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ABSTRACT

The increased number of terrorist attacks using improvised explosive devices
(IEDs) over the past few years has made the trace detection of explosives a priority for
the Department of Homeland Security. Considerable advances in early detection of
trace explosives employing spectroscopic detection systems and other sensing devices
have been made and have demonstrated outstanding performance. However, modern
IEDs are not easily detectable by conventional methods and terrorists have adapted to
avoid using metallic or nitro groups in the manufacturing of IEDs. Instead, more
powerful but smaller compounds, such as TATP are being more frequently used. In
addition, conventional detection techniques usually require large capital investment,
labor costs and energy input and are incapable of real-time identification, limiting their
application. Thus, a low cost detection system which is capable of continuous online
monitoring in a passive mode is needed for explosive detection.

In this dissertation, a thermodynamic based thin film gas sensor which can
reliably detect various explosive compounds was developed and demonstrated. The
principle of the sensors is based on measuring the heat effect associated with the
catalytic decomposition of explosive compounds present in the vapor phase. The
decomposition mechanism is complicated and not well known, but it can be affected
by many parameters including catalyst, reaction temperature and humidity. Explosives
that have relatively high vapor pressure and readily sublime at room temperature, like
TATP and 2, 6-DNT, are ideal candidate for vapor phase detection using the

thermodynamic gas sensor. ZnO, W,03, V,05 and SnO, were employed as catalysts.



This sensor exhibited promising sensitivity results for TATP, but poor selectivity
among peroxide based compounds.

In order to improve the sensitivity and selectivity of the thermodynamic sensor, a
Pd:SnO, nanocomposite was fabricated and tested as part of this dissertation. A
combinatorial chemistry techniques were used for catalyst discovery. Specially, a
series of tin oxide catalysts with continuous varying composition of palladium were
fabricated to screen for the optimum Pd loading to maximize specificity. Experimental
results suggested that sensors with a 12 wt.% palladium loading generated the highest
sensitivity while a 8 wt.% palladium loading provided greatest selectivity. XPS and
XRD were used to study how palladium doping level affects the oxidation state and
crystal structure of the nanocomposite catalyst.

As with any passive detection system, a necessary theme of this dissertation was
the mitigation of false positive. Toward this end, an orthogonal detection system
comprised of two independent sensing platforms sharing one catalyst was
demonstrated using TATP, 2, 6-DNT and ammonium nitrate as target molecules. The
orthogonal sensor incorporated a thermodynamic based sensing platform to measure
the heat effect associated with the decomposition of explosive molecules, and a
conductometric sensing platform that monitors the change in electrical conductivity of
the same catalyst when exposed to the explosive substances. Results indicate that the
orthogonal sensor generates an effective response to explosives presented at part per
billion level. In addition, with two independent sensing platforms, a built-in

redundancy of results could be expected to minimize false positive.
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PREFACE

The manuscript format has been used in the preparation of this dissertation. This
dissertation is a compilation of one published manuscript, one accepted manuscript
and one submitted manuscript. The first manuscript entitled “Detection of triacetone
triperoxide (TATP) using a thermodynamic based gas sensor” comprises Chapter 3 of
this dissertation, and provides information on the detection of TATP using a dynamic
differential scanning calorimetry technique using SnO,, ZnO, W,03 and V,0s. It was
published in Sensors and Actuators B: Chemical in 2012, volume 162, pages 7-13.

The second manuscript “Detection of peroxides using a Pd/SnO2 nanocomposite
catalyst” was submitted to Sensors and Actuators B: Chemical in July 2013 and was
accepted in October 2013. This manuscript comprises chapter 4 in this dissertation and
discusses the effect of different Pd doping level on the sensitivity and selectivity of
SnO2 catalyst toward different peroxides: H,O, and TATP.

The third manuscript entitled “Detection of explosives using orthogonal gas
sensors” is published by IEEE Sensors 2013 on page 12-15. This manuscript
comprises Chapter 5 of this dissertation, which demonstrates an orthogonal gas sensor
platform that is composed of a thermodynamic element and a conductometric element
which function simultaneously for explosive detection purposes.

Chapter 6 provides a summary and conclusion of all chapters and a future outlook
of this work, including study on humidity interferences, sampling and gas delivery
systems, preconcentration procedures and the potential of transferring the sensor to a

MEMS based platform.
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CHAPTER 1

INTRODUCTION

The number of terrorist attacks employing improvised explosive devices (IEDs)
has increased dramatically in the last 10 years. The shoe bomber in 2001, London
Subway Bombing in 2005, underwear bomber in 2009, cargo plane plot in 2010 and
numerous car bombs and suicide bombing incidents in Afghanistan, Pakistan and Iraq
have exposed the weakness in the current system used for explosive detection and thus,
initiated an urgent and compelling need to reliably detect explosives. The Intelligence
Reform and Terrorism Prevention Act of 2004 directed the Department of Homeland
Security (DHS) to place high priority on developing and deploying screening
equipment to detect explosives on passengers and their carry-on luggage [1].

Conventional spectroscopic detection techniques, such as ion mobility
spectroscopy, mass spectroscopy, Raman spectroscopy, infrared spectroscopy and
nuclear magnetic resonance techniques have been used to both qualitatively and
quantitatively identify explosives [2]. Some of the techniques have been incorporated
by security facilities or deployed in public locations such as the entrances to major
transportation centers. However, the universal application of these techniques is
limited by several drawbacks, including the enormous costs in capital equipment and
maintenance, costs in energy consumption, sampling, operational related expenses,

and lack of continuous and real-time monitoring.



Sensors specially designed for explosive detection have addressed these
disadvantages [3]. In addition, relatively small size footprints detection systems are
designed as that can be manufactured into a portable device with more flexibility,
capable of being linked up into a network for universal coverage, or incorporated into
sensor arrays for better accuracy and reliability. A variety of sensors employing
different sensing principles have been reported, including conductometric sensors,
calorimetric sensors, electrochemical sensors, optical sensors, biosensors and mass
sensors [4, 5]. These sensors can identify trace amount of nitroaromatic based
explosives, such as DNT, TNT and RDX. However, modern IEDs are intentionally
fabricated in a way that uses of materials with metallic or nitro groups are avoided but
instead using more powerful but smaller compounds, such as peroxide based
explosives, e.g. triacetone triperoxide (TATP). Very few of the sensing techniques can
successfully detect TATP, with the exception of calorimetric sensors, which however
require large space, quantified sampling and is unsuitable for real-time monitoring.

TATP has a relatively high vapor pressure and sublimes readily at room
temperature. When moderately heated, TATP decomposes into acetone, O,/O3, water,
and other smaller molecules in the presence of specific catalysts [6]. Due to the fact
that under specific temperature and in presence of specific catalyst, the decomposition
mechanism of TATP as well as other explosives should have their unique signature, i.e.
a heat effect associated with each reaction step. Therefore, we hypothesize that the
heat effect associated with the catalytic decomposition of specific explosive molecules
can be measured as a function of temperature and can thus be utilized for the unique

identification of explosives. By establishing a dynamic differential scanning



calorimetry protocol combined with of different catalysts, a wide range of target gas
mixtures can be interrogated at different temperature setpoints and its heat profile will
be recorded and compared with pre-established explosive database that contain a
library of signatures. Techniques employing this sensor (referred as thermodynamic
sensor here and after) exhibit the characteristic to continuously screen for explosives
with both sensitivity and selectivity.
Motivations and Objectives
The overall goal of this work was to create a sensing platform that could reliably
detect explosives, with nitro-based and peroxide-based explosives. To better
understand the sensing mechanism associated with the solid-vapor interaction,
analytical techniques were used to identify surface morphology, oxidation states and
chemistry of the catalysts.
The main goals of this research were:
To fabricate and test a thermodynamic sensor and establish the characteristic
response using different catalysts as a function of temperature.
To determine the detection limit and gain insight into the exact mechanism
associated with detection.
To determine interference effects of explosive precursors, e.g. H,O, and acetone
which could lead to false positive during the detection TATP.
To optimize catalyst composition using nanocomposites of noble metals and
metal oxide catalysts to enhance its selectivity and sensitivity.
To develop a sensing platform and apparatus to minimize false positives using the

thermodynamic sensor.



Chapter 2 provides background information on common explosives found in
improvised explosive devices that frequently used by terrorists. In addition, a literature
review on conventional sensing techniques such as spectroscopy, canines and sensor
technology and their applications in explosive detection is discussed.

Chapter 3 discusses the sensing theory, the fabrication and its characteristic
response of the thermodynamic sensor to TATP as well as H,O, and acetone.
Numerous catalysts were tested including ZnO, SnO,, V,0s, W,03 and CuO and each
exhibited a specific response or signature at a given temperature. The detection limit
of the thermodynamic sensor to TATP was determined to be in the parts per million
ranges. This investigation also suggested that the heat effect associated with
decomposition of H,O, mimics the behavior of that with TATP, implying that H,O,
could be one of the catalytic decomposition products of TATP. X-ray photoelectron
spectroscopy (XPS) was employed to study the oxidation states of selected catalysts
prior to and after exposure to the target gases. Morphology of the catalysts of the as-
deposited and posted-exposure condition were characterized using scanning electron
microscopy (SEM) [7].

Chapter 4 describes the fabrication and testing of Pd:SnO, nanocomposite
catalysts for the thermodynamic sensor using combinatorial chemistry as a screening
technique. SnO, matrix was impregnated with palladium nanoparticles at different
loadings and tested to determine the optimum composition to provide maximum
sensitivity and selectivity. The results of this study suggested that catalysts with a 12
wt. % palladium loading yielded highest sensitivity while an 8 wt. % palladium

loading yielded the greatest selectivity between TATP and H,O,. Mechanisms of how



palladium loading affected the sensing behavior were discussed, based on the
oxidation states of metal oxide catalysts indicated by XPS.

Chapter 5 explores the idea of an orthogonal platform to reliably track trace levels
of explosives including TATP, 2,6-DNT and ammonium nitrate. The orthogonal
sensor consists of a thermodynamic based sensing platform, which measures the heat
effect associated with the interaction of the explosive vapor with the catalyst surface,
and a conductometric sensing platform, which monitors electrical conductivity
changes in the same catalyst when exposed to the target molecules. By combining
these two independent techniques into a single device, the sensor signature provides a
certain redundancy, which helps mitigate false positives and negatives. Responses of
the orthogonal sensor to trace explosives at part per billion level was demonstrated.

Chapter 6 summarizes the achievements of this research, and the suggested
directions of future work, including effect of humidity to the performance of sensor,
advanced gas introduction methods and the miniaturization of well-established
orthogonal sensor to a micro-electromechanical system (MEMS). The MEMS
platform permits much more localized heating and cooling via a diaphragm and thus
not only will miniaturize the platform but also should enhance selectivity and
sensitivity as well as provide the basis for sensor arrays that will further mitigate false

positives and negatives.
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CHAPTER 2

BACKGROUND

An Explosive is defined as a material that can be initiated to undergo very rapidly
and self-propagating decomposition resulting in the formation of more stable material,
liberation of heat or the development of sudden pressure effect [1].

This chapter will first focus on classification of explosives, commonly used
military and industrial explosives and their malicious uses in terrorism. Furthermore,
the conventional analytical instruments used for explosive detection have been
described. Finally, the development of gas sensing platforms, including
semiconducting sensor, catalytic combustion system, electrochemical sensor and

thermo conductive sensor, has also been reviewed.

1. Explosives and their classification

Explosives, propellants and pyrotechnics belong to a broad group of compounds
and compositions known as energetic materials. Many organic explosives consist of a
carbon core incorporating covalently bonded oxidizer groups such as peroxide, nitro,
nitramine, nitrate ester etc. These groups, containing bonds like O-O, N-N and N-O,
have two or more atoms covalently bonded with non-bonding electrons present in p-
orbitals. This creates electrostatic repulsion between the atoms, and consequently,

many explosives have a positive heat of formation. On explosion an internal redox



reaction occurs where these bonds break and form gaseous products, like N, and CO,,
where the non-bonding electrons are tied up in stable z-bonds [2].

Explosives can be classified as primary, secondary or tertiary explosives by their
sensitivity. Explosives that are extremely sensitive to mechanical or thermal stimuli
such as impact, friction, stab, heat, flame, static electricity or electromagnetic radiation
are known as primary explosives [3], while the ones which need the shock an
explosion or a high energy impulse are recognized as secondary explosives. Primary
explosives, also known as initiators, are classified as to their effectiveness in causing
the detonation of less sensitive secondary explosives. Examples of commonly used
primary explosives are: acetone peroxides (TATP, DADP), lead azide (Pb(N3),), metal
acetylide (Cu,C,, Ag.C,), hexamethylene triperoxide diamine (HMTD), mercury
fulminate (Hg(CNO),), etc. Secondary explosives are less sensitive than primary
explosives and require more energy to be ignited. Some examples of secondary
explosives include pentaerythritol tetranitrate (PETN), Trinitrotoluene (TNT),
cyclotrimethylenetrinitramine (RDX), cyclotetramethylenetetranitramine (HMX), urea
nitrate and ethyleneglycoldinitrate (EGDN). Tertiary explosives, sometimes also
classified as secondary explosives, are so insensitive to stimuli that they cannot be
reliably detonated by practical quantity of primary explosives, and instead require an
intermediated explosive booster, i.e. secondary explosives. Ammonium nitrate-fuel oil
(ANFO) and PBXN-109 (mixture of RDX, hydroxyl-terminated polybutadiene and
aluminum powder) are the most commonly used tertiary explosives.

Another way to classify an explosive is through velocity of detonation (VOD).

Explosives where decomposition is propagated by deflagration (surface burning) with



a velocity less than speed of sound through the materials are classified as low
explosives. Under normal condition, low explosives undergo deflagration at rates that
vary from several centimeters per second to 300 meters per second [2]. Some low
explosives can also detonate under confinement if initiated by the shock of another
explosive. Low explosives include substances like gunpowder, smokeless powder and
gun propellants. Correspondingly, chemical reactions of high explosives are more
rapid and undergo the physical phenomenon of detonation, which means that the high-
pressure shock wave travels through the substance at a supersonic speed. High
explosives typically detonate at a rate between 4000-9500 meters per second [2] and

this VOD is used to compare the performance of different explosives.

Pyrotechnics
WV | { LowExplosives —|:
g Propellants
.G "

O I Military
a Primary _|: Explosives
x Explosives -
L | Y High Explosives Comlmgroal
Secondary Explosives

Explosives

Table 2.1 Classification of explosives based on structure and performance [1].

Oxygen balance (OB) is defined as the ratio of the oxygen content of a compound
to the total oxygen required for the complete oxidation of all carbon, hydrogen and
other oxidisable elements to CO,, H,O etc. and is used to classify energetic materials
as either oxygen deficient or oxygen rich. A positive oxygen balance indicates that the

molecule contains more oxygen than needed and vice versa. The sensitivity and
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brisance (VOD) of an explosive are somewhat dependent upon OB and tend to
approach their maxima as OB approaches zero. Nitroglycerin (C3HsN3Og) [4], for
example, contains enough oxygen to burn all its own carbon and hydrogen

(OB%=3.5%) and is, therefore, capable of an extremely rapid combustion.

2. Introduction of high explosives
2.1 Military high explosives

For military purposes high explosives are used as filling for shell (propellant
explosives), bombs and warheads of rockets. Such explosives are required to have
high power in per unit weight and unit volume, high VOD, long-term stability and
insensitivity to environmental stimuli. The most important properties of the

commonest military explosives are listed in Table 2.2 [5].

Weight Maximum
Explosive M.P. () Density (g/mm?) Strength % detonation
Blasting gelatine | wvelocity (m/s)
TNT 80.7 1.63 67 6950
PETN 141.3 1.77 97 8300
RDX 204 1.73 100 8500

Table 2.2 Properties of common military explosives.

Trinitrotoluene (TNT) is the 2, 4, 6-ismore of the following constitution (Figure
2.1). It was fist fabricated in 1863 by German scientist and was originally used as a
dye instead of explosives, due to its insensitivity to detonate. And since it’s relatively
safe to handle and of low toxicity, nowadays TNT has become one of the most
commonly used explosives in military and industrial applications. In industry, TNT is

nitrated from toluene in three steps, employing nitric acid and sulphuric acid mixtures
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as nitrating agent. TNT has a negative OB, meaning it contains insufficient oxygen to
give complete combustion of the carbon on detonation. It can, therefore, usefully be
mixed with ammonium nitrate, which has an excess of oxygen. The resulting
explosives, known as amatols, are more powerful and cheaper than TNT itself, but in
general have a lower VOD. A proportion of 60% ammonium nitrate is the commonest

of these compositions [4].

O,N

NO,

Figure 2.1 Molecular structure of trinitrotoluene.
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Figure 2.2 Molecular structure of pentaerythritol tetranitrate (PETN).

PETN was first synthesized in 1895 and then used as a military explosive in

World War 1. Pentaerythritol is made commercially by the reaction of formaldehyde
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and acetaldehyde in the presence of alkali. It is then nitrated by adding it to strong
nitric acid at temperatures below about 30 <C. PETN is very stable both chemically
and thermally, but is sensitive to shock and friction. Upon ignition, the oxygen atoms
in the nitrate sub-group terminals oxidize the carbon and hydrogen in the interior.
PETN, mixed with TNT, is largely used as a secondary explosive in military
applications. Associated with triacetone triperoxide (TATP) as an initiator, PETN is

also used in terrorism attacks.

Figure 2.3 Molecular structure of cyclotrimethylenetrinitramine (RDX).

Originally discovered in 1899, RDX attained military importance during the
World War 1l owing to its lower sensitiveness than PETN. It is a white crystalline
powder made by the nitration of hexamine (hexamethylenetetramine) with nitric acid
and ammonium nitrate below 30<C. RDX is widely used as in both military and
industries as a base component of explosives compounds, such as plastic explosives,
and is considered one of the most stable and powerful high explosives. It can be used

alone in pressed charges, or in admixture with TNT.

2.2 Commercial high explosives

13



The major applications of blasting explosives in commercial applications are in
mining, quarrying and civil engineering work such as is encountered in hydroelectric
schemes, road building and controlled demolition. In all these cases the general
procedure is to drill a hole into the solid rock or coal, insert cartridges of explosives
with a detonator and thereby use the explosives to fracture and bring down the rock.
For commercial purposes, explosives do not need to have the high purity demanded
for the military product, but otherwise the material is identical. Besides TNT, PETN
and RDX described above, the most frequently used commercial explosives include
ammonium nitrate, nitroglycerine and nitrocellulose, etc.

Ammonium nitrate (NH4sNO3) is commonly used in agriculture as a nitrogen
fertilizer, and also as an oxidant agent in explosives (OB%=20%). Ammonium nitrate
is made by the neutralization of nitric acid with ammonia in different production
processes depending on its particular application in explosives. For use in explosives
sensitized by high explosive ingredients, ammonium nitrate should be of a dense and
non-absorbent character, while for uses in conjunction with fuel oil, an absorbent form
of ammonium nitrate is required. Ammonium nitrate is the main component of
ammonium nitrate fuel oil (ANFO), a widely used bulk industrial explosive mixture
which accounts for 80% of the explosives used annually in North America [6]. ANFO
is used in coal mining, quarrying, metal mining and civil construction in undemanding
applications. The popularity of ANFO is largely attributable to its low cost and high
stability.

3. IEDs and terrorist attacks using 1EDs

An improvised explosive device (IED) is a homemade bomb constructed and
deployed in ways other than conventional military action. Nowadays, terrorism has
become a grave threat to national security and lives of individuals around the world,
and the usage of IEDs could cause massive destruction and injuries. Explosives used
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for IEDs usually require readily available raw material and relatively simple synthesis
processes other than the benefits offered by military explosives such as high VOD,
water resistance, oxygen balance and power per unit volume. Due to the ease of
manufacturing and readily available starting materials, TATP and HMTD have
becoming increasingly popular among terrorists as primary explosives or initiators for
the detonation of high explosives such as PETN, ANFO, urea nitrate, etc.

3.1 Common primary explosives used by terrorists

H,C
3 \/CH3
C
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/O O\
9 0 J
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H3C—/C—O—O—C\—CH3
CH, CH; J

Figure 2.4 Molecular structure of triacetone triperoxide.

TATP is an organic peroxide explosive which is extremely sensitive to heat,
shock and friction. It is produced from hydrogen peroxide (H20,) and acetone (C3HgO)
in presence of strong acid (sulfuric acid). In mildly acid or neutral condition, the
reaction will produce more diacetone diperoxide (DADP) or even acetone peroxide
monomer than TATP. TATP has a relatively high vapor pressure which allows it
sublime under room temperature. Also, it is a very powerful explosive which produces
approximately 80% of outward force that TNT produces with the same amount of

exposive. Due to its readily available material and easy to synthesize, TATP has been
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used as the initiator in many terrorist attacks. Some of the notorious examples are as
follows.

On July 26™ 1994, TATP was employed as trigger of a car bomb attack at the
London Israeli Embassy, causing massive widespread damage. 20 civilians were
injured during the attack.

Richard Reid, known as the “shoe bomber”, attempted to detonate PETN using
TATP as trigger while on board of American Airlines Flight 63 on December 22"
2001.

TATP and HMTD were employed on July 7™ 2005 the London Subway Bombing
incident, in which 52 civilians and 4 bombers were killed.

Umar Farouk Abdulmutallab, known as the “underwear bomber”, attempted to
detonate a mixture of PETN and TATP while on board of Northwest Airlines Flight
253 on December 25", 2009.

TATP and PETN were employed in the bomb plot on two cargo planes, one in

UK and the other in Dubai in October 2010.
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Figure 2.5 Molecular structure of HMTD.

HMTD is another common homemade primary explosives used by terrorists in

suicide bombings and other attacks. It is made from hydrogen peroxide (H.O;) and
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Hexamethylenetetramine ((CH2)sN,) in presence of citric acid or dilute sulfuric acid as
catalyst. HMTD is extremely sensitive to shock, heat and friction, making it dangerous
to manufacture but ideal as a detonator. HMTD has been used in a large number of
suicide bombing and other terrorist attacks all over the world. For example, HMTD
was one of the components in the 2000 millennium attack plots, in the July 7" 2005
London Subway Bombing and in the 2006 transatlantic aircraft plot.

3.2 Common secondary explosives used by terrorists

Ammonium nitrate fuel oil (ANFO) described above in section 2.2 as a common
commercial explosive is also frequently used by terrorist due to its low price, ease of
use and availability. Some of the examples are as follows.

On April 19™ 1995, hundreds of kilograms of ammonium nitrate were used
during the Oklahoma City Bombing. 168 people were killed and 680 injured. The
bombing caused an estimated of $650 million damage.

On March 16™ 2001, ammonium nitrate was employed during the Shijiazhuang
Series Bombings in China, causing a total of 108 deaths and 38 injuries.

An ammonium nitrate and nitromethane mixture, enriched with alumina powder,
was used in the Oslo Bombing during 2011 Norway Attacks on July 22" 2011,
claiming a total of 77 lives.

Similar to ammonium nitrate, urea nitrate ((NH;),COH-NO3) is another fertilizer-
based high explosive that has been used in IEDs in many terrorist attacks, including
the car bombs in Israel, Irag and Afghanistan, and various other attacks elsewhere in

the world. Urea nitrate can be produced by simply mixing urea and nitric acid under
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controlled temperature. Urea nitrate is used in the World Trade Center Bombing on

February 26" 1993, causing 6 deaths and 1042 injuries.

1. Spectroscopic approaches for the detection of explosives

Traditional security measures, at the airport, for example, have been using metal
detectors to identify any concealed weapon in conjunction with X-ray machines to
reveal the contents of baggage. However, explosives, especially modern IEDs, are not
easily detectable using conventional approaches for the reason that terrorist groups
have adapted to avoid using metals, and instead started using smaller but more
powerful compounds and more deceptive devices, such as shoe bombs, backpack
bombs and underwear bombs. Spectroscopic approaches, such as infra-red
spectroscopy, ion mobility spectroscopy, mass spectroscopy, nuclear magnetic
resonance spectroscopy, Raman spectroscopy, and terahertz spectroscopy, have
proved to be an accurate and reliable way for identification of explosives [7]. However,
these detection approaches employing analytical instruments share the same
disadvantages, which lie in the cost of equipment, maintenance, complicated sampling
and endless sample preparation period, which thus made them not applicable for
continuous monitoring.
4.1 Infra-red spectroscopy

Infra-red (IR) spectroscopy exploits the IR region (10°-10°m) of electromagnetic
spectrum to identify molecules with characteristic bonds or functional groups. When
the transition energy of these bonds or groups that vibrate matches the radiation at

specific frequency, the molecule then absorbs such radiation due to resonance. One
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challenge of this technology is its specificity to distinguish different molecules with
similar groups. Fourier transform infrared (FTIR) spectroscopy is a technique that has
been largely used to replace the more traditional dispersive instruments [7]. By
scanning all IR frequencies simultaneously, considerable decrease in the time taken
for sample analysis is achieved with FTIR, enabling demonstration of absorption

spectrum at different wavelength of radiation.
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Figure 2.6 Simplified schematic of infrared spectrometer.

Detector  Data processing

The IR band intensities of vibrational transitions in TNT, RDX and PETN vapors
were reported by Janni, et al. [8]. They also suggested that ammonium nitrate cannot
be detected since it dissociates to smaller fragments. Banas, et al. provided a way of
post-blast detection of TNT, RDX and PETN using FTIR [9]. Their technique
exhibited a high sensitivity and repeatability results with trace amounts of sample and
relatively short analyzing period. Primera-Pedrozo et al. reported a technique for the
detection and quantification of high explosives residues on metallic surfaces using
fibre optic coupled reflection/absorption IR spectroscopy (RAIRS) [10]. This

technique enabled analysis of samples in situ rather than within the spectrometer
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sample chamber. Low detection limits were reported of 160 ng/cm? for TNT and
Tetryl; 220 ng/cm? for PETN and DNT; 400 ng/cm? for HMX absorbed on the metal
surface.

4.2 lon mobility spectroscopy
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Figure 2.7 Simplified schematic of ion mobility spectrometer for detection of solids.

lon mobility spectroscopy (IMS) is the most successful and widely used
technology for the detection of trace level nitro-organic explosives on handbags and
carry on-luggage in airports throughout the US [11]. A simplified schematic of ion
mobility spectrometer is shown in Figure 2.6. ®*Ni or **Am is typically used as the
ionization source. The sample vapors are ionized at atmospheric pressure before
electronically injected into the drift region. Under the influence of applied electric
field (about 200 V/cm), ions move toward the detector, usually a Faraday plate,
creating a signal such as current flow. The drift times are related to the mass of the
ions and by determining the mass/charge ratio, it is possible to identify components
within the sample through comparison with known standards. In practice, the
coefficient of mobility, «, in units of cm?(V-s) is used to replace drift time. Reagent
gases are used to create alternate reactant ions that provide additional selectivity in

response.
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TNT, 2,4-DNT and 2,6-DNT, RDX, PETN and TATP have been widely studied
with IMS technology [12-20]. The properties of TNT and its ion behavior showed
favorable response in IMS compared with any other explosives. This is because the
gas phase chemistry of TNT is relatively simple and product ions have good thermal
and chemical stability. The mobility spectrum could be affected by the type of
supporting gas and the sensitivity of response was increased with oxygen.

Investigations into sensitivity and accuracy enhancement have increased over
recent years. Kanu, et al presented new approaches in reducing false positive
interferences in explosive detection using IMS by a rapid pre-separation of potential
interference after ionization prior to detection and minimizing the influence of
interferents by extending retention time [21]. A detection limit as low as 10 picogram
of TNT with a sensitivity of 12 A/g were reported in their work. A pre-concentrating
process employing a micro-hotplate coated with a sorbent polymer prior to analysis
with IMS was reported [22]. This technique enhanced sensitivity by at least an order
of magnitude.

Miniaturization of the IMS apparatus to smaller size for field deployment has also
drawn the attention of researchers [23]. A planar ion-focusing aspiration condenser
which allows fluidic focusing of ion carrier gas by means of geometric constrains
before separation was described [24]. This apparatus consumes less power and has
much smaller size, making it a potential device to be incorporated into a hand-held
system.

4.3 Mass spectroscopy

21



e T

@ Magnet . N
/ ™~ Acceleration
/ a "/ ” lonization Current \)
() Collectors
AB
" Sample Introduction
TAB Amplifier

Output

Figure 2.8 Simplified schematic of mass spectroscopy.

Mass spectrometry (MS) has been widely used in explosive detection due to its
excellent specificity in identifying substance, both qualitatively and quantitatively, and
the speed at which the analysis are completed. The principle of mass spectrometry is
that when traveling through the analyzer, the speed and direction of ionized molecules
and their fragments of the samples are altered in presence of electric and magnetic
field (as shown in Figure 2.7). The magnitude of deflection of the moving ion’s
trajectory is determined by its mass-to-charge ratio, and thus the chemical composition
of substance can be separated and analyzed. Various forms of mass spectrometry used
for the detection of explosives include ion traps, quadrupoles and time-of-flight mass
analyzers, and combinations such as Tandem mass spectrometry system [25].
Detection of explosives using these technologies has been reported [26]. However, this

technology is limited in identifying molecules that produce similar fragmented ions.
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Coupled technology has been used to enhance the mass resolving capability of
mass spectrometry in identifying hydrocarbon compounds. One common combination
IS gas chromatography-mass spectrometry (GC/MS). Different particles are pre-
separated with a gas chromatograph prior being introduced into ion source of mass
spectrometer. Bench scale analysis of trace level explosives including ethylene glycol
dinitrate (EGDN), DNT, TNT, PETN, RDX and Tetryl have been reported [27-29].
Simulated field detection was reported Holmgren, et al. [30]. They demonstrated an
approach for detection of extracted explosives from soil by GC/MS using a negative
chemical ionization. Their work required relatively short sample preparation time and
achieved a limit of detection of 0.5 po/g.

An isotope-ration mass spectrometry (IRMS) is a technique that measures relative
abundance of isotope in given samples. In addition to identify unknown substance
with mass spectrometer, this technology also provides the capability to distinguish one
source of the same substance from the other, and thus has been widely used in forensic
analysis [31, 32].

4.4 Nuclear magnetic resonance and nuclear quadrupole resonance spectroscopy

Nuclear magnetic resonance (NMR) spectrometry has long been recognized as a
powerful tool for structural analysis. NMR is a phenomenon in which nuclei absorb
and re-emit electromagnetic radiation at specific resonance frequency in presence of a
magnetic field. This technology can be used to study molecular physics, crystals and
non-crystalline materials. However, it has been unable to compete with other

commonly used analytical methods for the examination of explosives due to lack of
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sensitivity. Very limited number of materials using NMR spectrometry has been
published to date [33, 34].

Nuclear quadrupole resonance (NQR) spectroscopy is similar in concept to NMR
except that it does not require externally applied static magnetic field. Instead, NQR
studies the interaction between the quadrupole moment of the electric distribution
around the nuclei and the electric field gradient (EFG) applied from outside.
Compared with NMR, NQR offers more advantages in explosive detection, for the
reason that it is more accurate, more selective and does not rely on external magnetic
field which could cause irreversible changes in the molecules under study [35-37].

Most explosives contain nitrogen atoms, which makes it possible to detect the
most common isotope “*N using NQR spectrometry. There have been a number of
general papers written describing the use of **N NQR to observe explosives [38-41].
When a suspect sample is scanned by probe coil, an adequate sequence of RF pulses
near the NQR frequency of interest is applied, and a return signal will then be detected
if the expected chemical specimen is present. One problem is that the return signal
from some explosives lasts very short time (i.e. less than 1 ms for TNT [42] ) and is
not long enough to allow the electrical reverberation (known as magneto-acoustic
ringing), an interfering signal, to decay to negligible levels. Several approaches can be
taken to solve this problem, such as spin echo sequences, composite pulse sequences,
two-photon or three-frequency excitation [43-45]. Another fundamental problem is
that the return signals are generally very weak and comparable in magnitude to

thermal noise. Measures can be taken to improve the signal-to-noise ratio (SNR) as
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well as detection time by employing steady state free precession (SSFP) or continuous
wave free precession pulse (CWFP) techniques [46, 47].
4.5 Raman spectroscopy

Raman spectroscopy is a widely used analytical technology which studies the
vibrational or rotational transition of molecules by monitoring the inelastic scatted
laser photons applied and collected. An energy difference between the incident and
scattered photons can be observed when the molecule is excited by photon from
ground state to excited state, or the other way around. Raman spectra obtained from
Fourier transform techniques can offer a fingerprint of the item under analysis that can

identify individual components of the sample.
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Figure 2.9 Simplified schematic of Raman spectroscopy.

Due to the near instantaneous results and possible stand-off capacity, allowing
samples to be analyzed at some distance from the instrumentation, the potential of this

technique for use as an explosive detection method has led to considerable work
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within this area [7]. Several literatures that describe standoff direct Raman
spectroscopy and its various applications have been published recently [48-54].

Miniaturization of this technology has also been widely studied and reported [49-
56]. A number of portable Raman devices are commercially available, which can
identify small amounts of most kinds of explosives in the field. However, some issues
like fluorescence and background mitigation, and possible ignition of dark or deeply
colored explosives still exist, limiting its complete application for field uses [56].

4.6 Terahertz spectroscopy

Terahertz technology has demonstrated the capabilities to both detect and identify
trace and bulk explosives. Terahertz region usually refers to the frequency range of
electromagnetic radiation between 0.1 and 10 THz. The most commonly used methods
for terahertz spectroscopy are Fourier transform infrared (FTIR) spectroscopy and
terahertz time-domain (THz-TDS) spectroscopy. Compared with FTIR, THz-TDS
spectroscopy has the advantage of more frequency coverage and higher signal-to-noise
ratio (SNR). With advances in laser technology, small time-domain systems are
available for handheld or remote detection [57, 58]. Other techniques for generation of
THz radiation include photomixing and electronic spectroscopy.

Detection of 2,4-DNT, 2,6-DNT, TNT, RDX, PETN and ammonium nitrate using
terahertz spectroscopy in both gas phase and solid phase have been widely reported
[59-67]. However, this technology suffers from several drawbacks that include: the
frame rate speed, a loss of attenuation as distance from sample increases, and power

requirements for the system [67].
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2. Explosive detection using canines

Explosive Vapor pressure (Torr) at 25C | Vapor pressure (Torr) at 100<C
HMTD - -
DADP 1.3%x10% -
TATP 5.1X107 -
EGDN 2.8X10% 22.2
NG 4.4x10™ 3.9x10?
TNT 7.1x10° 6.9X10°
PETN 1.4x10° 8.0x10™
RDX 4.6x10° 1.6x10*
Table 2.3 Vapor of potential explosives that can be detected by dogs. Symbol “-” indicates

that the vapor pressure of such compound is not measurable at given temperature due to
decomposition.

Since World War I, dog-handler teams have been used extensively by the
military to locate explosives [68]. Sniffer dogs are capable of giving fast and real-time
response due to their highly developed sense of smell. Nowadays, the use of canines
as a method of detection of explosives is well established worldwide and those
applying this technology range from police forces and military to humanitarian
agencies in the developing world. A number of studies have been performed to study
the sensing ability, sensing mechanism and reliability of canines in explosive detection,
as well as training and maintenance related issues [69].

Dogs are able to identify a number of explosives as listed in Table 2.3, especially
the ones with relatively high vapor pressure and special odor. Both theoretical and
experimental scientific evidence demonstrate that the sense of smell is the major sense
used by dogs in detection of explosives, compared with sense of hearing and sight [68,

70, 71]. The reliability of dogs in detection of explosives is still a big challenge.
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Factors such as breed, fatigue, health, type of explosive material, searching
environment (temperature, pressure, humidity, noise level, etc.) and training stage are
all important factors that can affect the reliability of the results [72-74]. In order to
improve their detection capability and minimize false positive, many new breeding

and training protocols have been discussed and developed [75-82].

3. Sensors for explosive detection

A gas sensor, or gas detector, usually refers to a qualitative but non-quantitative
analytical device which detects the presence of various gases. Compared with
spectroscopic instruments, gas sensors have the capability to perform continuous and
real-time monitoring but require much less cost in manufacture, operation and
maintenance. In addition, with much smaller geometric dimension, autonomous gas
sensors can be deployed in series or groups to form networks for the purpose of
general coverage over essential area, or can be incorporated into portable devices with
better mobility and flexibility.

The earliest form of gas sensor was invented in the early 19™ century by Japanese
scientists based on light wave interference. A real sensor era has started in 1970s
during which semiconductor combustible gas sensor, solid electrolyte oxygen sensors
and humidity sensors were commercialized for civil uses [83]. Till now, extensive
efforts have been complied in development and improvement of gas sensors with
features of high safety, accuracy, mobility, energy conservation and so on. This
technology is becoming a mature application indicated by industrial statistics results.

For example, US sales of sensors are forecast to climb at a 6.1% annual rate through
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2016 to $14.9 billion [84]. Besides these mature platforms, innovative and effective
gas sensors, such as sensors specially designed for explosive detection, have been
developed in recent years.

It has been widely discussed that the detection of explosive compounds is a
highly significant task in public safety, forensics, antiterrorist activities and global de-
mining projects [7]. Continuous monitoring of explosives with high mobility is
preferred as it provides an appropriate feedback during the measurement or
characterization of sites with security risks and offers rapid warning in presence of
suspicious compounds. Not only this, identification and quantification of explosives
has constituted an emerging and important topic of interest due to their relevant role in
security threat. Accordingly, extensive efforts have been devoted to the development
of innovative and effective sensors that are capable of monitoring explosives both in

time and location.

6.1 Conductometric sensors

A conductivity sensor is a sensing system that measures the change in
conductivity due to the interaction between sensing material and explosive molecules.
Conducting polymer composites, intrinsically conducting polymers and metal oxides
(mostly semiconductors) are three of the most commonly utilized classes of sensing
materials in conductivity sensors [85]. Figure 2.10 demonstrates typical schematics of

a conductometric sensor.
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Figure 2.10 Schematics of a typical conductometric sensor.

Conducting polymer composites consist of conducting particles interspersed in an
insulating polymer matrix. When exposed to a vapor, some of the gas molecules
diffuse into the polymer and causes the polymer film to expand. As a result, this
expansion causes a reduction of the conducting pathways for charge carriers, leading
to an increase in the electrical resistance of the composite [86]. In addition, chemical
reaction between target vapor and filling conductive materials also contributes to the
conductivity changes [87]. Compared with other conductometric sensors, conducting
polymer composites have the advantage of applicability in humid environment and no
heating element is required for detection. The drawbacks of this technique are their
constrained detection range from certain gases, and limited lifetime. Intrinsically
conducting polymers (ICPs) are composed of unsaturated monomers that can be doped
as semiconductors or conductors [88]. When target gas molecules are absorbed into

the polymer, the intrachain conductivity as well as intermolecular conductivity is
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altered [89]. ICP also works at room temperature and is sensitive to polar compounds,
but is vulnerable to humidity interference. Due to their limitations, very limited
numbers of literatures can be found which employs the above mentioned two
conductivity techniques for explosive detection.

Metal oxide gas sensors based on measuring the conductivity change of the
semiconducting materials, or known as conductometric sensors, are one of the most
investigated groups of gas sensors due to their low cost and flexibility associated to
their production, simplicity of their use and wide possible application fields [90, 91].
The cause of change of sensor conductivity can be traced down to two major causes:
physical process and chemical process. One is that when the chemicals are physically
adsorbed to the surface of metal oxide, transfer of charge carriers (electrons or holes)
between semiconductor and adsorbed species or their catalytic decomposition products
leads to the conductivity changes. The other reason is that the chemicals or their
catalytic decomposition products is very reactive, either oxidizing or reducing the
metal oxide to a different oxidation state which will then alter the electrical property
of the semiconducting material.

The sensitivity of conductometric sensor depends on many parameters, including
film quality (thickness, density, grain size, crystal structure and defects, etc.), type and
loading of dopants, temperature at which the sensor is operated and species of target
molecules [85, 92, 93]. Film quality varies from selected deposition approaches,
including chemical vapor deposition (CVD), RF sputtering and spin-coating, etc., and
post-deposition treatment protocols such as heat treatment and chemical rinse [94-96].

The sensitivity can be improved by adding noble metals to the metal oxide; however,
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excessive doping can reduce sensitivity [97-99]. Detection of explosives, including
DNT, TNT, RDX, PETN, etc., using conductometric sensor has been widely reported
[100-102], with detection limit as low as part per billion. However, conductometric
sensor has one major defect being that lack of selectivity to molecules with similar
functional groups and thus, limiting its application in explosive recognition. One way
to improve its identification capability is by forming sensor arrays or networks with
different types of metal oxides that work independently and simultaneously, providing
a redundancy of results for analytical purposes [102].
6.2 Calorimetric sensors

Since all chemical reactions and physical changes are associated with generation
or consumption of energy, mostly in the form of heat, a quantification of thermal
energy provides a simple and universal method for characterizing chemical or physical
processes [103]. Based upon this theory, thermal analysis or calorimetry becomes a
widely used technique for obtaining both qualitative and quantitative information
about thermal transitions associated with a particular material or process. Explosives
and energetic materials are designed to provide enormous amount of energy during
chemical reaction leading to explosion, making calorimetry an ideal technique for
their detection [104]. Besides, as the procurement of traditional explosives becomes
difficult with increasingly stricter regulations and security, terrorists have been
seeking to utilize novel IEDs such as TATP, which contains neither nitro/nitrate group
nor metallic atoms, making conventional detection techniques less effective. As a

result, much work has been done recently on calorimetric technique to enhance
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detection performance and miniaturize the size of device, i.e. by using MEMS device

[103-109].
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Figure 2.11 Schematics of several calorimetric sensor platforms: (a) MEMS system developed
by us (b) sensor platform developed by Casey et al. [107] (c) sensor platform developed by
Carreto-Vazquez et al. [108] (d) sensor platform developed by Lerchner et al. [109].

Calorimetric sensor has one major disadvantage that its detection is required to be
in a constrained and isolated space for accurate measurements, and thus is not suitable
for continuous and real-time monitoring. A differential scanning calorimetry (DSC)
technique is then developed to meet all the challenges. It measures the differential
heating power between a sample and a reference material as their temperature is varied
in a range of interest, directly determining the thermodynamic properties of the sample

[110]. Several researches are reported using DSC technique for explosive detection
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[111-113]. Still, DSC technique suffers from several drawbacks such as lack of
stability and incapability of quantitative analysis.
6.3 Electrochemical sensors

Electrochemical sensors detect change of signal caused by electric currents or
electric potential through electrodes when substances interact with electrodes. This
technique differs from conductivity sensor because the measurement involves
chemical reaction of the explosive molecules or their decomposition product. Since
the changes of electrical output result from a flow of electrons or ions during chemical
reaction, the inherent redox properties of certain substances, i.e. nitroaromatic
explosives and peroxide explosives, make themselves ideal candidate for this
technique [1, 114]. Electrochemical sensors are fast in response, inexpensive with high
sensitivity and a viable option for miniaturization [115].

Detection of military high explosives that contain nitro groups such as DNT, TNT,
RDX and Tetryl are widely reported using electrochemical sensors [116-121]. In Zang,
et al.’s work, TNT is reported to be readily detected at 0.2 parts per billion level
employing ordered mesoporus carbon [117]. Detection of peroxide based primary
explosives, usually TATP and HMTD, are also studied and reported [122, 123];
detection limit is reported at part per million level.

6.4 Optical sensors

Optical sensor is a general term of a vast number of optical transduction
techniques, including absorption, fluorescence, phosphorescence, etc. [124-126]. Due
to reliability and number of approaches, these techniques have been used in explosive

detection in recent years and can be classified into either direct or indirect detection

34



methods. Direct detection techniques utilize any light-wave which the sample may
emit itself or through inducement with a chemical reaction. Indirect detection involves
the implication of explosive being present through their effect on a fluorescent
material, i.e. via quenching [127]. Depending on the nature of the application and
desired sensitivities, different choices of particular optical method can be made. One
major disadvantage of optical sensors is their lack of selectivity and incapable of
providing reliable results from multiple interference such as temperature and humidity.

Fluorescence is the phenomenon of the emission of light quanta by a molecule or
a material (fluorophore) after initial excitation in a light-absorption process. After
excitation, a molecule resides for some time in the exited state and its fluorescence
emission can be observed with a lower energy (longer wavelength) [128]. Based upon
this principle, fluorescence sensors have been widely used in detecting heavy metals,
ions, combustible and toxic gases, etc. Due to its high sensitivity and ease of operation,
fluorescence sensor has also been used in identification of nitroaromatic explosives in
recent years, including TNT, DNT, PETN, etc. [129-131]. Miniaturization has also
been studied and Caron et al. were able to detect trace amount of TNT on a piece of
cotton using a portable fluorescent device [130].

Fiber optics is usually coupled with other optical techniques composing a
integrated sensor that uses optical fiber to detect chemicals by monitoring the changes
in the frequency or intensity of electromagnetic radiation. Trace amount of DNT, TNT,

PETN and RDX were reported being detected employing fiber optic sensors [132-134].
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6.5 Biosensors

Research on controlled animals such as dogs, rats, honeybees and pigs for
explosive detection purposes have been studied by different research groups around
the world [135]. With more accurate and sensitive detection capability, biologically
inspired detection technology has the potential to compete with or be used in
conjunction with other artificial technology to complement performance strengths. A
biosensor is an analytical device that integrates a biological element on a solid-state
surface, enabling a reversible biospecific interaction with the analyte and a signal
transducer. The major advantage of biosensor is associated with high sensitivity and
specificity of biomolecules for their target substrate. However, they often lack storage
and operational stability because they are based on a fragile biological recognition

element: an enzyme or antibody.
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Computational method has been developed to engineer proteins that can
specifically detect a wide array of chemicals from TNT to brain chemicals involved in
neurological disorders. A rapidly developing field that takes advantage of nano-scale
templating is known as molecular imprinting (Figure 2.12 [135]). This technique starts
with dissolving preselected monomers together with template molecules. During
polymerization process, monomers interact with the template and polymer forms
around the template. After extraction of the template molecules, a cavity (recognition
site) with size, shape and chemical functionality matching to the original template
molecules forms and can selectively bind to molecules of interest [136].

Immunosensor is an example of imprinted biosensors and it involves the use of
antibodies as biosensing element by measuring the reaction between a target analyte
and a specific antibody [137-140]. The detection limit to certain explosive species,
TNT for example, is at sub-ppm level.

6.6 Mass sensors

Mass sensors typically adsorb the chemicals of interest onto the surface and the
device detects change in mass. The detection can be accomplished through changes in
surface acoustic waves (SAW devices) or by actual bending or a change in the shape
of the device as mass is accumulated (micro-cantilever devices) [1].

SAW sensor is composed of a piezoelectric substrate with an input and output
interdigital transducer deposited on top of the substrate. The sensitive membrane
(polymeric or liquid crystal) is placed between the transducers measuring the
disturbance in sound wave caused by a chemical across the membrane [141, 142]. If a

vapor is present on the surface, it will interact and alter the properties of the wave,
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such as frequency, amplitude, phase, etc. The measurement of changes in the surface
wave characteristics is a sensitive indicator of the properties of the vapor. SAW
devices have been used for detection of explosives, including DNT and TNT [142-
144].

Quartz crystal microbalance (QCM) sensor is a typical micro-cantilever sensor
that measures the surface force on micro-cantilever induced by the interaction between
surface and substance [85]. If such interactions are restricted to on surface, then the
resulting differential stress leads to the bending of the cantilever. This QCM sensor
has the advantage of superior mass sensitivity, smaller size and low cost. Explosives
including TNT, RDX, TATP and PETN have been reported of successful detection

using QCM sensors [145-147].
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1. Introduction

Triacetone triperoxide (TATP) has been widely used in IEDs by terrorists, since
its precursors (acetone, hydrogen peroxide and a strong acid) are readily available and
its preparation is relatively simple. For example, in 2001 a suicide bomber targeted
American Airlines with a TATP trigger and it is also believed that TATP was used in
the 2005 London subway bombings [1]. Consequently, the reliable detection of TATP
using a portable, small footprint sensor continues to draw interest; however, relatively
few studies have been published to date.

Unlike many other explosives, TATP contains neither metallic elements nor nitro
groups, and therefore, has no significant absorption in the ultraviolet region and does
not fluoresce [2]. This makes it very difficult to detect with conventional spectroscopy
techniques, especially when combined with its instability and molecular structure.
Specifically, the presence of peroxide bonds makes the TATP molecule sensitive to
extreme shock, heat and friction, but at the same time this makes it degrade readily.
TATP is typically a crystalline solid compound at low temperatures but sublimes
readily at room temperature, which makes it an ideal material for vapor phase
detection. Several studies have been published on detecting TATP, including ion
mobility spectra (IMS) combined with Raman spectrometry, mass spectrometry (MS),
nuclear magnetic resonance (NMR), fluorescence spectroscopy and absorption
spectroscopy [3-8]. Each of these detection methods has limitations, which include
slow responses and/or low sensitivity [2], and all these techniques require large scale
analytical instrumentation which is very difficult to implement at venues where a

portable or hand held device is required. TATP analysis by high performance liquid
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chromatography has been touted as an improved technique, coupled with UV
irradiation and electrochemical detection [9], but it still requires considerable analysis
time and is not suitable for in situ monitoring under field conditions. Finally, all these
techniques are based on the detection of solid TATP and often involve swabbing
techniques, thus cannot be used for continuous in situ monitoring. More recently,
sensor platforms based on colorimetric sensor arrays have been developed which have
detection limits as low 2 ppb [10]; however, this method is based on a one-time use,
swabbing technique, and cannot be used for continuous real time detection. Capua et
al. have also recently demonstrated a multisensory array capable of detecting ppb
quantities of TATP vapor continuously, in real time [11].

Metal oxide based gas sensors have been extensively studied and have been
implemented in several commercial applications, such as O, and CO detection in
internal combustion engine exhaust systems as well as the detection of other toxic,
inflammable gases such as NH3, NO,, SO, and H, at concentrations as low as 1 ppm
[12, 13]. These sensor platforms also offer several advantages, such as compatibility
with conventional CMOS processing, low cost and small dimensions, but have been
criticized for their lack of long term stability and poor selectivity. The majority of
these platforms operate by monitoring the changes in the electrical properties of the
catalyst due reactions with a target gas [14]. However, these reactions are typically
observed at relatively high temperatures, and the electrical properties of the catalyst
film tend to vary due to issues such as cracking or sintering of the film. While these
issues are still of concern in the thermodynamic sensors described here, the heat effect

generated by the catalyst is relatively constant over time compared to the electrical
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response and provides a more stable response which should provide additional
information when coupled with a conductometric sensor.

In order to satisfy the need for a fast and accurate method of continuously
screening TATP, extensive efforts have been devoted to developing an innovative and
effective sensor platform that is capable of monitoring explosives, such as TATP, in
real time [15]. TATP sublimes readily due to its relatively high vapor pressure, and
forms a complex vapor upon decomposition [16, 17]. Preliminary studies suggest that
using our gas sensor platform, TATP has a similar response to hydrogen peroxide, one
of its decomposition products, but also exhibits its own characteristic signal.
Consequently, by selecting metal oxide catalysts sensitive to the peroxide bonds in
TATP, as well as its organic by-products, a reliable sensor with high sensitivity and
high selectivity can be produced.

In this study, a thermodynamic based gas sensor was developed for the detection
of TATP and its precursors. This sensor measures the heat generated or absorbed by a
metal oxide catalyst in the presence of TATP and its decomposition products in air at
very low concentrations. The technique employs a digital control system which
enables a thin film microheater, coated with a metal oxide catalyst, to be scanned over
a selected temperature range. The electrical power difference due to catalytic reaction
(power difference between the microheater in air and the microheater in the presence
of TATP) was measured as a function of temperature for various metal oxide catalysts.
Utilizing arrays of microheaters, each with a different catalyst it was possible to

uniquely identify TATP in real time, while simultaneously minimizing false positives.
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2. Experimental

2.1. Fabrication of thermodynamic gas sensors

Catalyst Cu:0 Cu,0-Cu0 SnO: .« ZnO V0. WO~TiO:
Target diameter (mm) ' 150 150 ’ 150 | 150 [ 125 ' 150
Target material Cu CuO SnO; ZnO Vv W-Ti
Power density (W/cm?) 1.77 1.98 1.98 1.98 245 1.77
Voltage (V) 1100 900 1150 950 1600 1400
Gas pressure (Pa) A1 Ar 1.4 Ar: 1.4 Ar 1.4 A1 A1
0.:03 0:03 0.:03
Deposition rate (um/h) 0.17 09 0.8 1.1 0.06 0.13

Table 3.1 Sputtering Conditions for various metal oxide catalysts.

Over a hundred thin film microheaters were fabricated on perforated 96% pure
compact alumina substrates using an MRC 822 sputtering system to deposit 2 jm
thick nickel films at room temperature. The wafer was then annealed at 900 <C in
nitrogen for 5 h to densify and stabilize the electrical resistivity of the nickel films.
Various metal oxide catalysts having a nominal thickness of 0.5 pm were then
deposited directly over the nickel microheaters using either metal or ceramic targets in
a MRC 8667 sputtering system. The detailed sputtering conditions for the deposition
of the metal oxide catalysts are listed in Table 3.1. The sensors were subsequently
annealed in air at 650 <C to further improve their stability. Prior to and after testing,
the oxidation state of the metal oxide catalysts was characterized using XPS and the
morphology of the oxide catalysts was followed using SEM.

2.2. Gas sensor testing apparatus and protocol

A schematic of the test bed used for all the gas sensor experiments is shown in

Figure 3.1, where multiple Alicat Scientific mass flow controllers were used to mix

the target gases at various concentrations while maintaining a constant flow rate of
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100 SCCM. H,0, and acetone were introduced into the system by bubbling air
through sealed flasks containing the liquid precursors, while TATP was introduced
into the system by passing air over filter paper impregnated with nanogram quantities
of TATP crystals. The sensors were mounted using a standard DB-9 connector
mounted in a 13 mm diameter PVC tube.

A digital control system employing a LabView program was used to heat the
microheaters to a series of predetermined set point temperatures. These temperatures
were selected using the temperature coefficient of resistance (TCR) of the nickel film,
which was independently calibrated. After the sensor reached equilibrium at each
temperature set point, the total power dissipation was recorded for a period of 75 s.
The average amount of heat generated or absorbed by the catalyst in the presence of
the target gas was calculated as the power required to maintain the sensor at a constant
temperature, as well as the percent response which was the fraction of total power
generated by the catalyst. These tests were conducted using both a dynamic pulsed gas
scheme, where the sensor is initially run in air, followed by 2 min in various
concentrations of the target gas, and then run in air again, without changing
temperature. Static testing was also performed by determining the power dissipation in
air at each temperature, cooling the sensor to room temperature and running again in
the target gas at the same temperatures. Using the static test protocol, the sensitivity of
electronics and drift in the resistance of the thin film microheaters allow for power
differences greater than 8 mW to be reliably detected, while the dynamic response

technique allows for power differences as low as 1 mW to be reliably detected.
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Figure 3.1 Schematic of apparatus used for the detection of TATP, H,O, and acetone using a
thermodynamic gas sensor.

3. Results and discussion
3.1. Chemical characterization

The oxidation states of the copper oxide catalysts prepared from ceramic and
metallic targets were determined by XPS (Figure 3.2). It can be seem from Figure 3.2
that the Cu 2p spectra of those copper oxide films prepared by reactive sputtering in an
Ar/O, plasma from a metallic target (dashed line) were compared to copper oxide

films prepared by sputtering in an Ar plasma from a CuO target (solid line).
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Figure 3.2 XPS spectra of Cu,O films prepared by sputtering in an Ar/O, plasma from a metal
target and CuO—Cu,O films prepared by sputtering in an Ar plasma from a CuO target.
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Figure 3.3 XPS spectra of stoichiometric SnO, films prepared by sputtering in an Ar/O,

plasma from a ceramic target and non-stoichiometric SnO,_ films prepared by sputtering in an
Ar plasma from a SnO, target.
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The significant difference between the spectra is that the films prepared from

ceramic targets contain satellite peaks which are typically found 7-10 eV above the

312 172

main peaks associated with the copper 2p*? and 2p*? electrons, respectively for Cu*
compounds, and correspond to shake-up electrons with 2p*® character [18]. In this
film, the copper 2p*? and 2p"? peaks were found at 929.65 and 949.15 eV (Cu"),
respectively; furthermore, curve fitting of the main 2ps, peak revealed a second peak

with lower amplitude at 931 eV (Cu®"). The broadening of the 2p*?

peak towards
higher binding energies combined with the presence of the satellite peaks suggests that
these copper oxide films prepared by sputtering from ceramic targets in an Ar plasma

have mixed oxidation states [19].
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Figure 3.4 XPS spectra of ZnO (left) and V,Os (right) films.

On the other hand, by sputtering in Ar/O, plasma from a metal target, a narrow

%2 peak at 929.65 eV was observed and no satellite peaks were present, in the

2p
spectra indicating that the film is largely composed of Cu,O. Non-stoichiometric

SnO,— films were also prepared by sputtering from an oxide target in an argon
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plasma. A 1.12 eV shift in both the O 1s and the Sn 3d peaks was observed relative to
those peaks for a SnO2 reference film, as shown in Figure 3.3. This is consistent with
the shift typically described in the literature, for SnO [20]. Figure 3.4 shows the XPS
spectra of the 3d and 2p electrons in (a) ZnO and (b) V,0s. The Zn 2p*? and 2p*?
peaks were found at 1022.65 eV and 1045.5 eV, respectively. In the spectra for
vanadium oxide, the 2p*? and 2p*? core levels were found at 514.25 eV and 520.65
eV, respectively, both of which are in agreement with those values typically observed
in ZnO and V;0s films [21, 22]. Moreover, no significant shifting of these peaks was

observed after testing at a maximum temperature of 650 <C.

3.2. Structural characterization

Figure 3.5 shows the microstructure of several oxide catalysts sputtered from
metallic and ceramic targets in different Ar/O, partial pressures. CuO—Cu,O films
with mixed oxidation states, were sputtered from a ceramic target in argon plasma, and
show surfaces devoid of any fine structure. They also exhibit relatively smooth
rounded protuberances with minimal surface area, typical of an as-sputtered film
(Figure 3.5a). However, the Cu,O films reactively sputtered from a metallic target in
Ar/O, mixtures, exhibited a microcrystalline surface morphology within the rounded
protuberances of the as-deposited films, unlike those films prepared from a ceramic
target (Figure 3.5b). When this catalyst surface was exposed to various target gases,
including H,O, and TATP at a high temperature, there was no apparent change in the
fine microstructure but instead an increase in the cluster/grain size was observed

(Figure 3.5¢).
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The reactively sputtered V,0s catalysts prepared from a metallic vanadium target
in an Ar/O; plasma (Figure 3.5c), revealed the formation of acicular needles as well as
a very fine fibrous morphology or nano-hair on the surface of the sensor. The surface
area of these very fine microstructural features, associated with reactively sputtered
films produced from metallic targets, was estimated to be orders of magnitude greater
than that of typical sputtered film morphology. SnO,—x and ZnO films were also
deposited from a ceramic target by sputtering in an argon plasma (Figure 3.5e and
3.5f), and a morphology more similar to that of sputtered CuO—Cu,O (Figure 3.5a)
was observed. In the case of SnO,_, some micro-cracking of the films due to thermal

stress due to high temperature testing became apparent over time.
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Micro-cracking

() Sum () Spm

Figure 3.5 SEM micrographs of (a) CuO-Cu,O after testing, Cu,O (b) before and (c) after
testing and (d) V,0s, (e) ZnO and (f) SnO,_ after testing.
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3.3. Gas sensing properties

The responses of a tin oxide catalyst and a tungsten oxide catalyst to TATP and
hydrogen peroxide are shown in Figure 3.6. Here, the percent response to 8 ppm
TATP and 9 ppm H,0; as a function of temperature were measured using the static
testing approach. A precipitous drop in the response for tin oxide occurs until a
temperature of 300 <C, at which point the response increases dramatically as a
function of temperature. We believe this is due to the decomposition of TATP by the
catalyst, for which the response peaks at 400 <C. It should be noted that the response
for hydrogen peroxide using the same catalyst has a similar behavior and tracks the

TATP response closely.
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Figure 3.6 Percent response in 8 ppm TATP and 9 ppm H,0, as a function of temperature for
(a) tin oxide and (b) tungsten oxide catalysts, measured using the static testing approach.
The response of a tungsten oxide catalyst to TATP and hydrogen peroxide is
shown in Figure 3.6b and has very different characteristics than that of tin oxide. No
significant response was observed at temperatures below 380 <C, at which point the

response then increased dramatically until a maxima was observed at 460 <C. As was

the case for the tin oxide catalyst, the response of the sensor to H,O, was very similar
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and closely tracks the TATP response. In both cases the response to hydrogen
peroxide was larger in magnitude as might be expected since the decomposition of the
TATP is not complete during the test cycle and the starting concentration of TATP is 8

ppm whereas the starting concentration of H,O; is 9 ppm.
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Figure 3.7 Response as a function of temperature using several catalysts to detect TATP (8
ppm) including WO3-TiO2, V205, SnO2-x and ZnO, measured using the static testing
approach.

The gas sensor response to TATP using a number of different catalysts is shown
in Figure 3.7. Here, the response to 8 ppm TATP as a function of temperature using
several catalysts including WO3-TiO,, V,0s, SnO,—4, Nb,O3 and ZnO was measured
using the static testing approach. Each of the five oxide catalysts show a unique
response as a function of temperature, and show features ranging from almost no peak
response for Nb,O3 to well defined peaks for ZnO. Due to the catalytic decomposition

of TATP, it is expected that the target gas consists not only of a mixture of air and

77



TATP vapor, but also contains some H,0, vapor. To verify this, several experiments
were undertaken to investigate if TATP is indeed decomposing into H,O, in the
vicinity of the catalyst, which is not the primary decomposition product based on a
number of related studies. For example, Oxley and Smith [16, 17] have determined
that acetone and not hydrogen peroxide is the predominant decomposition product of
high purity TATP in air and they have measured the activation energy and determined

the decomposition kinetics for the degradation of TATP.
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Figure 3.8 Response of (a) CuO—-Cu20 and (b) Cu20 in acetone and H202 at 330 -C.

Figure 3.8 shows the response of a CuO-Cu,O and Cu,O catalyst to 8 ppm
acetone and H,0, at 330 <C after a 2-min exposure to the target gas. From this figure
it can be seen that the relative response to acetone is considerably greater than that of
H,0,, which is consistent with other investigations using thermodynamic based gas
sensors for detection [23]. These studies support our findings that significant
exothermic heat effects are observed for hydrocarbons. Not only is the magnitude of
the response to acetone for both CuO-Cu,0 and Cu,0 significantly greater than that
of hydrogen peroxide but it is also of opposite sign, which implies that the sensitivity
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of the thermodynamic sensor platform to acetone is significantly greater than that of
the other gaseous products derived from the decomposition of TATP. Furthermore,
this figure indicates that CuO—Cu,O (Figure 3.8a) is a more selective catalyst for
hydrogen peroxide than that of Cu,O (Figure 3.8b), since both a smaller heat of
reaction in the presence of acetone and a more negative heat of reaction for H,O, were
observed. All of this suggests that these results can be further improved upon by
tailoring the sputtering conditions and thus, the oxidation state of the catalyst films.
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Figure 3.9 Response of SnO,_ in several concentrations of (a) acetone and (b) H,O, at 415 -C.
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The effect of acetone and H,O, concentration on the magnitude of the response
using tin oxide as the catalyst is shown in Figure 3.9, where the temperature was held
constant at 415 <C (maximum sensitivity to H,O, and TATP shown in Figure 3.6a).
Again the responses are of opposite sign, and it was found that the TATP response
tracks that of hydrogen peroxide, which can be readily detected at concentrations as
low as 3.5 ppm. Based on the results presented in Figure 3.9, we should also be able to
reliably detect low levels of acetone in the gas stream generated by the decomposition
of TATP. Since we do not see any evidence of acetone in the output signal, we can
conclude that the TATP is detected as hydrogen peroxide. However, it has also been
extensively cited in the literature [16, 17] that under ambient conditions TATP
primarily decomposes into acetone. Therefore, we believe that we are sensing the
catalytic decomposition of TATP, which is a much more specific reaction than the
decomposition of TATP to acetone in air ambient, and this specific mechanism should

help mitigate false positives using this sensor platform.

4. Conclusion

A small footprint, thermodynamic based gas sensor capable of detecting TATP at
ppm levels in air under ambient conditions was demonstrated. This robust sensor
platform has the potential of exhibiting the necessary sensitivity, selectivity and
response time to be used for the continuous monitoring of TATP and its precursors.
This would be particularly important in closed spaced venues where the public may be
exposed to potential threats from IEDs employing TATP as the triggering device. A

number of metal oxide catalysts were able to detect TATP using the thermodynamic
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based gas sensor described within. We have shown that TATP vapor at concentrations
of 8 ppm in air can be detected readily using SnO, and ZnO catalysts, and its
peroxide and acetone precursors were able to be detected at even lower concentrations.

Based on our preliminary results, arrays of microheater sensors can be fabricated
using multiple catalysts and combining the characteristic response curves to uniquely
identify the target molecules of interest. In addition, the current thermodynamic
detection scheme can easily be integrated into an existing micro-hotplate based
MEMS metal oxide gas sensing platforms by modifying the heater electronics and
adding a mass flow controller to eliminate hydrodynamic effects. This can add a
second independent variable to minimize false positives and improve long term

stability in existing gas sensor systems.

81



REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

F. Dubnikova, R. Kosloff, Y. Zeiri and Z. Karpas, "Novel approach to the
detection of triacetone triperoxide (TATP), its structure and its complexes

with ions," Journal of Physical Chemistry A, vol. 106, p. 4951-4956, 2002.

I. Cotte-Rodriguez, H. Chen and R. G. Cooks, "Rapid trace detection of
triacetone triperoxide (TATP) of complexation detections of desorption
electrospray ionization,” Chemical Communications, vol. 5, pp. 953-955,

2006.

G. A. Buttigieg, A. K. Knight, S. Denson, C. Pommier and M. B. Denton,
"Characterization of the explosive triacetone triperoxide and detection by ion
mobility spectrometry,” Forensic Science International, vol. 135, pp. 53-59,

2003.

R. Rasanen, M. Nousiainen, K. Parakorpi, M. Sillanripaa, L. Polari, O.
Anttalainen and M. Utriainen, "Determination of gas phase triacetone
triperoxide with aspiration ion mobility spectrometry and gas
chromatography—mass spectrometry,” Analytica Chimica Acta, vol. 623, p.

59-65, 2008.

J. Wilkinson, C. T. Konek, J. S. Moran, E. M. Witko and T. M. Korter,
"Terahertz absorp spectrum of triacetone triperoxide (TATP)," Chemical

Physics Letters, vol. 478, pp. 172-174, 2009.

A. Stambouli, A. E. Bouri, T. Bouayoun and M. A. Bellimam, "Headspace

82



[7]

[8]

[9]

[10]

[11]

[12]

[13]

GC/MS detection of TATP traces in post-explosion debris,” Forensic Science

International , vol. 146S, pp. 191-194, 2004.

C. Mullen, A. Irwin, B. V. Pond, D. L. Huestis, M. J. Coggiola and H. Oser,
"Detection of explosives and explosives-related compounds by single photon
laser ionization time-of-flight mass spectrometry,” Analytical Chemistry, vol.

78, p. 3807-3814, 2006.

C. Shen, J. Li, H. Han, H. Wang, H. Jiang and Y. Chu, "Triacetone triperoxide
using low reduced-field proton transfer reaction mass spectrometer,”
International Journal of Mass Spectrometry, vol. 285, pp. 100-103, 2009.

R. S. Ladbeck and U. Karst, "Determination of triacetone triperoxide in
ambient air,”" Analytical Chemistry, vol. 482, pp. 183-188, 2003.

H. Lin and K. S. Suslick, "A colorimetric sensor array for detection of
triacetone triperoxide vapor,” Journal of American Chemistry Society, vol.
132, pp. 15519-15521, 2010.

E. Capua, R. Cao, C. N. Sukenik and R. Naaman, "Detection of triacetone
triperoxide (TATP) with an array of sensors based on non-specific
interactions," Sensors and Actuators B, vol. 140, p. 122-127, 2009.

N. Barsan, D. Koziej and U. Weimar, "Metal oxide-based gas sensor research:
How to," Sensors and Acutators B, vol. 121, pp. 18-35, 2007.

N. L. Hung, H. Kim, S. K. Hong and D. Kim, "Enhancement of CO gas
sensing properties of ZnO thin films deposited on self-assembled Au

nanodots," Sensors and Actuators B, vol. 151, pp. 127-132, 2010.

83



[14]

[15]

[16]

[17]

[18]

[19]

[20]

G. Eranna, B. C. Joshi, D. P. Runthala and R. P. Gupta, "Oxide materials for
development of integrated gas sensors: a comprehensive review," Critical

Reviews in Solid State and Mateirals Sciences, vol. 29, pp. 111-188, 2004.

W. H. Zhang, W. D. Zhang and L. Y. Chen, "Highly sensitive detection of
explosive triacetone triperoxide by an In203 sensor,” Nanotechnology, vol.

21, p. 315502, 2010.

J. C. Oxley, J. L. Smith, K. Shinde and J. Moran, "Determination of the vapor
density of triacetone triperoxide (TATP) using a gas chromatography
headspace technique,” Propellants, Explosives, Pyrotechnics, vol. 30, pp. 127-

130, 2005.

J. C. Oxley, J. L. Smith and H. Chen, "Decomposition of a multi-peroxidic
compound: triacetone triperoxide (TATP),” Propellants, Explosives,

Pyrotechnics, vol. 27, p. 209-216, 2002.

W. Y. Yang, W. G. Kim and S. W. Rhee, "Radio frequency sputter deposition
of single phase cuprous oxide using Cu,O as a target material and its resistive

switching properties,” Thin Solid Films, vol. 517, pp. 967-971, 2008.

C. I. Pearce, R. A. Pattrick, D. J. Vaughan, C. M. Henderson and G. van der
Laan, "Copper oxidation state in chalcopyrite: mixed Cu d° and d*°

characteristics," Geochimica, vol. 70, p. 4635-4642, 2006.

S. Hwang, Y. Y. Kim, J. H. Lee, D. K. Seo, J. Y. Lee and H. K. Cho,
"Irregular electrical conduction types in tin oxide thin films induced by

nanoscale phase separation,” Journal of the American Ceramic Society, vol.

84



[21]

[22]

[23]

95, pp. 324-332, 2012.

S. Uthanna, T. K. Subramanyam, B. S. Naidu and G. M. Rao, "Structure—
composition—property dependence of reactive magnetron sputtered ZnO thin

films," Optical Materials, vol. 19, p. 461-469, 2002.

G. Silversmit, D. Depla, H. Poelman, G. B. Marin and R. Gryse,
"Determination of the V?* XPS binding energies for different vanadium oxide
oxidation states (V°* to V°*)," Journal of Electron Spectroscopy and Related

Phenomena, vol. 135, p. 167-175, 2004.

E. Vereshchaginam, R. A. Wolters and J. G. Gardeniers, "Measurement of
reaction heats using a polysilicon based microcalorimetric sensor,” Sensors

and Actuators A, vol. 169, p. 308-316, 2001.

85



CHAPTER 4

“Detection of Peroxides Using a Pd/SnO, Nanocomposite Catalyst”

by

Yun Chu'; Daniel Mallin?; Matin Amani®; Michael J. Platek®; and Otto J. Gregory®

Sensors and Actuators B, In press.

! PhD Candidate, Department of Chemical Engineering, The University of Rhode Island,
Kingston, R1 02881. Email: yun.z.chu@gmail.com

2 MS Candidate, Department of Electrical, Computer and Biomedical Engineering, The
University of Rhode Island, Kingston, Rl 02881. Email: daniel.p.mallin@gmail.com

¥ MS Candidate, Department of Chemical Engineering, The University of Rhode Island,
Kingston, R1 02881. Email: matin.amani@gmail.com

* Electrical Materials Engineer, Department of Electrical, Computer and Biomedical
Engineering, The University of Rhode Island, Kingston, R1 02881. Email: platek@ele.uri.edu

® Distinguished Professor, Department of Chemical Engineering, The University of Rhode
Island, Kingston, Rl 02881. Email: gregory@egr.uri.edu

86



1. Introduction

Triacetone triperoxide (TATP) is a peroxide-based compound commonly used as
an initiator in improvised explosive devices (IED’s) that employ other high-energy
explosives such as pentaerythritol tetranitrate (PETN). Due to its ease of manufacture
from readily available precursors and its simple preparation technique [1], it is an
energetic material widely used by terrorists. The detection of TATP using bench-scale
analytical instrumentation has been successfully demonstrated using a number of
techniques. Specifically, ion mobility spectrometry [2, 3, 4], terahertz absorption
spectrometry [5], mass spectrometry [4, 6, 7, 8] and fluorescence spectroscopy [9]
have all been used to successfully detect TATP. They exhibit adequate sensitivity and
stability for low-level detection. However, the aforementioned techniques are
somewhat limited for field use since they cannot be adapted in a small footprint
platform and are not capable of continuously monitoring the environment for these
threat molecules. Therefore, a low cost, small footprint sensor that exhibits adequate
selectivity and sensitivity without introducing false positives is highly desired for field
use where the continuous monitoring at low levels is desired.

A number of investigators have reportedly employed metal oxide catalysts in a
variety of gas sensor platforms. Metal oxide semiconductors, for example, have been
successfully used to detect trace levels of toxic gases such as CO, H,S, H, and NOx
[10-12]. A vast majority of these sensors employed metal oxide catalysts, and as such
exhibited responses that depend on changes in the electrical properties of the catalyst
when exposed to the target gas; these include changes in electrical conductivity [10-

12], changes in dielectric constant of the metal oxide [13], change in work function
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[14, 15]. Others reflect changes in optical properties of the metal oxide catalyst [16,
17]. However, one major disadvantage in using metal oxides, as well as all other types
of solid-state gas sensors, is their poor selectivity due to their inability to distinguish
between complex target molecules [10]. In a previous study, we demonstrated a gas
sensor, which was capable of detecting TATP at trace levels using a SnO, catalyst
based on the catalytic decomposition of TATP to form hydrogen peroxide (H,0O;) [18].
However, these sensors exhibited little or no selectivity between TATP and H,0,,
making them somewhat susceptible to false positives in the presence of other
peroxides and related precursors such as acetone.

A number of researchers [17, 19] have reported that the sensitivity of metal oxide
based sensors can be enhanced by the direct exchange of electrons between the oxide
semiconductor and noble metals such as Pd, Au, and Pt. The addition of such metals
increased the rate of specific reactions on the surface of oxide crystals due to spill-
over effects, which actually changed the reaction mechanism in some cases through
modification of surface energy states [17, 19]. In our case, additions of palladium to
SnO; catalysts may not only lower the detection limit by increasing the decomposition
rate of TATP, but may also provide a different reaction path to avoid forming
intermediates, such as H,O, and thus, provide a sensor response to TATP that is
significantly different from H,O,. Consequently, a gas sensor employing metal oxide
catalysts with improved sensitivity and selectivity over H,O, was the motivation for
this study.

In the present investigation, we utilized combinatorial chemistry techniques to

screen Pd:SnO, nanocomposites with various palladium loadings for the purpose of
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optimizing sensor sensitivity and selectivity. Our thermodynamic sensor platform
employs a digital control system to measure the heat effect associated with the
interaction of a target gas molecule with a metal oxide catalyst deposited over the
surface of a microheater. The heat effect associated with the catalytic decomposition
of TATP was monitored by thermally scanning the microheater from room
temperature to 450°C. The characteristic heat affects were measured as the target
molecules of interest such as TATP, H,O, and acetone were passed over the catalyst
coated microheater. In this way, the controlled addition of palladium to a SnO, matrix
was used to systematically investigate sensor response to TATP and selectivity of
TATP over that of H,0..
2. Experimental
2.1 Sensor fabrication and characterization

Thin film nickel microheaters having a nominal thickness of 4.5 um were
deposited onto laser-perforated alumina substrates using a MRC Model 822 sputtering
system. The nickel microheaters were annealed in flowing nitrogen at 900<C for 5
hours to improve the electrical stability and eliminate point defects in the nickel
microheaters as a result of the sputtering process. A 1pm thick alumina film was then
deposited over the nickel microheaters to prevent electrical shorts between the Ni
heating element and the oxide catalyst. The alumina film was also used to prevent the
microheaters from interacting with oxygen and other gases present in the atmosphere.
SnO,/Pd nanocomposite catalysts were co-sputtered from simultaneously energized
SnO; and Pd targets in pure argon onto an array of microheater sensors on alumina

supports in an MRC Model 8667 sputtering machine. A schematic of sensor placement
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relative to the sputtering targets is shown in Figure 4.1 and the sputtering parameters
used for the deposition of the nanocomposite catalyst are given in Table 4.1. This
approach generated a large number of essentially different catalysts with a

continuously varying, spatially dependent chemistry.

SnOs Pd
Diameter of targets (mm) 150 100
\"crl4icul distance between 75 75
specimen and target (mm) ) )
Forward voltage (V) 480 480
Power density (W/ecm?) 1.70 38
Sputtering gas Ar Ar
Pressure (Torr) %101 0*10-
Deposition rate (pm hr) 0.49 0.28

Table 4.1 Parameters applied to SnO, and Pd targets during co-sputtering.

Palladium loadings ranged from 1 wt.% to 25 wt.% in the nanocomposite film. A
cutaway view of the various layers comprising the sensor is shown in Figure 4.2.
Following deposition, the films were annealed at 550<C in air to promote
crystallization and further stabilize the oxide catalysts. The chemical composition and
morphology of these catalysts were characterized using scanning electron microscopy
(SEM) equipped with energy dispersive X-ray spectroscopy (EDS). The catalysts were
also characterized using X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). Pure tin oxide films were also prepared as catalysts for

comparison purposes, using the deposition conditions presented in reference [19].
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Figure 4.1 Overview of the Pd:SnO, co-sputtering process, in which an array of sensors were
placed between two energized targets, resulting in that the sensors were coated with varying
composition of catalysts.

(4)

Figure 4.2 Actual picture and schematic demonstrating the size and structure of
thermodynamic based sensor platform: (a) an actual picture, (b) top view and (c) expended
view of schematic of the sensor showing catalyst film (1), alumina passivation layer (2),
nickel microheater (3) and alumina substrate (4).

91



2.2 Testing apparatus and protocol

The flow rate of inert gas (dry air) and target gas was precisely metered into the
test chamber using two mass flow controllers and a digital flow meter, which
produced a constant mass flow and allowed precise control over the target gas and
inert gas mixtures delivered to the testbed. The desired vapor phase concentration of
TATP (e.g. 0.68 pg/ml) was achieved by passing a carrier gas over a piece of filter
paper impregnated with high purity TATP crystals in a flask maintained at constant
temperature. When the target molecules were derived from liquid-based chemical
solutions such as H,O, or acetone in deionized water, air was bubbled through the
flask containing dilute solutions to establish an equilibrium partial pressure in the
vapor phase. A schematic of the test bed used to evaluate sensor performance is shown

in Figure 4.3.

Microheater/sensor
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Data /8 MFC
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| /
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Figure 4.3 Apparatus used for the detection of TATP and H,O, using a micro-calorimetric
sensor.

The catalytic response was determined by measuring the heat affect associated

with the interaction of the target molecules with a catalyst using a dynamic testing

92



protocol. The catalyst-coated microheater was heated to a number of predetermined
temperature set points by controlling the electrical resistance of the microheater, using
a four-point probe method. The temperature coefficient of resistance (TCR) of the
nickel microheater was independently calibrated and verified prior to each sensor test.
The gas delivery system consisted of a series of mass flow controllers interfaced to a
computer. In addition, a data acquisition system was also interfaced to a computer and
controlled using LabView software. After reaching each temperature set point, the
sensor was allowed to equilibrate for 360 seconds under constant inert gas flow. The
target gas was then introduced into the test chamber for 180 seconds and then the
reference gas was introduced for 180 seconds before the microheater was ramped to
the next temperature set point. This testing sequence is referred to as an “off-on-off”
protocol. The power required to maintain the sensor at a particular temperature was
recorded after the target gas was introduced and this temperature was maintained until
the start of next step increase in temperature. The heat effect at each temperature set
point was measured by taking the difference in power required to maintain the
temperature in the presence of the target gas and the power required to maintain the
temperature in the presence of the inert gas. Prior to measuring the sensor response,
the background power (sensor drift) was subtracted from the sensor response.
Typically, all responses smaller than #1.0 mW were considered background (noise),
which is due to small variations in the target and inert gas flow rates, drift in the

baseline resistance of the nickel microheaters and other electrical instabilities.
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3. Results
3.1 Chemical characterization and surface morphology

The morphology of the different nanocomposite catalysts were characterized by
SEM and TEM, as shown in Figure 4.4. While most of the as-deposited catalysts are
featureless, as might be expected given the non-equilibrium deposition processes used
to form the composites, extensive micro-cracking was observed after annealing. This
was attributed to the large volume change associated with crystallization of the
amorphous phases in the nanocomposite [25]. In addition, as the palladium content in
the nanocomposite was increased, the density of micro-cracks diminished and
eventually disappeared from the microstructure when palladium loadings greater than
25 wt.%. EDS analysis was used in conjunction with TEM to confirm the chemistry of
the dark, spherical particles observed in the SnO, matrix. These palladium particles
had an average diameter of 20 nm, and EDS confirmed these were palladium particles

in the SO, matrix.
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Figure 4.4 SEM image of as-annealed nanocomposite catalyst with palladium doping amount
of (a) 2.2% wt.%, (b) 8 wt.% and (c) 12 wt.%, and (d) TEM micrographs of as-annealed
nanocomposite catalyst with a 12 wt.% palladium loading.

The nano-composite catalysts, comprised of palladium nanoparticles in a tin
oxide matrix, were characterized by XRD, in the as-deposited and annealed condition
(Figure 4.5). All nanocomposite catalysts, regardless of palladium loading, were
amorphous in the as-deposited condition and became partially or fully crystalline after
subsequent annealing steps. Peaks corresponding to the tetragonal form of SnO, were
observed in the XRD patterns of the annealed catalysts with no preferred orientation or
texture evident. A uniform 20 shift of (0.01A) was observed for the SnO, diffraction
peaks relative to the literature values, which was likely caused by substitutional

defects in the oxide [20]. The PdO (101) peak was observed in all Pd “alloyed”
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nanocomposites. However, the Pd (110) and Pd (220) peaks observed at higher
palladium loadings all but disappear as the Pd loading decreases, as shown in Figs.
4(3) through 4(5). To further explore this phenomenon, the oxidation states of the as-
annealed nanocomposite catalysts were characterized using XPS. As shown in Figure
4.6, the XPS spectra of pure SnO; and Pd:SnO, nanocomposites exhibited the same Sn
3ds, core level peak at 486.5 eV, suggesting that tin was present in +4 oxidation states
in both specimens. Pure SnO, contains the +2 Sn state as indicated by the lower
intensity and slight shifting of the main Sn peak. The Pd 3ds,, peaks in the 2.2 wt.%
nanocomposite were observed at 336.4 eV and 337.5 eV respectively, which is in
good agreement with literature values corresponding to palladium in the +2 and +4
states [20-24]. The exact composition (at.%) was 0.17:0.83 (PdO,:PdO), based on the
peak area. As the palladium loading was increased to 12 wt.%, metallic palladium
began to phase separate and the composition of PdO,:PdO:Pd phases tended towards
0.084:0.723:0.193, respectively. When the palladium loading reached 32 wt.%, the
metallic phase became dominant and the PdO, and PdO peaks disappeared. This was
attributed to the differences in oxidation between palladium single crystals, which are
more difficult to oxidize and the palladium particles in the SnO, [22]. This finding was
in agreement with the disappearance of the palladium (110) and (220) peaks in the
XRD patterns shown in Figure 4.5. It should be noted that XPS was also performed
after the catalysts were exposed to peroxides, in which case the oxidation state of

palladium remained the same (figure not shown).
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palladium and annealed films with (3) 12 wt.% loading Pd, (4) 8 wt.% loading Pd, and (5) 2.2

wt.% loading Pd in the Pd:SnO, nanocomposite catalyst.
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Figure 4.6 XPS spectra of (a) Sn 3ds, and 3ds/, doublet for Pd doped and un-doped SnO,, and
(b) Pd 3ds, and 3ds/, doublet corresponding to 2.2 wt.% loading Pd, 12 wt.% loading Pd and
38 wt.% loading Pd in the PASnO, nanocomposite.
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3.2 Sensor Measurements

Control experiments using un-doped SnO, catalysts at several temperature set
points in the presence of 0.68 pg/ml TATP were conducted. Figure 4.7(a) illustrates
the “off-on-off” testing protocol used for each run. Power difference (AP) was used to
describe the sensor response, and was defined as power used to maintain temperature
in presence of target gas at each stage (Pr) minus power used to maintain temperature
in presence of an inert gas at the same stage (Po) (expressed as: AP = P, — P,). At
temperatures below 240<C, a slightly exothermic reaction was observed at the surface
of the SnO, catalyst, which was due to the decomposition reaction of TATP into
diacetone diperoxide (DADP), acetone, H,O and 0O,/O; [15]. However, as the
temperature was increased beyond 240 <C, the reaction tended to become endothermic
and peaked at 395°C. Accompanying this change in sign of the response was a change
in the reaction kinetics, which was apparent from the reduced response time for the
exothermic reaction compared to the endothermic sensor response. As the temperature
was increased, TATP and its intermediate decomposition products continued to
oxidize in the presence of air and a large amount of H,O was generated. Heat absorbed
by H,O overwhelmed the heat released by the decomposition and oxidation reactions
of TATP, which led to a power increase to maintain temperature. These sign changes
are very telling with respect to the uniqueness of the sensor response (signature) and
along with the magnitude of response can alleviate false positives. The details of
reaction path remained unknown to researchers to date due to the complexity of the

reaction.
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Figure 4.7 Response of thermodynamic sensor to 0.68jg/ml TATP using a SnO, catalyst,
which was thermally scanned various temperature steps between 135<C — 435<C using (a)
compressed dry air and (b) compressed nitrogen as carrier gas.

A comparative experiment was conducted to confirm this conclusion by using
nitrogen as carrier gas to get the TATP molecules into the gas stream. As shown in
Figure 4.7(b), the heat effect in the low temperature range (120<C — 240<C) exhibited
the same sign and magnitude (response), and the same transition temperature; i.e. from
a negative heat effect to a positive heat effect compared with results in Figure 4.7(a).
This indicates that the same catalytic decomposition process was taking place.
However, the magnitude of the response to TATP at high temperature range (280<C —

455<C) when using nitrogen as the carrier gas was much smaller which suggests that
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much less heat was consumed by H,O to maintain temperature. This is because TATP
was not completely oxidized due to the absence of an oxidant and thus, much less H,O

was generated.
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Figure 4.8 Response of thermodynamic sensor using a 12 wt.% loading Pd nanocomposite
catalyst to (a) 0. 68jg/ml TATP and (b) 0.225 g/ml H,0, at various temperature steps.

When compared to tests performed using pure SnO,, the Pd:SnO, nanocomposite
catalysts showed very different behavior (sensor response versus temperature) when
exposed to TATP and H,O, as shown in Figure 4.8(a). Unlike pure SnO,, the
nanocomposite catalyst clearly exhibited a positive response to TATP at low

temperatures (120C — 240<C) and reached a maximum with amplified response at
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395<C without the obvious exothermic reaction. This suggested that a large amount of
H,0O had already been generated at low temperature. This change in behavior from
that of pure SnO, clearly shows the role that palladium played in modification of
reaction mechanism. However, as shown in Figure 4.8(b), the catalyst exhibited little
or no response to H,O, until a temperature of 275<C was reached, and then kept

increasing as temperature was raised to 455<C.

The sensor responses as a function of vapor concentration were also performed in
both H,O, and TATP to determine the sensitivity and detection limit of our
thermodynamic sensor and the results shown in Figure 4.9(a) and 4.9(b). For
comparison purposes between different species, the term “percentage response” was
used, which is defined as the power differences (AP) at each temperature stage divided
by power used to maintain temperature in presence of inert gas at such stage (Po),
which can be expressed as (P — P,)/P, X 100% . The concentration tests were
performed at 400<C and the response of the nanocomposite catalyst loaded with 12
wt.% Pd was linear with respect to TATP and H,O; as shown in Figure 4.9(a) and
4.9(b). Both responses were repeatable when the vapor concentration was reduced to
0.045 pg/ml and 0.14 g/ml, respectively. The sensor exhibited a response time of less
than 5 seconds whereas recovery took significantly longer to reach baseline. The
additional time required for recovery was caused by the slow depletion of residual

target gas after the supply was cut off.
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Figure 4.9 Response of a 12 wt.% Pd nanocomposite to (a) H,O, and (b) TATP as a function
of concentration in the vapor phase at 400 <C.

Figure 4.10 shows the magnitude of the heat effect observed for a number of
nanocomposite catalysts as a function of palladium loading in the presence of 0.68
pg/ml TATP and 0.225 pg/ml H,0,. At palladium loadings less than 8 wt.%, the
sensors exhibit a relatively poor response compared to the un-doped SnO, catalysts.
However, at higher palladium loadings, there was a substantial increase in sensor
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response, which abruptly decreased when more than 12 wt.% Pd was incorporated into
the catalyst. Higher palladium loadings in the catalyst showed almost no response to
TATP and H,O,. While there was a substantial improvement in the maximum
response to the two target molecules at a 12 wt.% palladium loading, the selectivity
between these two target molecules was also significantly improved. A nanocomposite
catalyst with a 8 wt.% palladium loading yielded the greatest selectivity (H,O, relative
to TATP) while a 12 wt.% palladium loading yielded the greatest sensitivity as shown

in Figure 4.10.
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Figure 4.10 Summary of sensitivity and selectivity of Pd:SnO, nanocomposite catalyst with
various Pd loadings to H,O, and TATP at 400<C.

4. Discussion
4.1 Effect of palladium doping amount

The role that palladium additions play when added to a metal oxide matrix such
as SnO; has been addressed to some extent in the literature [26-35]. However, the

exact nature depended on variables including loading method [26, 27], loading
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concentration [27, 28], working temperature [29] and species of analytic gases [30-
33], each of which played important roles in identifying the specific mechanism. In the
current study, sensors using stoichiometric SnO, catalysts in the absence of Pd
particles exhibited higher sensitivity to oxidizing vapors such as H,O, and TATP
compared to sensors using sub-stoichiometric SnO,.x. At low Pd loadings, Pd atoms
diffused uniformly into SnO, matrix and formed two possible bond types: (1) a strong
Pd-Sn alloy metallic bond which was suggested by Tsud, et al [34] and (2) a Pd-O and
O-Pd-O ionic bond which was confirmed in XPS. The first type of bond reduced the
number of active SnO, molecules per unit surface area while the second type of bond
essentially gettered oxygen atoms from the stoichiometric SnO, leaving a non-
stoichiometric SnO,. This can be a possible cause for the reduction in sensor response
for palladium loadings in the range 0 - 8 wt.%. Meanwhile, both O-Pd-O bonds and
Pd-O bonds were present in this loading range, as confirmed by XPS but the
sensitivity of this catalyst decreased as shown in Figure 4.10. This suggests that
neither O-Pd-O nor Pd-O independently functioned in a catalytic role.

As the Pd loading was increased, metastable oxygen molecules in the catalyst
were released during annealing and diffused throughout the film. However, this
oxygen was insufficient for Pd atoms to form O-Pd-O bonds, resulting in the
disappearance of the PdO, peak as indicated by XPS and shown in Figure 4.6(b).
Instead, relatively small Pd metallic clusters encapsulated in a PdO-SnO, matrix were
formed, resulting in an increase in the Pd peak [34]. In addition, the Sn 3d peak
intensity remained constant, whose presence corresponds to stoichiometric SnO,. This

observation could occur by sharing oxygen atoms associated with PdO as indicated by
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the XPS spectra in Figure 4.6(a). Nanocomposite catalysts fabricated with 12 wt.% Pd
and 88wt.% SnO, lead to a maximum in response, regardless of Pd loading in the Pd-
SnO, nanocomposite. As the Pd loading was increased beyond this level, the size of
Pd clusters increased, resulting in a relatively large Pd metallic XPS peak. As a result,
the Pd clusters displaced the SnO, and caused an additional decrease in amount of
SnO; and thus, a decrease in sensor response. Also, those sensors with palladium
loadings greater than 22% showed no response to peroxides, indicating that neither the
palladium nor the Pd?* could function as catalysts.

In conclusion, the experiments suggest that the palladium itself, regardless of its
oxidation state, did not affect the sensitivity of the Pd:SnO, catalyst but instead,
appeared to amplify the signal by varying the oxidation state of SnO,. Sensors with
palladium loadings of 12 wt.% exhibited the maximum sensitivity (sensor response) to
both TATP and H,0..

4.2 Protocol of TATP identification

As indicated in Figure 4.10, a SnO; catalyst with a 12 wt.% palladium loading
provided the greatest response to both TATP and H,O, at a temperature of 395<C.
Thus, sensors with a 12 wt.% Pd loading were selected for long term exposure tests
and were maintained at 400<C for prolonged periods as an early warning indicator; i.e.
once a positive signal was received for an unknown vapor, measures could be taken to
further identify the species of the suspect vapor. The sensor was then scanned at
various temperature setpoints ranging from 150<C to 450<C to collect a characteristic
signature as a function of temperature. H,O, and TATP have significantly different

positive trigger points and their peak response temperatures can be used as a unique
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signature to distinguish TATP from H,0,. The Pd:SnO, nanocomposites with 5 wt.%
and 8 wt.% palladium loadings were also employed. The 5 wt.% palladium catalysts
only responded to TATP and showed no response to H,O, while the 8 wt.% palladium
catalysts gave opposite responses, as shown in Figure 4.10. These two sets of sensors
provided a certain redundancy in response, which will help mitigate false positives.
5. Conclusion

Combinatorial chemistry techniques were used to screen catalyst candidates for
optimal sensitivity and selectivity in the system Pd:SnO,. The resulting
nanocomposite catalysts consisted of Pd nano-particles uniformly dispersed in a SnO,
matrix, the composition and morphology of which was verified by SEM and TEM. In
the Pd:SnO, nanocomposite catalyst optimized for sensitivity and selectivity, tin was
present largely as Sn** while palladium was present in both the Pd** and Pd**oxidation
states. Compared to pure SnO, catalyst, incremental Pd additions to the
nanocomposite modified the catalytic decomposition of TATP, resulting in several
unique signatures or sensor responses. For example, the sensor response to TATP
using a nanocomposite with 12wt.% palladium loading exhibited a change in sign and
enhanced responses. Finally, PdSnO, nanocomposite catalysts with an 8 wt.%
palladium loading yielded the greatest selectivity between TATP and H,O, while

catalysts with a 12 wt.% palladium loading provided maximum sensitivity.
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1. Introduction

The detection of explosives is not only critical for the safety of military personnel
but actual for the travelling public, as well as evidenced by numerous terrorist
activities both at home and abroad. Detection can be a daunting task, since explosives
are comprised of a wide range of compounds including both nitrogen and non-nitrogen
based energetic materials with different functional groups (e.g. -NO,, -ONO,, -NH_, -
[0-O]-) [1, 2]. Most explosives have extremely low vapor pressures [2-5], which
increases the difficulty of vapor phase detection. Conventional analytical
instrumentation (e.g. infra-red spectroscopy, fluorescence spectroscopy, mass
spectroscopy, Terahertz spectroscopy and Raman Spectroscopy [6-13]) have excellent
reliability and selectivity to trace levels of explosives, especially to compounds
containing nitro groups. However, these techniques suffer from limitations such as
complicated sample preparation and high maintenance costs. They also require skilled
operators and are not capable of in situ monitoring. As a result, a simple, low cost,
portable sensor or so called electronic “nose” with continuous monitoring capability,

high selectivity and sensitivity is needed for explosive detection.

Sensors that rely on measuring the conductivity changes in a semiconducting
metal oxide, also known as conductometric sensors, have been widely exploited due to
their excellent sensitivity under atmospheric conditions. Metal oxides such as SnO,
SnO;y, In;03, WO3, TiO, and ZrO,, have been used to detect simple gas molecules at
trace levels (H,0, CO, O,, O3, H,, SO,, NO,) and even complex explosive compounds
[14-21]. The change in resistivity of the metal oxide when exposed to target molecules

is due to adsorption or reaction processes when target gases interact with the surface
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of metal oxide. Here, the free charge carriers are transferred from the semiconductor to
the target gas or vice versa. Gases of the same type, either acceptor gases (which tend
to accept free electrons) or donor gases (which tend to lose free electrons), will cause
similar changes in resistivity, which makes it difficult to determine the nature of the
interactions at the gas/solid interface. All of this translates into poor selectivity, which
Is a major drawback that impedes the application of conductometric sensors [19, 22-
25].

In a previous study, we demonstrated a small footprint thermodynamic based gas
sensor capable of detecting explosives at the part per million level. It measures the
heat effect due to the catalytic decomposition of target molecules. The sensor has
relatively high selectivity down to the part per million level among peroxide based
compounds [26]. To further improve its sensitivity without sacrificing selectivity to
threat chemical compounds, this thermodynamic sensing platform was combined with
a conductometric platform, in such a way that the same catalyst was simultaneously
interrogated by two techniques. Combining these two complimentary sensing
techniques provides a certain redundancy in sensor response that mitigates the
detection of false positives and negatives. One major challenge was that most catalysts
with stoichiometric amount of oxygen exhibited maximum sensitivity in terms of the
thermodynamic signal (response from thermodynamic platform) while the
conductometric signal (response from the conductometric platform) requires a catalyst
with non-stoichiometric amount of oxygen. Thus, a hybrid catalyst with multiple

oxidation states was developed as part of the study to fulfill this requirement. In this
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paper, several metal oxide catalysts were employed to detect explosives using this new

platform and confirm this approach as being a viable one.
2. Experimental
2.1 Fabrication of the orthogonal sensor

Photolithography techniques were used to form nickel microheaters on individual
alumina substrates with dimension of 7.5 mm by 16.8 mm by 0.5 mm, as shown in
Figure 5.1. Nickel microheater have a nominal thickness of 4.5 pm and were sputtered
in a MRC 822 sputtering system in 9*10° torr argon. Following the sputtering
process, the microheaters were nitrogen annealed at 900 <C to improve electrical
stability of the as-deposited films. A 1 pm alumina film was sputtered over the
microheater and a 150 pm high purity alumina coating was applied to the working
region of sensor, as indicated in Figure 5.1 c(4) and c(3), respectively. Both alumina
layers function as insulation layers to prevent the nickel micro-heaters from direct
exposure to the gas molecules and prevent electrical shorts to the marginally

conductive oxide catalyst.
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(C)

Figure 5.1 Schematic of orthogonal sensor showing an actual picture (a), the top view (b) and
expanded views (c) of the metal oxide catalyst layer (1), nickel electrodes (2), alumina
coatings (3-4), nickel microheater (5) and alumina substrate (6).

Nickel electrodes were then deposited over the metal oxide catalysts to measure
the change in electrical resistivity of the metal oxides when exposed to the target gas.
SnO; and ZnO were subsequently deposited as the metal oxides using a MRC 8667
sputtering system in pure argon, which produced a nonstoichiometric oxide (oxygen
deficient). Both catalysts were then annealed at 500<C in nitrogen for 5 hours,
densifying the film, eliminating point defects and releasing trapped argon atoms in the
film. This was followed by a second heat treatment in a nitrogen/oxygen atmosphere
(volume ratio of 95:5) for 5 minutes using same annealing temperature. The second
heat treatment ensures that the surface of catalyst film was stoichiometric, which is in
direct contact with target gas molecules. Underneath the stoichiometric oxide was a

much thicker nonstoichiometric oxide that was tailored for the conductivity
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measurement. The oxidation states of the metal oxide as a function of depth were
characterized using X-ray photoelectron spectroscopy (XPS) to establish depth

profiles and confirm the nature of the oxide layer.

2.2 Sensing procedure and data acquisition

A schematic of test apparatus is shown in Figure 5.2. Target molecules were
delivered to the sensor in the reaction chamber by passing a carrier gas (dry air) over
TATP crystals embedded in filter paper placed in target source chamber. The flow rate
of carrier gas (dry air) and target gas was precisely metered into the reaction chamber
using two mass flow controllers and a digital flow meter, which provided a constant
flow of target gas and reference gas to the sensor. The desired concentration of
explosive vapor was achieved by mixing the target gas and reference gas at specific

flow rate ratios.

Mass Flow meter

Microheater/sensor
[ N
—
-V
MFM Mass flow controller _ﬁ
Signal conditioning MFC
and '__h
Data acquisition
Air
e
Fr-—u"'a ic valves

Data

- L

Reference source

MFC

Figure 5.2 Apparatus used for TATP, 2,6-DNT and ammonia nitrate detection using
orthogonal sensor. Reference source were constantly kept empty to establish a baseline for the
experiment.

Thermodynamic responses and resistivity changes were measured using a

dynamic testing protocol. The catalyst-coated microheater was heated to a series of
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predetermined temperature setpoints by controlling the electrical resistance of the
microheater and correlating it to a calibration curve based on the temperature
coefficient of resistivity (TCR) of the nickel microheaters. Electrical power was used
to maintain the temperature while switching from an inert gas to target gas. The
change in power was recorded to determine the heat effect associated with the
interaction of the target molecules with the catalyst. The thermodynamic response was
then analyzed by compiling the power differences at different temperature setpoints.
Conductivity changes of the metal oxides were measured simultaneously using a four-
point probe method; i.e. by supplying constant current through two probes to metal
oxide catalyst while recording the applied voltage. The gas delivery system and data

acquisition were computer controlled using LabView software.

The thermodynamic and conductometric responses were analyzed by compiling
the power and resistivity signals at different temperature setpoints. After reaching the
desired temperature, the sensor was allowed to equilibrate for 360 seconds under
constant reference gas flow. The target gas was then introduced into the test chamber
for 300 seconds, and switched back to the reference gas for another 240 seconds to
determine the sensor’s ability to recover before the microheater was ramped to the
next temperature setpoint. The power difference required to maintain the sensor at a
particular temperature and resistivity change of semiconductor in presence of target
gas were recorded for each step. Prior to quantifying the sensor response, the base line
(reference signal) and signal drift were estimated and subtracted from the sensor
response. Typically, all responses smaller than 5% were considered background or

noise, which were attributed to small variations in the target and inert gas flow rates,
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and stability of the nickel microheaters. Sensor responses to explosive vapors as a
function of target gas concentration were also determined. The sensitivity, detection
limit, response time and recovery time for ammonium nitrate (AN), 2,6-dinitrotoluene
(2,6-DNT) and triacetone triperoxide (TATP) were evaluated for the conductometric

platform and thermodynamic platform in the orthogonal sensor.
3. Results and discussion
3.1 Catalyst characterization

Oxidation states of metallic species in the SnO;, and ZnO catalyst as a function of
depth were characterized by XPS as shown in Figure 5.3. Position 1, 2 and 3 in both
figures refer to the as-annealed surface 100A and 600A below the surface of the
catalyst, respectively. Energy states associated with the Sn 3ds;, and Sn 3ds, electrons
show only slight changes as a function of depth with the exception that both 3d peaks
taken at position 1 appear sharper, as shown in Figure 5.3(b). When sampled from
position 1 to position 3, as shown in Figure 5.3(c), a phase transition was observed,
during which the Sn 4d peak at 27.2 eV (+4 state) decreased and a shoulder
associated with the Sn 4d peak at 26.6 eV (+2 state) increased and eventually formed a
new peak. This indicated that a transition from stoichiometric SnO; at surface of
catalyst to a nonstoichiometric SnO,.x had occurred below the surface. From Figure
5.3(d), Zn 2p doublets can be observed, indicating that multiple oxidation states exist
at the surface of ZnO catalyst most likely due to the oxygen introduced during
annealing processes. Also the Zn 2ps;, peaks at positions 2 and 3 shifted to lower
binding energies and appear sharper when compared to the peak at position 1,

indicating that a uniform ZnO;.y layer had formed below the surface. This assumption
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was confirmed in Figure 5.3(e) by the disappearance of ZnO secondary peaks
corresponding to the 3s and 3p states and an increase in intensity of the 3d peak as a

function of position, which was verified as a transition in oxidation state.
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Figure 5.3 X-ray photoelectron spectra (XPS) results of SnO, catalyst. 3(a) indicates the
sampling position in a cross-section diagram of catalyst; Sn 3ds;, and Sn 3ds, States were
shown in 3(b) and 4d states in 3(c). XPS results of ZnO catalyst. 3(d) indicates the Zn 2p
states and 3s, 3p and 3d states in 3(e).

3.2 Sensor characteristics
Figure 5.4 shows a typical response from orthogonal sensors using SnO, and ZnO

as catalysts in presence of 2, 6-DNT. Responses using SnO, catalyst are presented in
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Figure 5.4(a), and responses using ZnO catalyst were initially collected from separate
platforms, each individually tuned for optimal thermodynamic and conductometric
response. Each sensor was pre-stabilized at 410<C for 15 minutes before recording
data. DNT was then introduced into the test chamber after 1 minute for a period of 360
seconds as shown along the horizontal axis in Figure 5.4(a) and 5.4(b). The sensor
employing SnO, catalyst exhibited the fastest thermodynamic response time (less than
5 seconds) whereas the conductometric response took significantly longer (60 - 80
seconds) to reach equilibrium and did not show a sharp transition after introduction of
target gas. However, both thermodynamic and conductometric signals completely
recovered to the baseline values within 5 minutes. Both the thermodynamic and
conductometric signals using a ZnO catalyst demonstrated a rapid response time (less
than 10 seconds). However, both responses took a longer time to reach equilibrium

and recover, compared to those produced with a SnO, catalyst.
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Figure 5.4 Thermodynamic response (blue) and conductometric response (red) to 2, 6-DNT at
410 <T taken simultaneously with SnO, (a) and ZnO (b) orthogonal sensor.

The difference in response times and recovery times between the two sensing

platforms was attributed to their detection mechanisms. The thermodynamic platform

measures the heat effect associated with the catalytic decomposition of the target gas,

which was initiated instantly as the target gas molecules interact with the surface of

catalyst. When additional target gas molecules are introduced, same decomposition

occurs immediately. This formed a dynamic equilibrium where decomposition rate

was the rate-controlling step. The conductometric platform measures the charge carrier

concentration which depended on donating or accepting extra charge carriers as the
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target gas molecule was adsorbed onto or desorbed from the surface of catalyst. This
process also resulted in a dynamic equilibrium where the adsorption and desorption
rate is the rate-controlling step. Since the chemical reaction rate is an order of
magnitude faster than physical adsorption rate, the thermodynamic signal exhibits a
much faster response time and recovery time compared to that of conductometric
signal.
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Figure 5.5 Orthogonal response of SnO, (where conductometric response is presented in red
and thermodynamic response in blue) as a function of 2,6-DNT vapor concentration (black
dashed line) at 410<C.

The orthogonal sensor response to 2,6-DNT as a function of DNT vapor
concentration (at 410C employing SnO,) is shown in Figure 5.5. Here, the
thermodynamic response was linear with respect to DNT vapor concentration whereas
the conductometric response remained the same as the DNT vapor concentration
decreased. Both responses were repeatable when the vapor concentration was reduced

from 0.5 ppm to 0.2 ppm.
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Figure 5.6 Conductometric response of SnO, (a) and ZnO (b) to ammonia nitrate (blue), 2,6-
DNT (red) and TATP (green) as a function of temperature.

The conductometric response to ammonium nitrate, DNT and TATP vapor as a
function of temperature employing SnO, and ZnO as catalysts are shown in Figure
5.6. The responses of both catalysts to ammonium nitrate was proportional to
temperature at low temperature ranges (<250<C) and then decreased with temperature
as it was raised over 350<C. 2, 6-DNT showed similar behavior relative to ammonium
nitrate but only exhibited a shallow peak at 280<C with both catalysts. The TATP

signal produced from the SnO, catalyst changed very little with the temperature,



whereas these sensors employing ZnO catalyst did not show a conductometric
response to TATP and therefore, were not included here. These differences in sensor
response could be caused by the differences in vapor pressure of target molecules and
differences in the functional groups and molecular structures between the target
molecules. However, the exact mechanism remains unknown due to the complexity of
the processes. As a result, all three compounds (TATP, DNT and ammonium nitrate)
exhibited unique signatures (orthogonal responses), which could be used to further
characterize their presence and mitigate false positives and negatives.

A series of heat treatment protocols were used to prepare the SnO; catalysts for
the orthogonal sensor platform and exhibited reliability and reproducibility. However,
the optimized heat treatment when using the ZnO catalyst in the orthogonal sensor
platform is still under investigation.

4. Conclusion

A gas sensor incorporating a conductometric platform with an existing
thermodynamic platform was developed for the trace detection of explosives. This gas
sensor could reliably detect nitrogen and non-nitrogen based explosives at the sub ppm
level. Specially, a detection limit of 1.5 ppm was established for TATP, a detection
limit of 0.01 ppm was established for ammonium nitrate and a detection limit of 0.2
ppm was established for 2,6-DNT using our orthogonal gas sensor. A specially
prepared catalyst with both non-stoichiometric and stoichiometric attributes to make
detection in the orthogonal platform feasible was confirmed with XPS. Both the
thermodynamic and conductometric responses were linear with respect to the

concentration of target molecules in the vapor phase. Unique signatures for both the
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thermodynamic and conductometric platforms were observed for each explosive,
providing a built in redundancy in the signals could be used to further mitigate false

positives and negatives could be mitigated.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

1. Conclusions

As mentioned in Chapter 1, a hypothesis was proposed that the heat effect of
catalytic decomposition of specific explosive molecules can be measured as a function
of temperature and can thus be utilized for the identification of explosive species. To
support this hypothesis, four goals were identified as follows:

To fabricate and test a thermodynamic sensor and establish the response profile to
using different catalysts as a function of temperature and determine the
detection limit and sensing mechanism of sensors.

To determine the interference effect of explosive precursors, e.g. H,O, and
acetone which could lead to false positive during the detection TATP.

To optimize catalyst composite to enhance its selectivity and sensitivity.

To develop an orthogonal sensing platform and testing apparatus to minimize
false positives.

A thermodynamic gas sensor based on the hypothesized theory was successfully
fabricated and associated detection system was developed. Explosive compounds
decompose when interacting with metal oxide catalyst which is maintained at constant
temperature by a dynamic electric power. Heat effect of decomposition processes can
then be determined through measurement of the change in electric power supplied to

the sensor. Several metal oxide catalysts were employed in this research.
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This thermodynamic sensing system exhibited a promising potential in explosive
detection due to its superior sensitivity and response time to trace level TATP.
Interference study toward its precursor, hydrogen peroxide and acetone, showed that
the sensor had demonstrated the ability to reliably distinguish TATP from acetone, but
not from hydrogen peroxide.

In order to improve selectivity and detection limit, palladium-tin oxide
combinatorial libraries were fabricated using a co-sputtering technique to screen
potential catalysts with optimum composition. Sensors with various palladium
loadings exhibited very different responses with respect to selectivity and sensitivity.
The addition of 12 wt.% palladium loading into SnO, catalysts yielded the maximum
improvement to magnitude of the sensor response to both TATP and H,0,, while an 8
wt.% palladium loading exhibited the greatest selectivity between the two. This is
because different doping level changes the mechanism of interaction between
palladium and tin atoms and thus the oxidation state of tin oxide is altered to different
states, verified by XPS.

An orthogonal detection system was also introduced to sense various explosives
at lower level, and more importantly, to minimize the frequency of false positives.
This orthogonal detection system is comprised of two independent sensing platforms,
a thermodynamic based sensor and a conductometric based sensor, which take
measurement from the same catalyst simultaneously and thus provides a redundancy
in response for explosive identification. TATP, DNT and ammonium nitrate were

reliably detected and the experiment results indicated a detection limit of ppb level.
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2. Future works
The development of explosive technology has benefited the whole world in many
ways, but also granted terrorist groups with more choices and opportunities. Different
types of homemade explosives or IEDs employing new materials that can be
transparent to current security measures are intended to be fabricated by terrorists.
Therefore, there’s always a challenge and a demand to improve current detection
techniques. Regarding to future developments, our research will focus on several
different directions, including study of effect of humidity interference, advanced gas
delivery system and miniaturization of sensing platforms.
2.1 Study of humidity interference
Water source
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Figure 6.1 Schematic of gas sensing system for humidity study.

Researchers have shown that humidity plays an important role in sensing
mechanisms of many gas detection techniques [1-3]. To guarantee an accurate and
reliable detection, the effect of humidity toward sensor response needs to be studied.

We are planning to incorporate our current orthogonal system with a humidity sensor,
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which can record humid level along with explosive detection. By adjusting the flow
rate accordingly, mixed gas at different humid levels can be achieved (Figure 6.1).
The results will then be analyzed and the influence of humidity at different levels will
be evaluated. The ultimate goal of this study is to establish a model to eliminate the
humidity factor and guarantee reliability of our sensor.

2.2 Gas sampling and delivery system

Currently during bench scale experiments, a liquid gas cylinder is used to build
up a stable pressure gradient along the pipeline to supply a steady stream of dry air in
our experiments. However, since this research is aiming for universal deployment in
public, or building a portable device, more advanced delivery system is needed. In
addition, inline preconcentration of target gas can greatly help the sensor to achieve
lower the detection limit and thus should be considered when designing new gas inlet
system.

For most of the statically deployed gas sensing devices, i.e. carbon monoxide
alarm and smoke detector, their detection relies on the diffusion of target substances in
air. The advantage of this approach, obviously, is that no extra power is needed for gas
delivery; however, the diffusion process varies upon many parameters including
parameters of target molecules (molecular weight, diffusion coefficient and stability),
concentration of target vapor, temperature, geometry of the monitored space, and any
other mechanical turbulence. Therefore, the detection time can be very difficult to
predict when monitoring is needed in a large open space, unless it can be intensively
deployed to form a network, or installed at the only route that everyone passes, i.e. on

to the security door at airport. Another way of deployment is to incorporate the sensor
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with ventilation system, creating a passive alarm scheme. The device will react to any
interested species in presence of anywhere of the entire area, but is not capable of
accurate locating of the suspicious individual or subject. A combination of closely
deployed sensor, which provides inline scanning, together with the passive sensor that
works as an alternative insurance would be ideal for real-life application.

As for a handheld sensing device, diffusion-controlled and micro motor-
controlled gas delivery system can both be considered. An external probe can be used
in diffusion-controlled device to accelerate the detection rate. Temperature range over
which the sensor scans should be carefully evaluated for security causes.

Engineering processes often use a reflux system for preconcentration, which
unfortunately is not applicable in our case due to size and cost considerations. Most of
the existing researches on preconcentration processes require independent sampling
step and are not capable of real-time detection [4]. Two possible approaches that can
be used for continuous detection are online sorbent trap system and membrane
extraction system. The first one utilizes a specially prepared material (i.e. thin film
with micro-channels [5]) that captures only target molecules. By periodically heating
the sorbent trap, the captured molecules will all be released at once forming a highly
concentrated vapor phase. Cryogenic trap is a very similar technique to sorbent trap
only in that it employs low temperature to capture target molecules, making this
approach unfeasible with high humidity environments [6]. The membrane extraction
technique has been widely researched for gas separation [7, 8]. This technique is
particularly attractive for continuous monitoring applications due to its improved

selectivity and the enrichment power of the membranes, minimized solvent use, and
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the automation potential. The sample can continuously flow through or over the
membrane, and the analytes can selectively permeate through the membrane while the
bulk matrix of air and other interference are eliminated.
2.3 Development of alternative platforms

A microelectromechanical system (MEMS) that consists of all the elements of an
orthogonal sensor was developed. A prototype had been built with dimension of 2.8
mm * 1.8 mm *0.7 mm, which was 43 times smaller in volume than orthogonal sensor
(shown in Figure 6.2). The MEMS platform also exhibited superior energy
conservation capability and heat reservation capability. However, limited by its size,

the MEMS platform had not reach the requirement of actual testing. Improvements on

designing or alternative connecting parts are needed to continue this work.

Figure 6.2 Actual picture of a thermodynamic sensor (left), an orthogonal sensor (center) and
an MEMS device (right).
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2.3.1 Introduction of MEMS

Microelectromechanical systems, also known as MEMS, are microscopic devices
such as actuators, transducers etc. that combine electronics with mechanical operations
using integrated processing technology [9]. These sub-micron to millimeter scale
devices have application in micro sensor elements, micro actuator elements and micro
energy systems [10]. Unlike many conventional sensors, MEMS based sensors yield
many advantages which make it an ideal platform for repeatability and mass
production. Due to the relatively small scale, integrated circuit fabrication techniques
allow hundreds or thousands of identical devices to be built simultaneously on a single
silicon wafer. Compared to building up a device from individual components, the
simplicity of fabrication greatly reduces the cost and improves the reliability.
Meanwhile, MEMS can be packaged into arrays and integrated with electronics that
require much less power, which often find applications where weight, power and
space are critical.

For sensor application, one of the most important advantages of MEMS is that
they improve sensitivity and reduce the response time. With each component placed
close together, the deployment for connecting lines and routes can be avoided. As a
result, electrical signals will receive much less interferences from junctions between
elements and connecting lines and thus can be more sensitive. With smaller scale,
much less heat consumption is required for MEMS devices, which would greatly
benefit sensors that measures heat activities. Silicon which usually is employed as the
body material of MEMS device, has relatively smaller heat capacity (19.79 J/mol-K)

but higher thermal conductivity (149 W/m-K), and thus can reach designated
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temperature in a shorter period of time, compared with other materials, i.e. aluminum
oxide. As a result, faster response time can be expected.

In this work, the orthogonal sensor introduced in Chapter 5 was re-designed and
implemented on a MEMS platform. The designing principle and fabrication processes
are discussed blow.

2.3.2 Principle of etchant selection and fabrication process

The main purpose of transferring the sensor platform to MEMS based platform
was to produce a smaller footprint and less heat consumption. In addition to the
thermodynamic sensor and conductometric sensor, a K-type thermocouple was
incorporated into the MEMS system to monitor temperature activity. A schematic of
the MEMS sensor is shown in Figure 6.3. The fabricated dimension of MEMS
platform was 2.8mm * 1.8mm * 0.7mm. One of the most important processes
involved in the fabrication was etching processes, which in this study was used to
create a suspended plane (1 mm * 1 mm * 5 pm) which was supported by tiny bridges
(0.2 mm * 0.1 mm * 5 pm) to reduce heat sink.

Etching in micromachining is a process in which layers are chemically removed
from wafer during manufacturing. Etching pattern can be controlled by masking layers
applied through photolithography process. Isotropic etching refers to process in which
etchant erode the substrate material equally in all direction, while anisotropic etching
is controlled in limited directions to certain materials, which could avoid formation of
cavities under masking layer. Anisotropic etching is thus favored in every step of this

study. For this purpose, (100) oriented silicon wafer was selected as the substrate
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material for this MEMS platform. Three types of etchant were employed for different

etching purposes (etching of Si and etching of SiO,).

(A)

Figure 6.3 Schematics showing top view (left) and expanded view (right) of orthogonal sensor
on a MEMS platform. Elements including (A) pyrex substrate, (B) silicon wafer, (C) nickel
microheater, (D) type K thermocouple, (E) silicon oxide layer, (F) platinum electrodes and (G)
metal oxide catalysts.

A potassium hydroxide (KOH) solution and a tetramethylammonium hydroxide
(TMAH, (CH3)4NOH) solution were employed respectively as two types of Si etching
processes. Related reaction equations are shown as follows.

20H™ + H,0 + Si = Si0%™ + 2H, 1
20H + Si0, = Si02~ + H,0

To (100) oriented silicon, KOH and TMAH were both reported to have much
higher etching rate of (100) plane and (110) plane than (111) plane, and slow etching
rate to SiO, [11-14]. Etching rate was determined by temperature and concentration of

etchant solvent [13, 14]. Etching a (100) silicon surface through a rectangular hole
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would create a cave with flat (100) oriented bottom and flat (111) oriented sidewall
(demonstrated in Figure 6.4). The angle of sidewall to bottom is calculated to be 54.7<

The undercut () can be calculated through etching periode (T) and etching rate of

(111) plane (Ry1), which can be expressed as § = [V6-dT - dRyq;. Since Ry
decrease as concentration of etchant decrease, & can be calculated through etch depth

. . 6:D .
(D) instead, which can be expressed as § = \/_—, where Rigo/R111 IS @ constant.
Ri00/R111

(111)

(100)

Figure 6.4 Schematic of cross section of (100) oriented silicon wafer being etched by KOH.

Literature reported that TMAH has two to three times higher (111)/(100) etch
ratio than that of KOH [14]. Also, etch rate of SiO; is an order of magnitude lower in
TMAMH than in KOH. As a result, KOH was used for bulk silicon removal and TMAH
was used for areas requiring precise control.

A buffered oxide etchant (BOE) prepared with hydrofluoric acid (HF) and
ammonium fluoride (NH4F) was used for SiO; etching. Since formation of extra
hydrogen ions is impeded by NH4F, this BOE solution has very limited etch rate
toward silicon. Reaction equation is as follows.

4H* + 4F~ + Si0, = SiF, + 2H,0
A 1.5 pm SiO; film was thermally grown on both sides of the (100) oriented

silicon wafer through a heat treatment process at 1000 <C for 48 hours. Part of the SiO,
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and Si was then removed via a BOE etching and a KOH etching, as demonstrated in
Figure 6.5(1). The remaining thickness of Si was estimated to be less than 10 pm. A
pyrex wafer was then anodically bonded to the Si wafer as the substrate material,
forming a cavity in between the two wafers. Nickel microheaters and type K
thermocouple was then deposited onto this reinforced wafer, followed by a SiO;
insulation layer on top as shown in Figure 6.5(2). Ultra-thin (<100A) tantalum film
were applied between each layer to improve adhesion. Platinum electrodes and
catalyst layer were then sputtered over the SiO, insulation layer. Deposition
parameters were provided in Table 3.1 and Table 4.1. Excess SiO, and Si material
were removed using BOE and TMAH solutions, leaving only critical bridge as support
of electrical components. The areas marked in white color in Figure 6.3(1) are the
regions removed during second etching. The cross sections of these processes are

shown in Figure 6.5(3) and (4).
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(3) (4)

= |

S0y Insulation layer
Hl B catalyst layer
|:| Pyrex wafer Partially etched 50,
Bl Microheater layer Partially etched 5i

Figure 6.5 Schematic of cross section of MEMS wafer demonstrating the fabrication process
from (1) to (4).

2.3.3 Evaluation of energy consumption and temperature distribution

Energy required to heat single sensor on an original orthogonal platform and on a
MEMES platform from 25<C to 450<C is calculated to be 81.96 J and 1.334 J,
respectively, according to their specific heat capacity [6] and geometric dimensions.
Detailed calculations were presented in Appendix A. Apparently Energy consumption
of MEMS platforms is an order of magnitude lower than that of original platform.

Thermal image of two sensor platform works at 450 <C were shown in Figure 6.6
and Figure 6.7. Simplification and assumptions were used during calculation, which

were presented in Appendix B.

145



450°C
350°C
250°C
150°C
50°C

10mm

—i

Figure 6.6 Schematic of temperature distribution of a solid state sensor maintained at 450 <C in

air.
450°C
350°C
250°C
150°C
50°C
5mm

|

Figure 6.7 Schematic of temperature distribution of a MEMS sensor maintained at 450 <C in
air.
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According to results, temperature of sensor on solid state platform was cooled
from 450C to 449.75<C within 1 mm, while with special design, temperature of
MEMS based sensor was able to cool from 450<C to 448.763<C within 0.1 mm.
Considering the thermal conductivity of Si is twice as that of Al,Os, the designing was
a success to reduce heat transfer. The MEMS platform was planned to be connected
directly to a printed circuit board (PCB). However, the temperature at the edge of
MEMS platform was still far beyond the limit of PCB (140<C). Alternative methods

were still under investigation.
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Appendix A

Calculations of energy consumption
1. Solid state orthogonal platform.

In this calculation, solid state platform was simplified to a uniform aluminum
oxide plate. Thin film layers deposited on top were ignored. Related material
properties were provided by Engineeringtoolbox.com.

Dimension: 16.8 mm * 7.5 mm * 0.5 mm.

Amounts of chemical substance (n):

n=p-V/M,

Where p is density of alumina (3.9 g/cm®); V is volume of alumina (0.063 cm®);
M is molar mass of alumina (102 g/mol).

Energy (Q) required to heat sensor to certain temperature can then be calculated:

Q=Cy (T1=Tp)'n

Where C, is the specific heat capacity of alumina (79.04 J/mol-K), T is the target
temperature (450C), T, is the starting temperature (25<C). Q was calculated to be
81.96 J.

2. MEMS platform

In this calculation, MEMS platform was simplified to two parts: a uniform silicon
wafer treated via etching process and a pyrex wafer.

Dimension of Si wafer can be expressed as original size of wafer before etching
subtracted by the removed parts: 2.8mm * 1.8 mm * 0.2 mm — 1.6 mm * 1.6 mm * 0.2

mm.
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Dimension of pyrex wafer: 2.8 mm * 1.8 mm * 0.5mm.

Same equations were used to calculate Q of silicon.

n=p-V/M,Q=C, (T, —Ty)'n

Where for Si, p = 2.329 glcm®; V = 0.493*10° cm®; M = 28 g/mol; C, = 19.79
J/mol-K.

For Q of pyrex glass, an alternative equation was used:

m=p-V,Q=0Cp-(Ty —Tp) m

Where m is mass of pyrex wafer, p = 2.23 glcm®; V = 1.24*10°® cm®; C,’ = 0.84
Jig-K.

Q of Si was calculated to be 0.347 J and Q of pyrex was 0.987 J.

Total Q of MEMS = 1.334 J.
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Appendix B

Calculations of thermal graphs
1. Solid state orthogonal platform.

In this calculation, solid state platform was simplified to a uniform isotropic
thermal media. Heat loss at junction and that due to convection and radiation were
ignored. Related material properties were provided by Engineeringtoolbox.com.

Dimensions of analyzed area were provided in Figure B1.

7.5mm :

R,
V.

55mm 9 mm

/—To T3\:

Air

-\T2

Figure B 1 Schematic showing dimensions and properties of solid state sensor for calculation
purpose.

Region marked with diagonals is heating region in which temperature was kept

450° (Tp). Temperature indicated 50<C 9mm apart from edge of sensor (Tsj).
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Temperature on the right edge (T1) and bottom edge (T2) of sensor were unknown.
Since distance from heating region to top, left and right edge all equal to 1mm, it was
obvious that temperature on these three edges share the same T;. Fourier’s law was

applied and following equations was obtained.

(To=T) _ (=T
1mm 2 9mm

Kq:
In which x; and x, are the thermal conductivity of aluminum oxide (30 W/m-K)
and air (which was simplified to a constant of 0.04 W/ m-K and does not change along
temperature). T, was calculated to be 449.97<C. T,, which was calculated in the same
way, equals to 449.75<C.
A temperature profile as a function of distance (x) from heating region toward

right direction can be obtained as follows.

T(x)—{ 450 — 0.03 - x (0<x<1mm)
149417 — 44.42x (1 mm < x < 10 mm)

<
2. MEMS platform

In this calculation, MEMS platform was simplified to two parts: silicon wafer as
an isotropic thermal media with special geometry and pyrex glass as a uniform media.
Heat loss at junction and that due to convection and radiation were ignored. Related
properties were provided by Engineeringtoolbox.com. Dimensions of analyzed area
were provided in Figure B2(a)and (b).

Boundary temperature (T,) at heating region is 450<C. There were 8 bridges with

dimension of 0.05 mm * 0.1 mm * 10 pm connecting heating region and body of

MEMS. Same estimation of 50<C was used for air temperature (T3) 9mm apart from
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sensor. Temperatures at the other end of bridge (T;) and on the edge of sensor (T))

were unknown. Thickness of pyrex wafer was 0.5 mm.

'
—

9qnn

\ N\
\ecccscscccccccccccalcacaa

Heating area

Bridges

| | {
| H ]
| || \ {
i \ \ f
| | l /

Pyrex wafer

Figure B 2 Schematic of (a) top view and (b) cross section of MEMS sensor demonstrating
dimension and properties for calculation purpose.
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Fourier’s law was used to obtain temperature profile.

K -M-OOSmmxm mx8=x -LTZ)-13mm><200 mx 4
LV 01mm K 1025 mm H
(=T, ([i-T) (=T

17025 mm e 025mm 3 " 9mm

In which x1, x, and «3 are the thermal conductivity of silicon (149 W/m-K), pyrex
glass (1.005 W/m-K) and air (which was simplified to a constant of 0.04 W/ m-K and
does not change along temperature). T; was calculated to be 448.763<C and T, was
448.76C.

A temperature profile as a function of distance (x) from heating region toward
right direction can be obtained as follows.

450 — 12.37 - x (0<x<0.1mm)
T(x) =<448.775 - 0.012 - x (0.1 mm < x < 0.35mm) <
464.267 —44.31-x (0.35mm <x <9.35mm)
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