compared to the Au-doped SnO-
sensors. An additional, resistance inside the sensing layer was built due to nano-Schotky
contact between the SnO> crystals and the metal (Pt and Pd) nanoparticles, which is not
related to the oxygen ionosorption. As a result of the nano-Schotky contacts and transfer
conduction electrons from SnO; to the Pd and Pt nanoparticles, the depletion region of the
SnO; grains increase and the total conductance of the sensing layer drops. Hubner et al.
[229] also performed important work on the investigation of the sensing mechanism of Pt

and Pd-doped SnO2 where simultaneous measurements of the sensing layer resistance and
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its work function (¢), under different ambient conditions. These measurements exhibited
significant surface band bending for Pd-doped SnO2 and slightly less change in the surface
energy banding of Pt-doped SnO: in pure nitrogen wherein there is an absence of oxidized
gas species. Based on our experiments with Au, Pt, and Pd-doped SnO: in pure nitrogen
and ambient air under different temperature conditions and the results obtained by Hubner
[228, 229], one can conclude that the conduction mechanism in Pt and Pd-doped SnO2
sensor is different from “chemical” sensitization mechanism of Au-doped SnOo. It was also
shown that the “spillover effect” on the surface of Pt and Pd clusters is less pronounce
compared to the Au nanoclusters [230-232]. High surface oxidation in combination with
lower oxygen mobility at the surface of Pd and Pt clusters are the main factors that limiting
the “spillover effect” compared to the gold nanoclusters. Poor “spillover effect” produced
by Pd and Pt nanoclusters on one side and common Fermi level position between Pd or Pt
nanoparticles and the tin oxide nanocrystals on another, leads to the conclusion that
“electronic type” of gas sensitization is dominating in a case of Pd and Pt-doped SnO>. The
“electronic type” (Fermi-level control) of gas sensitization mechanism is based on the
reversible transfer of free charge carriers in and out of electrochemical/stoichiometric state
inside the Pt or Pd metal nanoclusters upon exposure to oxidizing or reductive gases, which
affects the overall Fermi level position and change the conductivity of the sensor (Figure
3.31b). Common Fermi level position between the metal nanoclusters and the MOX in
combination with high catalytically active surface of noble metals improved the sensitivity
of the Pd and Pt-modified SnO2 and reduced the activation temperature of the

nanocomposite material for detection of common VOCs compounds.
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I:l Au, Pd nanoparticles SnO, surface depletion region I:l SnO, bulk Si0O, support

Figure 3.31 A schematic diagram of the gas sensing mechanism of polycrystalline SnO- functionalized with
(a) gold nanoparticles with the primarily chemical (spill-over) type of sensitization, and (b) palladium
nanoparticles with the primarily electric (Fermi level) sensitization type.

The effect of mono-metal nanoparticles was determined to be have significant
impact on the sensor performance. At the same time, it was shown that different metal
doping (Au vs. Pd) might have different effect on conductivity of the main oxide (SnO>)
and sensing mechanism. In our work we developed a novel SnO2 gas sensors based on
Au/Pd bimetal nanoparticles by combining the best theories and observations reported by
different research groups over the years. In the proposed design, the main function of the
ultrathin (30nm) tin oxide layer is to be a catalyst support material for bimetal nanoparticles
that can be easily depleted or enriched with free carriers from gas species or from the
bimetal nanoparticles and provide the electrical signal based on the ambient air conditions.
The catalytic activity of pure SnO: crystals (far from the metal-semiconductor junction) is
its secondary function, based on much higher catalytic activity of noble metal nanoparticles

under low activation temperature (~200 °C). The performance of SnO> layer functionalized
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with monometallic nanoparticles was determined to have its natural limitations due to the
specific properties of the metals (Au or Pd). Pure gold nanoparticles have extremely high
catalytic and dissociative activity that allowed to enrich the surface of SnO, around the
metal clusters with activated oxidizing or reductive gas species and as a result of that,
amplified the catalytic reaction at the surface of SnO> nanocrystals. However, the
formation of metal-semiconductor junction between the gold nanoparticles and the SnO>
crystals was not been observed. In contrast to the Au metal clusters, the Pd nanoparticles
create an excellent electronic junction with SnO2 nanocrystals which is very important for
efficient charge transfer between the surface of Pd or Pt metal nanoparticles and the bulk
of the MOX. However, Pt and Pd nanoparticles are less efficient in terms of mobile oxygen
dissociation and gas spillover effect.

Synthesis of bi-metal nanoparticles combining the best characteristics of both
metals including small particle size, thermal and mechanical stability, catalytically active
surface and electronic exchange between the metal nanoparticles and the MOX layer is the
one of the original ideas in this work. In particular, Au/Pd bi-metal nanoparticles were
synthesize to improve the catalytic (chemical) activity of metal nanoclusters, and provide
stable electronic interaction between Au/Pd nanoparticles and the support layer (Figure

3.32).
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I:I Au/Pd nanoparticles SnO, surface depletion region D SnO, bulk i SiO, support

Figure 3.32 A schematic diagram of the gas sensing mechanism of polycrystalline SnO, functionalized with
bimetal nanoparticles with a hybrid sensitization type, when spill-over and electric mechanisms complement
and amplify each other.

The catalytic activity of Au/Pd of bimetal nanoparticles, according to the recent
reports is extremely sensitive to the molar ratio of the two metals. Silva et. al. [131] reports
that the bimetal Au/Pd nanoparticles exhibited their maximum performance for oxidation
of alcohols when the molar ratio of palladium in gold was equals 1:10. Silva’s group
proposed that the key to increased catalytic activity of the Au/Pd nanoparticles derives
from the balance between the number of active sites and the ease of product desorption.
Based on DFT calculations conducted by Silva et. al., both parameters are extremely
sensitive to the Pd content. It was shown that a composition of Au:Pd (10:1) corresponds
to the amount of Pd necessary to cover the existing Au cores with a monolayer of Pd as a
full-shell cluster. Another work which displayed the high catalytic activity of Au:Pd
nanoparticles with the molar ratio of 9:1 was performed by Wang et. al. [233] for selective
oxidation of glycerol to glyceric acid. Based on the experimental evidence and theoretical

calculations, the high catalytic activity of the Au:Pd nanoparticles with a molar ratio of 9:1
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toward BTEX components can be justified. In order to support dual type (“chemical” and
“electronic”) of gas sensitization mechanism by Au/Pd@SnO2, more experimental
evidence is needed based on real time simultaneous measurements of the sensor’s work
function and corresponding conductivity change at different ambient conditions. Based on
our phenomenological data of the sensors response in oxygen free environment and under
zero grade air Au/Pd@SnO; we strongly believe that both types “chemical” and

“electronic” are present.
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CHAPTER 4: SUMMARY AND OUTLOOK

The overview of gas analytical instrumentation for quantitative and qualitative gas
mixture analysis was presented in this work. The increasing demand on portable gas
analytical instrumentation was supported by the data from recent reports on gas analysis.
The comparative analysis of different gas sensors and detectors based on different physical
principles confirmed the strengths of MOX sensors. In this work we presented a novel
method for gas mixture analysis based on portable gas chromatography and highly
integrated multi-sensor MOX detector. High performance of the portable gas analyzer for
selective detection of specific gasses inside complex gas mixtures was demonstrated.
Furthermore, the advantage of gas mixture analysis with highly integrated multi-sensor
MOX detector was shown in comparison to a single, non-selective, commercial MOX
detector.

The analysis of gas sensing performance of nanocomposite thin films based on
SnO2 including TiO2-SnO2, Pt@Sn0O,, Pd@Sn0O., Au@SnO., and Au/Pd@SnO:
demonstrated the ability of MOX sensors to be utilized in gas analytical instrumentations
providing both: high sensitivity down to sub-ppb level and high stability over an extensive
period of time. A promising result for detection of common VOC compounds was obtained
by using thin SnO> films modified with noble metal nanoparticles such as Au, Pt, and Pd.
At the same time, the outstanding gas sensing performance of SnO2 modified with bimetal
Au:Pd (9:1) nanoclusters was closely investigated in this work. High thermal stability,

excellent catalytic activity, and electronic interconnection between the bimetal nanocluster
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and the main oxide layer makes the Au:Pd bimetal nanostructure extremely useful for
detection of very small concentrations of VOCs. Also, by controlling content of palladium
in gold, it is conceivable to “tune” the selectivity of bi-metal nanoclusters to specific
chemical reactions and thus to specific gases.

The outlook on the sensing technology based on SnO2 nanocomposite materials
looks very promising. The performance of SnO, modified with other bi-metal nanoclusters
such as Pt-Au, Cu-Au, Ag-Au needs investigation. Also, the synthesis of tri-metal
nanoparticles is a goal for the future research.

The study of novel materials with unknown properties requires more preparation in
order to collect reliable experimental data. It is important to note, that novel nanocomposite
gas sensors cannot be studied separately from the actual device. It was observed that, the
effect of electrical contacts, different insulating and support materials, temperature profile,
sensing layer synthesis and transfer procedure have a big impact on the final properties of

micro and nanoscale devices.
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