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Abstract
A nanoporous anodic aluminum oxide (AAO) bimetallic cantilever enhanced by a gold coating on
the nanopores creates a plasmonic crystal structure. The fabricated sensor is used for photothermal
cantilever deflection spectroscopy (PCDS). Explosive compounds tested, showed spectra
identifying explosive compounds by their characteristic wavelengths. Through a two-step
anodization process, photolithography, and bimetallic and plasmonic coatings, a sensitive
photothermal microcantilever was fabricated. The bimetallic layer thickness was optimized
through analytical calculations. The ideal plasmonic layer thickness was found through
experimentation. Molecules adsorbed onto the cantilever surface had their mass quantified through
a measured change in 2nd mode resonant frequency. Simultaneously, the molecules were
identified by high power infrared (IR) spectroscopy. For standoff spectroscopy, a plasmonic
enhanced AAO cantilever was shown to improve characteristic peak depth 10-fold and 7-fold
compared to silicon and AAO bimetallic cantilevers, respectively. The limit of detection (LOD)

of the plasmonic AAO cantilever was determined to be 63.42 ng/cm?.
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Chapter 1: Introduction
This section discusses a brief introduction to the topics in this thesis. It will include information
that is relevant to understanding the background and reason for this research. As well as explaining

reasons for pursuing the chosen field of research.

1.1 Counter Terrorism

Counter Terrorism via improvised explosive devices (IEDs) have gradually become a larger
concern of governments and the public. This is partially due to information on creating such
devices being easier to obtain over the internet. Terrorism hit a high in 2014 resulting in 44,490
deaths and $105.6 billion in economic cost, Figure 1.1 [1]. The ability to detect such IEDs is only
becoming more sought after as incentives continue to accumulate [2] [3]. Explosive compounds
are difficult to detect because of relatively low vapor pressures. This results in the molecules
readily sticking to surfaces instead of staying suspended in the air. A problem is created for
currently used methods such as sniffer dogs that rely on the explosives being present in vapor state.
Another commonly used explosive detection technology is the “swab test”. A clean wipe is swiped
on a surface to pick up any explosive residues and analyzed using an ion mobility spectrometer
(IMS). This technique works well on low vapor pressure compounds, showing the ability to detect
explosives at 30 picogram [4]. However, a drawback is that it requires contact. The objective of
this research is to design a sensor capable of identifying low vapor pressure explosive compounds
without requiring contact to the inspected surface.

A reliable method of detection would be required to be both selective and sensitive. With such a
measurement tool, it could greatly reduce the chance of undetected explosives getting into airports,

parliament buildings, or crowded stadiums. However, with so many areas of interest, the sensor
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would also be required to be inexpensive to produce. In utilizing the mass production capability

of micro-electro-mechanical systems (MEMS), this could be achieved.

Number of terrorist incidents

The total number of terrorism-related incidents per year. The source defines a terrorist attack as: "the threatened or
actual use of illegal force and violence by a non-state actor to attain a political, economic, religious, or social goal
through fear, coercion, or intimidation.” The perpetrators of the incidents must be sub-national actors; data does not
include acts of state terrorism.

16,000
14,000
12,000
World
10,000
8,000
6,000
4,000

2,000

0
1970 1980 1990 2000 2010 2017

Source: Global Terrorism Database (2018) OurWorldInData.org/terrorism/ « CC BY-SA

Figure 0.1: Number of terrorist incidents by year as tabulated by the Global Terrorism Database

as of 2018. Shows an increase in terrorist activity and a peak in 2014. From [1].

Explosives detection is usually performed one of two ways. By collecting a sample that has trace
amounts of explosives and testing the molecules within the sensor setup. This is known as point
sensing. Or, explosives may be sensed by standoff detection. This is identifying residue on a target
surface at some distance from the sensing setup. Both circumstances were tested using the sensor
designed and fabricated within this research.

Sensing explosives in either a point sensing or standoff sensing regime, requires recognition of the
explosive makeup. This is done in two main ways. A sensor can either directly interact with the

explosive’s molecular structure to collect the chemical information. Or, photons can be made to
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interact with the explosive then the sensor detects the photons. Both sensor types will be discussed

in the following sections.

1.2 Chemical Sensors

The premise of a chemical sensor is to take chemical information and convert it into a readable
signal [5]. This can be generalized into a receptor transducer pairing. The receptor collects the data
and the transducer transmutes the chemical information to a readout [6] [7]. Receptors can be
designed to detect a specific chemical and combined into an array for robust sensing [8].
Unspecialized receptors have the advantage of not requiring an array, however they may adsorb
undesired compounds. For unspecialized receptors, a photon-based intermediator step must be
included for specific compound identification. Here, the photon’s interaction with the compound
picks up the chemical data and then transfers that data to a photon sensitive detector. Whichever
transducer is used, the readouts may also vary between electrical, optical, dynamic, or static. In
the following sections I will discuss some of these receptor/transducer pairings.

In the practice of analyzing sensors, there are specific characteristics that measure performance.
Limit of detection (LOD) refers to the lowest amount of compound, vapor or solid, that can be
sensed. It is based on a statistically significant change in signal compared to the background noise.
A signal to noise ratio (SNR) of three is commonly used as the detection limit. Values of this may
be denoted in mass, surface concentration, or parts per sample size, ie. parts per billion (ppb).
Another characteristic, sensitivity, refers to the amount of change in a signal compared to the
change in the amount of the target substance [9]. This is commonly seen in values specifying signal
amplitude over analyte amount (V/ng, V/ppb, etc.). Selectivity is the sensors ability to identify

between which compounds are being sensed [10]. Limit of recognition is the minimum ratio of
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target molecules to others present molecules that can still be reliably identified [11]. Stability is
the sensor’s performance over time. Characteristics like sensitivity and selectivity should not
significantly change over time for a reliable sensor [6]. Other performance parameters such as
resolution, response time, portability, and regeneration can also be important in characterizing

Sensors.

1.2.1 Conductivity sensors

Conductivity sensors utilize a shift in conductivity brought on by target vapor analytes [12].
Polymer based conductivity sensors utilize a conductive polymer that changes volume when
vapors are absorbed. The increased volume of the polymer severs electrical connections raising
the resistance [13]. An advantage of this type of sensor is that choosing different conducting
polymers selects which vapors the sensor will interact with. More advantages are how easy
electrical readouts are to work with and the low-cost of polymers. Polymers can be set into an
array for multiple compound sensing. However, not all compounds absorb well into polymers. For
example, organic compounds like trimethylamine (TMA) are not absorbed well [14]. Also,
polymers’ inherent instability due to degradation causes an issue for building a reliable sensor.

The main reason for not choosing a conductivity sensor for this research is in the limitations in
identifying a variety of compounds. A conductivity sensor is designed to sense a single compound
or group of similar compounds. The sensor’s ability to detect a target molecule is based on the
increased affinity that molecule has to the sensor. It does not become easy to build a conductivity-

based setup that can sense a variety of explosive species.



1.2.2 Optical sensors
Optical sensors have the benefit of a compact size and relatively fast response time, less than 10
seconds. However, the complexity of the color quantification software required for quantitative
analysis leads to high operation costs. Also, high fabrication cost mixed with short lifetime due to
easy saturation make marketing such sensors difficult. Nonetheless, research has been done to use
fluorescent dye that changes color on contact with target molecules. Optical sensors tend to have
a short lifetime due to photochemical quenching of the dye. However, the dye may be coated onto
optical fibers and surrounded by polymer matrix to increase lifetime [15]. The principle is that the
incident vapor molecules change the polarity of the dye leading to optical property changes [16].
Such properties include intensity, spectrum, and wavelength. These changes are quantified by
optical software and converted into a target molecule concentration measurement. Alumina has
been combined with optical sensors by coating them onto the fluorescent polymer matrix to
increase adsorption of the target compounds to increase sensitivity [17]. However, metal oxides
like alumina have the disadvantage of being vulnerable to ethanol and sulphuric compounds,
limiting their application [18].
Similar to the reason for not choosing a conductivity sensor, optical sensor’s ability to identify
varieties of compounds is limited. Optical sensors also require the compounds being sensed to
come into direct contact with the sensor. The objective of this research is to build a sensor that is

capable of sensing at a distance. An important ability when dealing with dangerous explosives.

1.2.3 Piezoelectric sensors
Piezoelectric sensors measure adsorbed molecules on their surface through a shift in their resonant

frequency [12]. By driving the piezoelectric with an alternating current (AC) voltage, the resonant
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frequency can be found [18]. Adding mass to a vibrating body lowers its resonant frequency [12].
Actuating the device as you subject the surface to analytes, you can calculate the amount of added
mass by the resonant frequency drop. A quartz crystal microbalance (QCM) is used as the standoff
target in this research. It has explosives deposited onto the surface and accurately measures surface
concentrations down to tens of nanograms per centimeter squared. The main disadvantage to this
technology is that the frequency will shift indistinct of which molecule lands on the surface. Much
research is being done to functionalize the surface by adding a layer of selective molecules to
increase the selectivity of this method. Also, this method has a low response time (less than 10
seconds) [19]. However, in ambient conditions this still makes detecting a variety of molecules
selectively, difficult. To improve a piezoelectric sensor’s ability to collect chemical information
for identification, one was designed to also be a photon detector. A. Ahmed et al utilized a
piezoelectric membrane that was designed to react sensitively to photons [20]. Photons collected
the chemical data and transferred it to a piezoelectric membrane that was the readout. The result
was a sensor that could selectively identify chemical species.
The combination of mechanisms by A. Ahmed et al is a technique used in this thesis. However, a
piezoelectric membrane was not chosen due to the rigidity of the membrane geometry. Having
vibrational constraints on every side as opposed to a microcantilever’s single side clamped region,
the microcantilever is inherently more flexible. Instead of a membrane, the following chapters

discuss a microcantilever that is made to be photosensitive to collect chemical data.

1.2.4 Microcantilever sensors
Microcantilever sensors can either use a shift in resonant frequency to determine added mass [21]

[22] [23], or measure static deflection through surface stress calculations to determine adsorbed
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molecules [24]. Either method uses the easily approximated cantilever stiffness through controlled
dimensions and cantilever material. Fabricated cantilever stiffness is approximated in Chapter 3
using the Sader method. Microcantilevers benefit from compact size, room temperature operation,
reproducibility, ability to work in vapors or fluids, rapid response time, and detection sensitivity
down to atto-gram mass changes [25] [26] [27] [28]. To readout the deflection of the cantilever
either statically or dynamically, four main methods are employed. Figure 1.2 shows an optical
readout. This method uses a red laser incident on the cantilever surface that changes the reflected
angle as the cantilever deflects [29]. It is notable, a cantilever when subject to a red laser used for
the optical lever technique, was measured at approximately 20°C above ambient temperature due
to laser heating [30]. The red laser’s reflected angle is measured using a position sensitive detector
(PSD) [31]. Using basic optical and geometric tricks, the small deflection can be amplified onto
the PSD giving high deflection sensitivity. Secondly, using changing capacitance to readout
cantilever deflection requires a fixed electrode. Measuring the capacitance between the deflecting
cantilever and the fixed electrode can work if it is not in a conductive fluid environment [24]. The
piezoelectric readout requires a material such as zinc oxide (ZnO) to be coated on the surface. The
piezoelectric properties of the ZnO will create a charge from the mechanical bending of the
cantilever [32]. This enables a reading to be taken. Finally, a piezoresistive readout can be used.
A semiconducting or metallic circuit must be built into the cantilever. The resistance of the circuit
must be carefully monitored using a dc-biased Wheatstone bridge. This amplifies any slight
changes in the resistance into a readable signal. Due to the resistance change of a material as it is
stressed, the stress applied as the cantilever deflects is measurable [33]. This method has been

proven suitable for static mode, however lacks much success with dynamic mode cantilever
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deflection. Future work into the piezoresistive readout could help in miniaturizing such a system.

Miniaturization is a main facet in commercializing microcantilever sensors.

’ PSD

Cantilever

Figure 0.2: Optical lever technique used to determine cantilever deflection. A laser is incident on
the tip of the cantilever. The laser is reflected at an angle dependent on the deflection of the

cantilever. The angle of reflection is picked up by a PSD.

Microcantilevers also have the advantage of being able to be functionalized. A cantilever may be
designed to have an affinity to specific compounds. Polymers can be coated onto a cantilever

surface that increases the cantilever’s ability to interact with a target analyte. A. Loui et al coated
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7 different polymers onto a multi array of piezoresistive microcantilevers allowing selective
detection of 10 different volatile organic compounds (VOCs) [25]. Sensitivity may also be
increased using functionalization. T. Thundat et al coated gelatin onto a silicon nitride
microcantilever increasing its affinity to water molecules for humidity testing. A sensitivity of 55
Hz shift per relative humidity percent compared to 5 Hz per relative humidity percent when
uncoated [34].
Cantilevers can be used for a wide variety of applications using a variety of techniques to enhance
selectivity, sensitivity, and other important sensor qualities. Therefore, a microcantilever was
chosen for the purposes of this research. The specific technique that utilizes the microcantilever in
this research is spectroscopy. The spectroscopic technique collects chemical data via photons. This
makes it inherently selective and capable of detecting at a distance. Paired with the sensitivity of
a microcantilever, a selective and sensitive sensing setup can be created. Section 1.3 is an outline

of the mechanism that make spectroscopic techniques selective in nature.

1.3 Vibrational Spectroscopy

Vibrational Spectroscopy is a category of spectroscopy that involves identifying target molecules
by the vibrational modes of their molecular bonds. Chemical bonds get excited in predictable ways
allowing for a chemical makeup to be determined by looking at the vibrational energy levels. The
most popular way to excite the bonds for identification is electromagnetic (EM) radiation. A
specific compound when excited by EM waves, will absorb certain wavelengths based on the
chemical bonds in the compound. The same chemical bond may be excited in multiple modes,
absorbing multiple wavelengths. A chemical “fingerprint” can be predicted for which wavelengths

will be absorbed based on the chemical makeup. The selectivity limit of this technique may be set
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by the wavelength range of the light source used. A broadband light source enables more selective
detection. In the literature, the term “molecular fingerprint region” has become known for
encompassing a variety of molecular vibrational modes. This makes sensing in this range efficient
at selective identification. The region is denoted by the wavelength range between 2.5 um and 20
um. Pentaerythritol tetranitrate (PETN), 1:1:1 of trinitrotoluene (TNT), and cyclotrimethylene
trinitramine (RDX), ammonia nitrate, and triacetone troperoxide (TATP) are five commonly
discussed materials in IED research [35]. All five have significant peaks within the molecular
fingerprint region.

Vibrational spectroscopy contrasts with IMS, as used in the swab test. IMS has its own mechanism
but is not discussed as it requires in situ sensing. Utilizing EM radiation in vibrational spectroscopy
is key to enabling standoff detection. EM radiation based vibrational spectroscopy encompasses
multiple methods. Each with their own advantages and disadvantages. For example, Non-
Dispersive Infrared (NDIR) spectroscopy is designed to detect gaseous target molecules, while

Raman spectroscopy can detect any state but has difficulty increasing signal amplitude.

1.3.1 Fourier transform infrared spectroscopy
Fourier Transform Infrared (FTIR) spectroscopy uses a broadband light source, a set of carefully
controlled mirrors, and an infrared (IR) detector to collect data that must be analyzed by the
mathematical Fourier transform method to produce a spectrum. The broadband light source is
chosen to contain the range of wavelengths used to excite the target molecule’s chemical bonds
(700 nm to 1 mm). This light source is incident on a beam splitter that divides the light towards
one stationary mirror and one carefully controlled mirror. The moving mirror changes the distance

that half of the beam travels when the beams are recombined at the beam splitter. During the
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recombination, there is constructive and destructive interference that produces a predictable
spectrum [36]. This new beam with missing wavelengths of light is shone on the gaseous, liquid,
or solid sample. Whether the light is transmitted or reflected, it is collected by a detector. Moving
the mirror allows for the detector to collect data on different spectrum incident on the target. After
collecting the various data, it is processed by Fourier Transform, allowing for a resultant spectrum
to be plotted. This spectrum matches the broadband light source except for the wavelengths that
got absorbed as vibrational energy by the target molecules. Utilizing these techniques with a
reflection/absorption infrared spectroscopy (RAIRS) setup, O. Primera-Pedrozo et al. reported

quantifying TNT at 160 ng/cm? [37].

1.3.2 Non-dispersive infrared spectroscopy
NDIR is a simpler method than FTIR and is used solely for gaseous target molecules [38]. This
involves an IR light source, a gas chamber (sometimes two for a reference spectrum), and a photon
detector. The IR light travels through a gas chamber and is absorbed depending on the molecules
present. If there is a refence chamber, it is filled with a non-absorptive gas such as nitrogen. Once
collected by the detector, the spectrum will be missing vibrationally absorbed wavelengths. The
reference spectrum allows removal of external factors allowing a spectrum that is only affected by
the target molecules. J. Hildenbrand et al. showed using a quantum cascade laser (QCL) IR source
and mercury cadmium telluride (MCT) detector, the explosive TATP was detected in laboratory

conditions with a standoff detection limit of 5 ppm*m [39].
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1.3.3 Raman spectroscopy

Raman spectroscopy was developed around the “Raman Effect”. The Raman Effect occurs when
a photon incident on a molecule interacts with the electron cloud and atomic bond. This interaction
results in the electron briefly taking on a higher energy virtual state. Virtual states are inherently
unstable so the electron jumps “inelastically” down to a new stable state. Due to the process being
inelastic, the energy of the incident photon does not equal the energy of the scattered photon. This
energy change manifests itself in a frequency shift. The direction and amplitude of the shift is
predictable by the polarizability of the electric dipoles involved in the interaction. This
predictability allows for identification of the molecular makeup. Raman spectroscopy lends itself
well to delicate samples in that the sample prep is one of the simplest. The downside is that Raman
scattering occurs for one in approximately 107 photons incident on a sample [40]. Signal amplitude
can become a problem. Moreover, water, carbon dioxide (CO), and some minerals scatter photons
especially weakly [41] [42] [43] [44] [45]. Despite these challenges, J. Carter et al. reported
detection of explosives in concentrations of as low as 250 ppm at a standoff distance of 27 m in

ambient conditions [46].

1.3.4 Photoacoustic spectroscopy
Photoacoustic (PA) spectroscopy utilizes the creation of sound waves from molecular vibrations
to identify chemical compounds [47]. Photons modulated at certain frequencies can cause sound
waves to form. This principle is used on discs, tuning forks, microcantilevers, and other sensors to
detect nearby molecules. In a vapor phase, an acoustic chamber filled with target molecules will
absorb certain wavelengths of photons more effectively than others. The absorbed photons will

heat and cool the molecules at the modulation frequency creating acoustic waves. The acoustic
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waves may then be recorded by a pressure sensor or other transducer [48] [49]. Conventional PA
spectroscopy requires tedious sample preparation and calibration to attain quantitative results.
However, to improve on this, newer methods utilizing adsorbed molecules and specifically
designed cantilevers allow for multi-modal quantitative analysis [50]. Such research was done by
C. W. Van Neste et al, who reported identification of explosive compounds at 0.5 to 20 meters

with a LOD of 100 ng/cm?[51].

1.3.5 Photothermal cantilever deflection spectroscopy

Photothermal Cantilever Deflection Spectroscopy (PCDS) takes the spectrum signal from the
deflection of a cantilever that is excited by photons. Photons incident on the cantilever heat it up.
By having a bimetallic cantilever, in which the coefficients of thermal expansion are different,
heating of the cantilever causes deflection. When heated, one layer will expand more than the
other, imposing surface stresses. These stresses bend the cantilever. The heat will dissipate both
through conduction to the cantilever chip and convection to the environment. As it cools, the
reverse happens. By modulating the incident photons at a modulation frequency, the cantilever
will vibrate proportional to the amount of energy transferred from the photons. This deflection is
then monitored by either the optical lever technique (Figure 1.2), a capacitor, a piezoelectric, or a
piezoresistive circuit. Each readout allows a spectrum to be plotted [52]. Cantilevers are popular
for their sensitivity, in some cases detecting picowatt energy levels [21] [53]. S. Kim et al show a
350 um long and 35 pm wide bimetallic silicon cantilever identified adsorbed explosives at a LOR
of <32:1 and LOD as low as 28 pg (22.86 ng/cm? cantilever surface concentration) [54].

In the same way as other IR spectroscopic techniques, target molecules absorb certain

characteristic wavelengths. In point sensing, cantilevers adsorb target molecules onto their surface
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where the molecules vibrational energy will be transferred to the cantilever as heat. When such a
spectrum is plotted, there are positive peaks at the characteristic wavelengths. Otherwise, in
standoff sensing, cantilevers can be used to detect gases or deposited chemicals at a distance by
measuring the light transmitted or reflected from the target. Here, a spectrum can be plotted
revealing missing wavelengths. This type of spectrum, called a negative spectrum, identifies a
compound by negative peaks at the characteristic wavelengths.
A comparative table was constructed to provide an understanding of published results from a

variety of techniques. This table was used to determine which technique would be used in this

research.

Method Excitation LOD Sensing Detector Type
Source Distance

IMS [4] Electric field 30 pg N/A lonized molecules

RAIRS [37] Spectrometer 160 ng/cm? Point sensed | MCT detector
laser

NDIR [39] QCL 430 ppb or 5 ppm*m | ~1 m MCT detector

Raman Nd:YAG laser | 250 ppm 27-50m Telescope

spectroscopy [46]

PAS [51] QCL 100 ng/cm? 0.5-20m | Quartz tuning fork

PCDS [54] QCL or | 28 Pg or | Point sensed | Silicon bimetallic
monochromator | 22.86 ng/cm? cantilever

Table 0.1: Spectroscopy method comparison table.
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It is difficult to compare spectroscopic methods directly as there are numerous variables to
consider. With so many variables changing between each test, directly comparing LOD has varied
value. However, considering the tests as a whole, can bring certain insight. As one of the objectives
of this research is to develop a standoff sensing setup, IMS is not pursued in this research. IMS
requires target molecules to be sensed within the machine. NDIR only does sensing on vapor state
samples. While many explosive compounds have a low vapor pressure, such molecules are more
readily available in solid state. Raman spectroscopy is shown in Table 1.1 as the method with the
longest standoff distance. However, its neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser produces high power (532 nm) light. The Rama paper states, “while Raman signal levels
were found to increase linearly with increasing laser energy”, TNT showed degradation at higher
laser power densities [46]. This limits the usable laser power. The lower power, IR based, RAIRS,
PAS, and PCDS examples do not have such degradation problems. The RAIRS example uses an
MCT detector. In that paper, a cooling system was used to decrease MCT noise. Noise in MCT
detectors increase exponentially as a function of temperature [55]. This makes expensive and
difficult to handle cryogenic cooling systems required to achieve high SNR. The RAIRS and PCDS
examples both are tested using point sensing and the LOD values have the same units of ng/cm?.
Due to this, a direct LOD comparison holds more valid. LOD values of 160 vs 22.86 ng/cm? for
RAIRS and PCDS respectively, supports the idea that cantilevers are exceedingly sensitive
detectors. A specific LOD value is not aimed at, however lower values do indicate a more sensitive
experimentation setup. Decreasing LOD is an indicator of overall increased detection efficiency.
Due to this, RAIRS is not the topic of this research. PAS and PCDS can be quite similar. PAS has
been done before using a cantilever [50]. However, PAS is limited to operating at the acoustic

resonant frequency of the oscillator. As molecules adsorb onto the oscillator’s surface, the resonant
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frequency will change. Having to make the IR pulse frequency follow the changing acoustic
resonant frequency poses a challenge. PCDS however, can be operated at a range of frequencies
limited by the cantilever’s thermal heating and cooling rate. Since the thermal time constant of a
microcantilever does not change significantly with added mass, the modulation frequency may be
constant. Choosing a tuning fork as the oscillator in PAS would reduce the acoustic resonant
shifting as it is less mass sensitive than a microcantilever. However, this would also reduce photon
sensitivity as the mechanical response to photons would be less just as the mechanical response to
added mass. For these reasons, PCDS was chosen as the sensing mechanism for this work.

All the techniques that rely on an IR light source, have a positive relationship between IR power
and readable signal. S. Kim et al showed an order of magnitude increase in detection sensitivity
when upgrading the monochromator IR source to the more powerful QCL [54]. For this, a QCL
was chosen as the IR source used in this research. Standoff explosive detection has many
challenges. These include noise caused by ambient light, diffuse surfaces not reflecting IR well,
standoff distance limitations based on attenuation, and the high cost of IR sources. While
cantilevers cost on the scale of tens of dollars, the QCL used, encompasses much of the setup
budget costing approximately $25,000. Developments in photon detector technology would help
with all these problems. That is including reducing the necessity of high power / high cost IR
sources. Improvements in this sense would manifest as increased baseline amplitude. The
following sections will outline the development and testing of a microcantilever designed to have

enhanced photosensitive properties.
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Chapter 2: Nanoporous enhanced PCDS

The use of a microcantilever with high surface area has two advantages when used for PCDS. The
increased surface area enhances adsorption by target molecules and absorption by photons. Both
aspects increase sensitivity. Two high surface area materials that have been used to fabricate
microcantilevers for PCDS are titanium dioxide (TiO2) and anodic aluminum oxide (AAQ). First,
when TiO; is fabricated by a two-step anodization process, it creates a nanoporous structure. D.
Lee et al showed a TiO> cantilever had a surface area increase of 2 orders of magnitude to a plain
cantilever. The LOD for RDX and TNT using a UV photodegradation enhanced PCDS was
determined to be 300 parts-per-quadrillion (ppq) [26]. Similarly, a two-step anodization process
can be done on aluminum to create a nanoporous AAO structure. D. Lee used an AAO
microcantilever to detect explosive compounds at a LOD of 70 ng/cm? [50]. Such a cantilever will
be used and modified in this research to enhance its response to photons.
Porosity enhances sensitivity by reducing effective parameters such as stiffness and thermal
expansion. Porosity increases surface area and allows for fabrication of a plasmonic structure to
increase IR absorption. A top coating of a conductor onto the nanopores creates a
dielectric/conductor interface that enables plasmonic resonance when excited by IR. This
plasmonic response enhances absorption.
Choices of materials and fabrication methods have a large impact on the sensitivity of PCDS
systems. The stiffness of the bimetallic materials, magnitude of difference in coefficient of thermal
expansions, dimensions, surface area, and ability to absorb IR light all can alter a cantilever’s
spectroscopic performance. A nanoporous material was chosen as the main cantilever material to
have a low effective thermal expansion and be a template for a plasmonic structure. AAO and TiO>

are the two materials that were considered for this research. Table 2.1 indicates important material
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properties of the considered cantilever and bimetallic layer materials. Before directly comparing

the material choices, the mechanism that influence sensitivity will be discussed.

Material Thermal Thermal Young’s
Expansion (x10- | Conductivity Modulus (GPa)
6 K-1) (W/mK)

AAO [56] 4.5-10.9 10-38.5 215-413

TiO2[57] 8.4-11.8 4.8-11.8 230-288

Gold [58] 14.4 301 77.2

Aluminum [59] | 23.5 238 68.3

Table 0.1: Material properties of materials considered for microcantilever fabrication.

Gold and aluminum were considered as the bimetallic layer material as they both have high
reflectance (~90%) to the red laser used for the optical lever technique [60]. They have relatively
high thermal expansion coefficients compared to the porous cantilever materials and can create
the plasmonic dielectric/conductor interface. Aluminum has the higher thermal expansion
compared to gold, which would increase the thermal expansion coefficient gap. Aluminum also
has a lower Young’s modulus making the cantilever more flexible. However, aluminum would
be subject to oxidation. Gold being a noble metal greatly increases its lifetime capability as a
sensing material as no oxidation will occur. For this reason, gold was chosen as the bimetallic

material.
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2.1 Microcantilever
Bimetallic nanoporous cantilevers require fine tuning to analytically design them for
spectroscopic sensing purposes. The incident IR is pulsed to create the heating and cooling that
causes deflection of the microcantilever. The pulsing frequency can be modulated to determine
the ideal response [61]. The porosity of the cantilever can be increased to reduce stiffness,
thermal expansion, increase surface area, and IR absorption [62]. However, there is a practical
limit to the porosity for structural purposes. The thickness of the bimetallic layer also must be

designed to maximize the deflection to input power ratio.

2.1.1 Thermal time constant
The thermal time constant of the cantilever refers to how quickly the cantilever can be heated and
cooled to (near) full deflection. When pulsed with IR light, the cantilever responds with a
deflection as illustrated in Figure 2.1. Once heated (or cooled) to a point, maximum deflection is
approached, and signal amplitude can be determined. Extending the heating or cooling time will
have little effect on amplitude measured but will increase noise. The thermal time constant of the
cantilever chip is based on the heating from radiation, and cooling from convection and

conduction.
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Figure 0.1: Cantilever deflection over time as a response to modulating incident IR light at a
frequency of 20 Hz.

Figure 2.1 shows the deflection response of a modulation frequency of 20 Hz. This modulation
frequency is used in this thesis as it produced (near) maximum amplitude while keeping noise low.
Figure 2.2 shows consecutive baseline measurements taken for one hour on a bimetallic cantilever.

From the baseline spectra, measurements of noise when modulating IR at 5 Hz and 20 Hz produce

standard deviations of 13.8 and 0.641 mV respectively.
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Figure 0.2: Consecutive baseline spectra for one hour taken at 20 Hz (red) and 5 Hz (black)

modulation frequency. Increased amplitude and noise at 5 Hz are shown.

2.1.2 Adsorbed mass

To produce quantitative results, the amount of measured target molecules must be determined. To
do this, the shift in resonant frequency due to added mass is analyzed. Porous microcantilevers
have relatively low resonant frequencies (Figure 2.3: 3.97 kHz) due to their low stiffness. Due to
that, the second mode resonant frequency (Figure 2.3: 23.5 kHz) was used to enhance mass
detection sensitivity. Equation 2.1 shows that higher resonant frequencies, produce greater

frequency shifts for the same adsorbed mass.
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Figure 0.3: Natural frequency of a porous microcantilever taken by a laser doppler vibrometer.

Shows 1 and 2" mode frequency at 3.97 kHz and 23.5 kHz respectively.

Assuming mass is uniformly deposited, and the stiffness of the cantilever is constant, change in

mass (4m) can be approximated [63].

Am ~ —2chfﬁ (0.1)

Where mc is the mass of the microcantilever, Af, is the n'” mode frequency shift, and f, is the n'"

mode resonant frequency. The cantilever mass can be determined by its density, dimensions, and

porosity.

2.1.3 Porosity
Porosity plays a part in the adsorption of mass. The porosity also affects the calculation of added
mass by changing m¢ and fi. As porosity increases, both m¢ and f, decrease, counter acting each
other’s effect on added mass in Equation 2.1. However, the change to surface area as caused by
the change in porosity is the dominating factor in the adsorption of target molecules. The surface
area is greatly increased as the porosity increases [26]. The increase in surface area results in an

increase in the amount of space target molecules may adsorb to. Therefore, more mass adsorbs
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onto the surface, shifting the resonant frequency more. That, in combination with the cantilever’s
stiffness reduction caused by the porosity, leads to larger deflection due to adsorbed mass than
similar nonporous microcantilevers.

As the porosity is due to cylindrical nanowells, the porosity (P) may be found using the well

radius (r) and well-to-well distance (d) [63].
p= 2w (1 2 0.2
=% (02)

From this analysis, the larger the pore, the better sensitivity of the cantilever. However,
practicality dictates there is a limit to the maximum pore size determined by the cantilever’s
well-to-well distance. Making the pore size too big for the set well-to-well distance, the pores
would collapse into a congregated mesh structure. This structure would be significantly less
rigid, causing problems when fabricating it into a cantilever structure. The practical limit set on a

maximum pore size is discussed in Chapter 3.

2.1.4 Bimetallic optimization
To illicit a deflection response from thermal pulses, a second layer with a differing thermal
expansion coefficient must be added to the microcantilever. In this case gold was chosen due to its
high reflectance for the optical lever readout, relatively high thermal expansion coefficient
compared to AAO and TiOz, and immunity to oxidation. The design of the microcantilever and
bimetallic layer has a large effect on the thermomechanical sensitivity. Equation 2.3 was
formulated to detail the behavior of a bi-material rectangular beam that experiences stress based
on the difference in thermal expansion between the materials. The deflection (z) is driven by a

temperature difference along the length of the cantilever (T-To) [64].
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t1+t
t22K

87 = 6(ay — a1) S22 (T — T)x (03)

Where i, ti, and E; are thermal expansion coefficient, thickness, and Young’s modulus of the
respective layers. Subscript 1 and 2 indicate the two cantilever materials. A relation between
temperature variation along the length of the cantilever can be made to incident power (P). That
relationship was used to relate deflection to power as in Equation 2.4. It is ideal to have the largest
deflection (z) to input power (P) ratio. To analytically design the nanoporous/gold microcantilever

for these experiments, the bilayer microcantilever deflection equations may be used as [63]:

_ 3 _ ti+t, I3
z= 4(a1 az) t2K (Alt1+/12t2)wp (04)
2 3
_ bt L Ei(ta E (2
k=4+6(2)+4(2) +2(2) +2 () (05)

Where i is thermal conductivity and subscript 1 and 2 indicate the gold and nanoporous layers
respectively. Equation 2.4 and 2.5 assume the two layers are perfectly bonded. The nanoporous
parameters are approximated as effective parameters derived from bulk parameters and porosity.
Effective parameters such as «, 4, and p are calculated from the following equation

Where Xet is the effective value, X is the value of the bulk parameter, and P is porosity. The
Young’s modulus used in Equation 2.5 is the effective Young’s modulus but is calculated instead

from the following equation.

1 t |E
fnzﬁan/ﬁl_z\/; (0.7)
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Where f, and fn are the n'" mode resonant frequency and eigenvalue (62 = 4.694), and E and p are
the effective Young’s modulus and effective density, respectively. The n" mode resonant

frequency is taken by a laser doppler vibrometer as in Figure 2.3.

Plugging in the effective parameters and solving for deflection over power (%) in Equation 2.4,
produces a curve with respect to bimetallic gold layer thickness (t1). Prior to cantilever fabrication,
this analysis provided insight into the ideal cantilever dimensions for thermomechanical
sensitivity. When keeping all values except one the same, an idea of cantilever length and thickness
that will maximize thermomechanical sensitivity is found, Figure 2.4. Representative values taken

from a nanoporous and gold bimetallic cantilever (Table 2.1). This was used to determine the target

dimensions of cantilevers to fabricate.
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Figure 0.4: Deflection to power ratio with respect to gold bimetallic layer thickness when
varying only one value. Left and right show an increase in peak amplitude as cantilever thickness

decreases and length increases, respectively.

Figure 2.4 displays the effect cantilever thickness and length have on thermomechanical

sensitivity. As thickness decreases and length increases, sensitivity increases. This is expected as
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the flexibility of the cantilever increases with decreasing thickness and increasing length. From
this, the thinnest and longest cantilever are expected to produce the highest deflection per
incident power. However, flexibility will be limited by the practicality of fabricating the thinnest
and longest cantilever possible.

A similar analysis varying the two thermal property values was done to determine their effect on
the deflection to power ratio. Again, using the representative values, thermal conductivity was

varied. The thermal expansion coefficient was then varied and plotted in Figure 2.5.

0.0015
; 0.0015 — 5 W/mK E —5K?
£ —— 20 W/mK c — 8K
= — 35 W/mK = —11K?
N < 0.0010-
2 0.0010+ 2
@] e
o a
~ ~ 0.0005 -
< 0.0005 c
2 ke
O O
Q2 9
%5 0.0000 ‘@ 0:0000+
&) a
0 200 400 0 200 400
Bimetallic Thickness (nm) Bimetallic Thickness (nm)

Figure 0.5: Deflection to power ratio with respect to gold bimetallic layer thickness when
varying only one value. Left and right show an increase in peak amplitude as cantilever material

thermal conductivity and thermal expansion decreases, respectively.

It is seen in Figure 2.5, a low thermal expansion coefficient and thermal conductivity for the
nanoporous material enhance thermomechanical sensitivity. This information was then used in
deciding between AAO and TiO- as the nanoporous cantilever material.

From Table 2.1, AAO has a lower thermal expansion coefficient which increases the gap between

thermal expansion coefficients of itself and the bimetallic material. The increase in this gap will
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result in higher deflection stresses. Due to this, the sensitivity of the cantilever is increased with a
lower thermal expansion coefficient. TiO2> has a lower thermal conductivity. From Figure 2.5,
TiO2’s lower thermal conductivity gives it an advantage to thermomechanical sensitivity. The
effect Young’s modulus has on increasing deflection under the same thermal loading is plotted
using a similar analysis. Finally, a thermomechanical sensitivity analysis between AAO and TiO>
was done by plotting the lowest and highest values from Table 2.1. The range of thermomechanical
sensitivity for AAO and TiO, bimetallic cantilevers was used to determine the material to be used

for PCDS explosive testing.
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Figure 0.6: Deflection to power ratio with respect to gold bimetallic layer thickness. Left shows
the effect Young’s modulus has on the deflection to power ratio. Decreasing Young’s modulus
increases peak amplitude. Right, plots the lowest and highest AAO and TiO2 values from Table
2.1 to give a range of cantilever thermomechanical sensitivities. AAO and TiO2 have comparable

sensitivity ranges.

Figure 2.6 shows the benefit a low Young’s modulus has on the deflection to power ratio.

Figure 2.6 also shows that the range of thermomechanical sensitivity for AAO and TiO»
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cantilevers are comparable. From this analysis, a clear identification of the more sensitive
nanoporous cantilever material cannot be determined. TiO2 has an advantage of being a
photocatalyst [26]. Photocatalyst being a material that enhances the photodegradation process
when excited with powerful rays. However, in this research, this property will not be utilized as
the light source used will be IR for spectroscopy and a red laser for the optical lever technique.
These light sources are not powerful enough to cause significant photodegradation of the
explosive compounds. AAO fabrication is a slightly more established protocol in previous PCDS
studies [50] [61] [65] [66] [67] [68]. For this reason, AAQO was chosen as the nanoporous
material as it shows comparable analytically calculated thermomechanical sensitivity. Future
work could be done on comparing TiO2 to AAO cantilevers experimentally. However, the scope

of this research is limited to AAO/gold bimetallic cantilevers.

2.2 PCDS

PCDS puts together the sensitivity of thermally responsive bimetallic cantilevers and the
selectivity of spectroscopy. This technique has been used for VOC vapor sensing [61], moisture
sensing [67], and explosive compound sensing [50]. All of which use the mechanical response of
the cantilever to the adsorption of molecules onto its surface. The cantilever can then both quantify
the number of adsorbates through a resonant frequency shift as well as characterize the chemistry

of the adsorbent through spectroscopy.

2.2.1 Pulses
PCDS can be done statically or dynamically. The static mode requires continuous shining of the

IR source onto the cantilever. The cantilever will deflect due to the heat transferred from the IR.
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I. Chae measured a 1.021 um/K thermal deflection on a bimetallic AAO cantilever like the ones
used in this research. For comparison, a bimetallic silicon cantilever of the same dimensions was
measured to have a lower thermal sensitivity at 0.2687 um/K [61]. Due to the similarity between
the bimetallic AAO cantilever tested by Chae compared to the ones tested in Chapter 4, a
thermal deflection sensitivity of the same order of magnitude is assumed. By measuring the static
deflection, the amount of absorption for the incident wavelength may be obtained. Each
wavelength will result in a different amplitude of deflection based on the vibration of the target
molecules and subsequent heating of the cantilever. Scanning through the wavelengths with and
without the target molecules, allows for baseline and differential spectra to be plotted.
Considering dynamic PCDS, the IR light is pulsed at the cantilever. The pulsing rate is related to
the thermal time constant of the cantilever. The IR is left on and off long enough to approach
maximum and minimum deflection. A lock-in amplifier is then used to filter out all frequencies
except the reference signal which is set by a function generator as the pulse rate. This is done by
the lock-in amplifier using a phase lock loop to produce an internal reference signal that matches
the external reference in phase and frequency. The reference and input signals get put through a
mixer, that, when separated, allow the identification of the amount of oscillation in the input
signal at the reference signal’s frequency. The amplitude of oscillation within the input signal at
the reference frequency is the output of the lock-in amplifier. In measuring the amplitude of
vibration at the pulse rate, a wavenumber amplitude may be plotted like in static PCDS.
However, dynamic mode measures the maximum and minimum deflection of numerous
oscillations consecutively. Due to this, dynamic mode is much more common as it does not

experience much of the noise inherent in static sensing.
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2.2.2 Quantum cascade laser
This method requires some source of spectroscopy light. The light is most commonly chosen as
mid-IR as that encompasses many molecule’s vibrational modes in the “molecular fingerprint
region”. IR source selection is determined by two main factors. The power and the wavelength
range of the laser. A QCL was chosen due to its broad range that spans part of the fingerprint

region, from 5.18 um to 10.8 um. QCLs also have higher power than IR monochromators [53].
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Figure 0.7: QCL power with respect to wavenumber.

Figure 2.7 was the measured power spectrum of the QCL used in this research. The power
measurement was taken using a S401C thermal power head and PM100USB power and energy
meter interface (Thorlabs Inc, Newton, NJ, USA). Utilizing this power source alongside an
anodic aluminum oxide cantilever, the resultant baseline would expect to be a superposition of
this power spectrum with aluminum oxide mid-IR peaks. In this wavenumber range, aluminum
oxide nanoparticles were shown to have one absorption peak at 1020 cm™ and one at 1630 cm*

[69]. The expected result would be a combination of these two peaks added to the QCL power
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spectrum. The baseline spectra in Chapter 4 show peak intensities to vary from the expected.
However, the experimental and expected spectra share the same peak positions and overall

shape.

2.2.3 Position sensitive detector
PSDs are used to monitor the position of the laser used in the optical lever technique. The
position gives a measurement of the deflection of the cantilevers. This deflection is used to plot
the spectroscopic data. PSDs contain two or four separate sensors that can give reading of
position in 1-D or 2-D respectively. Using the photoelectric effect, light incident on the sensor
produces a current. The amount and direction of current flow is measured by the sensors. This

current flow determines the laser’s position.
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Figure 0.8: Schematic of a 2-D linear PSD.
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Figure 2.8 shows a schematic of a 2-D linear PSD like the one used in this research. When doing
PCDS, the red laser reflects off the cantilever tip which vibrates in a torsional mode, Y-axis
bending mode, and X-axis bending mode. By designing the cantilever with a large width to
height ratio and using proper alignment, the Y-axis bending can be made dominant. In this case,
the error in monitoring only the Y-axis of vibration is reduced. A secondary method to pick up
the multi axis bending and to account for misalignment can be employed by the following

formula.

I=y—1)*+ U — 1% (0.8)

Where | is the multi axis vibration signal and I; are the individual current signals as denoted in
Figure 2.8. This model follows the vibrating light incident onto the PSD as a vector with its
origin at the center. If vibration occurs in the X-axis and Y-axis, the magnitude of the vector is

monitored.

2.2.4 Plasmonic enhancement
Plasmonic enhancement is attained using the mechanism of surface plasmon polaritons (SPPs).
By coating a layer of gold onto the AAO nanowells, it creates a conductor dielectric interface
that acts as a plasmonic crystal structure. SPPs are the EM excitations that occur at this interface
[70]. The incident IR wave couples with surface electrons to form an electron dense collective
oscillation that strongly amplifies the electric field [71]. The SPPs are subject to nonradiative
decay, which leads to their confinement proximal to the interface. Other disciplines often try to

reduce this decay, however in photon detectors, it is beneficial as it enhances thermal absorption
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[72] [73]. This mechanism directly enhances heating of a bimetallic cantilever during IR
spectroscopy [68].
In the case of an AAO/gold bimetallic cantilever, coating the plasmonic layer onto the
nanopores, may come at the sacrifice of the bimetallic deflection response. The bending stresses
applied to the bottom side of the AAO due to the bimetallic gold layer happen similarly on the
plasmonic side. These counteracting forces reduce the deflection to power ratio. D. Lee et al
shows at some plasmonic layer thicknesses, the IR sensitivity of the cantilever is enhanced. This
is due to increasing the absorbed power enough to overcome the effect of the deflection to power

ratio dampening. At other plasmonic thicknesses, IR sensitivity is reduced [68].

2.2.4.1 Optimization of plasmonic layer
The design of the plasmonic crystal structure has an impact on the SPP resonant frequency [20].
A gold structure with diverse geometry would enable broadband SPPs. By coating gold onto the
AAO nanopores, nanoparticles aggregate faster near the surface, creating a gradient of
nanoparticle sizes down into the nanowells (Figure 2.9). L. Zhou et al showed how a variety of

particle sizes enhanced SPP excitation at a broad range of wavelengths [62].
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Figure 0.9: AAO nanowells being coated with gold resulting in a variety of aggregated particle

sizes. Image from [62].

The use of this plasmonic structure to enhance AAO microcantilever IR spectroscopy has been
shown over a wavenumber range of 1565 cm™ to 1762 cm™ [68]. D. Lee et al found the optimum
thickness of the plasmonic layer by consecutively coating layers and measuring the amplitude of
the IR baseline spectrum. In their case, the optimum plasmonic thickness was found to be 40 nm.
Similarly, in this research, to determine the plasmonic thicknesses that enhanced the cantilever as
a sensor, the plasmonic layer was coated in steps. At each step the baseline amplitude would be
measured. The ideal plasmonic layer thickness was the thickness that produced the largest

baseline amplitude. Such thermomechanical sensitivity tests are discussed in Chapter 4.

2.2.5 Quartz crystal microbalance
A QCM is a device that allows for quantification of the mass of a substance deposited. The QCM

has a quartz crystal that resonates at a frequency with respect to the amount of mass deposited on
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the surface. Using the Sauebrey equation, the frequency shift due to deposited molecules can be

used to calculate the deposited mass. See Sauebrey equation below [74],

_ 2fo®
Af = A—mAm (0.9)

Where Af, fo, A, pg, Mg, and 4m are change in frequency (Hz), resonant frequency (Hz), active
piezoelectric crystal area (cm?), quartz density (2.648 g/cm?), quartz shear modulus for AT-cut
crystal (2.947E11 g*cm™*s?), and added mass, respectively. The QCM used, had a resonant
frequency of 5038157 Hz. A frequency shift of negative 2 Hz indicated a deposited surface

concentration of 35 ng/cm?,
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Chapter 3: Fabrication and Experimental Setup

In this section, the details of the AAO cantilever fabrication as well as the PCDS experimental
setup are laid out. The materials and equipment used in the self-ordering anodization process used
to create the nanopores, as well as the photolithography techniques to pattern the cantilever shapes
are discussed. Pore widening to optimize cantilever flexibility and plasmonic pore size along with
the process to release the cantilever from the bulk substrate are explained. Finally, the process to
focus the IR source, utilize the optical lever technique, align the PSD, and setup the equipment to

process the data will be discussed.

3.1 Materials and Equipment for AAO Microcantilever Fabrication

A high purity aluminum sample (99.998%) and 99.5% Chromium Oxide (V1) were purchased from
Alfa Aesar. 60% Perchloric acid, 99.5% oxalic acid, and 99% ethanol were purchased from VWR.
70% Nitric acid, 99.7% acetic acid, and 85% phosphoric acid were purchased from Avantor. A
carbon electrode was purchased from GSC International. A Laurell Precision Spinner, MA6 Mask
Aligner, Photoresist HPR504, 354 developer, and a Kurt J. Lesker CMS-18 Sputterer were used
in the University of Calgary Microsystems Hub cleanroom for photolithography and sputtering.
Refrigerated bath circulators from Fisher Scientific was used for heating and cooling during the
AAO fabrication process. The scanning electron microscope images of the AAO were taken at the

University of Calgary’s Instrumentation Facility for Analytical Electron Microscopy (IFFAEM).
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Figure 0.1: Procedure for fabricating AAO cantilevers from bulk aluminum substrate.

To create the well-ordered nanowells of AAO, a two-step anodization process was used

(Figure 3.1). The high purity aluminum sample was first cleaned by sonicating in acetone and

rinsing in deionized (DI) water. The cleaned sample was then smoothed through an

electropolishing process at 20 V for 5 minutes in a 1:4 perchloric acid and ethanol solution in a

cooled bath at 5°C. All solution processes were stirred using a magnetic stirrer unless stated

otherwise. The 1% anodization process was then done at 40 V in a 15°C, 0.3 M oxalic acid solution

for 8 hours. This anodization process created a non-ordered oxide layer that, when etched, left a



38
dimple shape structure on the substrate. The oxide etching solution was prepared by dissolving
9 grams of chromium oxide into 500 ml of DI water, then adding 21 ml phosphoric acid. The
process was done in the fume hood at 65°C for 6 hours. When anodizing for a second time, the
oxide layer was built on top of the dimple structure creating well-ordered nanowells. The thickness
of the oxide nanowells was determined by the anodization time under identical conditions as the
1%t anodization. 10, 15, and 20 minutes resulted in 1, 1.5, and 2 pm thicknesses respectively [61].
As discussed in Chapter 2, the thinner the cantilever, the higher the thermomechanical sensitivity.
2 um thick cantilevers were used in this research as thinner cantilevers would break during the
fabrication process. Four cantilever chips of 1 um and four of 1.5 um thickness were attempted to
be fabricated but broke during fabrication. 2 um thick cantilevers were the thinnest cantilevers to
increase flexibility that would have the robustness to not break during fabrication. Anodization
voltage of 40 V resulted in a pore to pore distance of 100 nm. Higher voltage anodization process
increases the pore-to-pore distance [75]. The anodization voltage of 40 V, creating 100 nm pore to
pore distances, was chosen as it is an established protocol that has been done in PCDS AAO

cantilever studies before [50] [61] [65] [66] [67] [68].

3.1.2 Pore widening
After 2" anodization, the nanowells were fabricated. Tuning of the nanowell diameter was done
through a pore widening process using a 0.1 M phosphoric acid solution at room temperature. This
solution etched the AAO at a slower rate than the previous AAO etching process. This slower etch
rate allowed for more controlled etching. This process was designed to etch the walls of the
nanowells rather than removing the bulk AAO structure. Pores started at approximately 35 nm and

were widened to 40, 50, and 75 nm in 30, 50, and 95 minute intervals respectively (Figure 3.2).
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Figure 0.2: AAO nanowells at various stages of pore widening. Top left, top right, bottom left, and

bottom right show 30, 45, 50, and 75 nm pore diameter respectively.

Pore widening enhances the cantilever’s sensitivity due to increasing flexibility and surface area.
However, there is a limit that is determined by the pore-to-pore distance. At 100 nm pore to pore
distance, widening pores past 75 nm at this pore-to-pore condition impacted the cantilever’s
structural integrity. Eight cantilevers were tested with pore widening times of 100 and 105 minutes.

These times were expected to create pore widths of approximately 80 and 85 nm respectively. All
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eight had their cantilevers broken during the fabrication process. It was believed that at 100 nm
pore to pore distance, 75 nm pore diameter is approximately the highest porosity while maintaining
the structural integrity to form a cantilever shape. The widest pore diameter of 75 nm was used in
this research to maximize flexibility. Higher porosity has also been shown to increase the
plasmonic enhancement effect. At a pore to pore distance of 450 nm, L. Zhou et al showed over
50% absorption increase in the range of 930-1930 cm™ when increasing plasmonic coated AAO

pore diameter from 300 to 365 nm [62].

3.1.3 Patterning cantilevers

Once the AAO structure was created on the bulk aluminum substrate, the cantilever shape was
patterned. To do this, a temporary 500 nm aluminum transfer layer (TL) was sputtered using a
Kurt J. Lesker CMS-18 Sputterer onto the pores to create an even surface for photolithography. A
photomask was designed and fabricated using chrome on a glass substrate. The shadow mask
design was fabricated by University of Alberta’s Nanofab. The cantilever width was set to 90 um
as it matched previously studied cantilever widths [61] [68]. The cantilever length ranged from
200 to 550 um. A variety of lengths were chosen as increasing cantilever length was shown to
increase thermomechanical sensitivity (Figure 2.4). However, at too great a length, it was expected
the cantilever would not be able to support itself and would break. Five cantilever chips were
fabricated. Four of these chips had their 550 um long cantilever broken during the fabrication
process. The next longest cantilever, 500 um long, was used in testing as it possessed the highest
thermomechanical sensitivity while also being robust enough to support itself.

Photoresist (PR) HPR504 was spin coated using a WS-650-23 spinner from Laurell Technologies

Corp. The PR was dropped onto the aluminum TL and spun at 3000 rpm spread speed then baked
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at 110°C for 90 seconds. HPR504 was used as the PR as it is an industry standard positive PR that
has relatively insensitive processing characteristics. Meaning, if development steps are done
slightly off their target values, it will have little effect on the quality of the finished product. The
PR then got patterned by a Karl Suss MA/BA6 mask aligner. The mark aligner shined 365 and 405
nm collimated UV radiation for 4 seconds with a mask gap of 20 um. There is a mask gap to
protect the mask from being contaminated with PR, which increases the life of the mask and
decreases manufacturing cost. HPR504 being a “positive” PR means UV radiation destroys the
cross links formed during the baking process. This allows the exposed area to be washed away by
the PR developer. Once the PR was patterned into the cantilever shape, the uncoated aluminum
TL was etched away by a phosphoric acid, nitric acid, acetic acid, and DI water solution in a ratio
of 10:1:1:2 at room temperature. This exposed the AAO that was not part of the cantilever chip.

This AAO was then etched using a 0.5 M phosphoric acid solution at room temperature.

3.1.4 Cantilever releasing
The AAO cantilevers still coated in aluminum TL and PR were then released in an electropolishing
process using the same conditions as the initial smoothing process for one hour. This solution was
not stirred as the released cantilevers were fragile and the circulating fluid may have broken them.
This etched underneath the cantilevers allowing them to release from the aluminum substrate and
hang freely. The bulk aluminum behind the released cantilevers was removed to coat the bimetallic
gold layer. To do this, the cantilever chip was repositioned so that the cantilevers were submerged
by the chip was not. This selectively etched the backside substrate but no longer etched the chip.
This was to ensure the overhang was minimized. Overhang refers to the distance between the start

of the cantilever shape and where the AAO meets the supporting aluminum substrate (Figure 3.3).
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Manual manipulation was required to remove remaining bulk aluminum beneath the cantilevers
that would block the coating of the bimetallic layer. This aluminum layer was bent away from the
cantilevers using tweezers. The final steps were to dip the cantilever chip in acetone to remove the
remaining PR, and etch the TL using the same aluminum etchant as described above. These
processes are not stirred to ensure the cantilevers are not broken. Five such cantilever chips were

successfully released.

spot| WD ‘mag EE‘ HFW pressure

ETD|15.00kV[ 3.0 189 mm| 50x |2.98 mm|1.85e-3 Pa

Figure 0.3: Released cantilevers with width of 90 um, overhang of 100 um, thickness of 2 um, and
lengths ranging from 200 — 550 um. Overhang is the distance from where the cantilever shape
meets the AAO chip to the dark line where the underneath aluminum is in contact with the AAO

chip.

Figure 3.3 shows one of the five successfully fabricated cantilever chips. The other four had the
longest cantilever (550 um) broken during fabrication. The 500 pm long cantilever was taken as

the cantilever to have the highest thermomechanical sensitivity while also being rigid enough to
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be practical to fabricate. Therefore, the cantilever tested in Chapter 4 is the second from the right
(500 um long). Between cantilever chips, the lengths and widths had dimension variations within
the measurement error of the SEM (2% error). The overhang was the critical dimension to control.
This dimension ranged from 80 — 120 um. D. Lee et al studied an AAO cantilever array with an
overhang of 1.2 mm [50]. There, the overhang was sufficiently large to become a resonator itself.
In this research, the <120 um overhang was assumed to be small enough to be approximated as
rigid. Where only the cantilever vibrated.

The cantilevers were then ready for bimetallic and plasmonic gold deposition which both used the
Lesker sputterer at a gold deposition rate of 50 nm/min. Measuring the second resonant frequency
(Figure 2.3: 23 kHz) of the released AAO cantilever allowed the calculation for the effective
Young’s modulus. The maximum length, maximum pore diameter, and minimum thickness that
were able to be fabricated were used. These being 500 um, 75 nm, and 2 pm, respectively. The
effective thermal conductivity (11 Wm/K) and thermal expansion (5x10°® K) were found from
their bulk values. These values were used in the bimetallic equation (Eq. 2.4) to determine an

optimum bimetallic layer thickness, Figure 3.4.
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Figure 0.4: Deflection to power ratio of fabricated AAO cantilever with respect to gold bimetallic
layer thickness.

The curve showed a thermomechanical sensitivity peak at a bimetallic gold layer thickness of 75
nm. This is the bimetallic gold layer thickness used going forward. The plasmonic layer was
analyzed experimentally. Chapter 4 outlines testing the plasmonic layer at different thicknesses to
determine the plasmonic thickness that resulted in the highest thermomechanical sensitivity.
Once the first successful chip out of the five were fabricated, the four subsequent chips were made
consecutively without failure. From this, the fabrication process appeared be reproducible.
However, a sample size of five is not sufficient to statistically determine the reproducibility.
Further research through mass production of these sensors is recommended as future work to
determine yield percent.

The final bimetallic cantilever was tested to estimate its stiffness value. The Sader method was

used to do this [76].

ksaager = A * Q * fR1.3 (31)
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Where ksager IS the Sader method estimated cantilever stiffness, A is a coefficient for a particular
cantilever geometry, fr is the measured cantilever resonant frequency, and Q is the resonant
frequency’s quality factor. This method calculated a stiffness for the AAO bimetallic cantilever
of 7.3 mN/m. A silicon cantilever sold by Micromotive Mikrotechnik that is used for
comparative testing in Chapter 4 had a reported stiffness of 23 mN/m.
Once the bimetallic AAO cantilever was fabricated, the optical lever technique was calibrated.
In Figure 3.5, the height of the laser spot (h) on the PSD and distance between the cantilever and

PSD (d), was used to calculate a reflected angle (6r).

PSD QCL

Red Laser

—

—=—

| )
Cantilever

Figure 0.5: Optical lever setup showing geometry, reflected angle, and change in reflected angle
when deflected. These values were used to determine a deflection value.

The reflected angle was found at ambient conditions and while being deflected by QCL
excitation. To calculate the angle difference between reflected angle when cantilever is deflected

and when cantilever is undeflected (46), the following equation was used.

h h .
7§ = tan =defiected _ o Tambient (3.2)
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Where hdefiected @Nd hambient are the height of the laser spot when the cantilever is being excited by
the QCL and under ambient conditions, respectively. Using trigonometry, the angle difference
between the undeflected and deflected cantilever (460) allowed a deflection value to be
approximated using Equation 3.3.

d = L *sin(Af) (3.3)

Where ¢ is deflection of the cantilever at the tip and L is the length of the cantilever. Deflection
was found under two QCL power levels. Figure 2.7 shows QCL power levels of 3.1 mW at
1785 cm™ and 2 mW at 1850 cm™. These power levels produced cantilever tip deflections of
1.1 um and 0.73 um, respectively. Using Equation 3.4, a theoretical point force applied at the tip

of the cantilever was calculated [77].

9 =—" (3.4)

ksader

Where F is the point force. Force values of 8.03 nN and 5.33 nN were approximated. By
dividing deflection by QCL power, deflection to power ratios of 3.5x10* m/W and 3.6x10™* m/W
were compared to Figure 3.4. Figure 3.4 shows the deflection to power ratio calculated using the
bimetallic equation, Equation 2.4. The 0.01 m/W value is two orders of magnitude larger than

the values found by optical lever calibration.

3.2 PCDS Setup

The bimetallic cantilevers are ready for testing and placed in a stage that is electronically controlled
in the X and Y directions. This stage was used along with a red laser and a plano-convex lens to
focus the laser beam onto the cantilever tip. The reflected laser was then aimed at the center of a

PSD to enable an optical lever readout. The signal from the PSD was sent to an amplifier circuit



47
that outputs the X-sum, Y-sum, X-diff, and Y-diff signals. X and Y sum refer to the PSD’s signal
that takes the sum of opposite end signals. While the “diff” signal refers to the difference between
opposing signals. The signal Y-diff was tested as well as the multi axis vibration signal as
calculated in Equation 2.8. Using the multi axis vibration equation produced similar data with
increased noise. Due to this, the uniaxial Y-axis signal was used for this research. An investigation
into the reason for the increased noise when using the multi axis method could be done as future
work. However, the scope of this research is limited to utilizing the uniaxial signal.

To obtain the resonant frequency, the Y-diff signal was normalized by the Y-sum signal. This was
to reduce the impact external light sources would have on the noise. The normalized signal was
input into a Labview program that used a fast Fourier transform (FFT). This converted the voltage
vs. time signal to an amplitude vs. frequency plot. The identified second resonant frequency was
used in the adsorbed mass calculations, Equation 2.1.

For IR spectroscopy, a LaserTune QCL was focused onto the cantilever using an off-axis gold
coated parabolic mirror. Gold was used on the off-axis mirror and other optics as it is a highly
reflective coating (~90% [60]). Each wavenumber incident on the cantilever elicits a vibrational
amplitude. The response of the cantilever by the IR source was picked up by the PSD. Here, the
PSD’s Y-diff signal was used. Normalizing by Y-sum was tested but produced a less consistent
signal. The amplitude of vibration when excited by the QCL made the probing laser vibrate slightly
past the borders of the PSD. This would make the Y-sum change depend on the deflection of the
cantilever. It was believed the inconsistency of the normalized signal was due to the changing
Y-sum value. Therefore, the unnormalize Y -diff signal was input into a SR850 lock-in amplifier.
The lock-in tracked and amplified the modulation frequency component of the PSD signal. The

lock-in amplifier used was calibrated at purchase by the manufacturer. A function generator
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controlled the modulation frequency by sending pulse information to the QCL. The function
generator signal included 20 Hz modulated packets of 183 kHz pulses with 5% duty cycle. The
QCL manufacturer specified that if the laser was turned on constantly, the components would
overheat. 183 kHz with 5% duty cycle pulses were used to make up the 20 Hz modulation packets
as to not burn out the QCL. The 183 kHz laser frequency did not influence the PSD signal. This
was due to the cantilever’s thermal time constant being too slow (~20 Hz) to respond thermally to
the 183 kHz frequency. The result was a 20 Hz heating and cooling cycle of the microcantilever.
The lock-in amplifier filtered all other frequencies in the PSD signal, monitoring the amplitude of
the 20 Hz modulation of the Y-diff signal. The lock-in signal was collected by a data acquisition
(DAQ) module and sent to a Labview program that triggered the QCL. The QCL was triggered to
sweep the desired wavelength range. The modulation amplitudes at each wavelength were
collected and plotted as a spectrum. This setup allowed for multi-modal analysis that provided
quantitative measurements of adsorbed mass and wavenumber vibration amplitude. Mass
normalized spectra were formulated from this. Figures 3.6 and 3.7 include a schematic and a

photograph of the point sensing setup.
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Figure 0.6: Schematic of point sensing PCDS setup. Readouts display frequency response function

showing resonant frequency of the cantilever and the nanomechanical IR spectrum.

Figure 0.7: Photograph of point sensing PCDS setup. Optical lever technique and QCL laser paths

are drawn in.
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Slight modification was done to the setup for taking standoff spectroscopy readings. Instead of the
QCL being focused directly onto the cantilever, the IR light was focused on an SRS 200 QCM
which acted as a target. The QCM’s frequency shifted as a function of deposited explosive
concentration allowing quantification of the target mass. The QCM used was coated with gold
making it suitable as a reflector for the IR light to either be absorbed by the target molecules or be
reflected off with few losses. The IR light reflected off the QCM hit another off-axis gold coated
parabolic mirror that focused the light onto the cantilever. The target was placed at a standoff
measurement distance of 15 cm. Figures 3.8 and 3.9 are a schematic and photograph of the standoff

spectroscopy setup.
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Figure 0.8: Schematic of standoff sensing PCDS setup. Readout displays IR spectrum of cantilever

and QCM reads out frequency shifts that correlates to deposited mass concentration.
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Figure 0.9: Photograph of standoff sensing PCDS setup. Optical lever technique and QCL laser

paths are drawn in.

Both setups were tested in dark but otherwise ambient conditions. The setup was enclosed in a
dark box removing external light sources. Inside the dark box, the cantilever was not protected
from settling dust. Deposited dust may have influenced the spectra or deposited mass
measurements outlined in Chapter 4. The temperature, humidity, and pressure were not tracked
but were assumed relatively constant at indoor conditions as the experiment took place in a
laboratory setting. Future work is recommended on testing this sensor’s response to sunlight,
artificial light, temperature changes, humidity changes, and pressure changes. A vacuum cell may
enhance standoff sensor performance as it would limit contaminants and reduce air caused

vibrational damping.

Considering the commercialization of this sensor, a cost analysis was done. The glassware,

temperature controllers, and other upfront costs for cantilever fabrication came to approximately
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$800. The consumed cantilever materials, use of cleanroom facilities, and utilization of MEMS
batch processing ability resulted in a cost per cantilever of $13.47. The majority of the cost came
from the experimental setup and processing equipment. The QCL IR source costs $25,000. The
optical lever technique components also had a high cost. Due to this, research on a cheaper readout
system such as a piezoresistive readout would be recommended for miniaturization and cost
reduction. The lock-in amplifier, function generator, and computer could be specifically designed
to product specifications to save space and cost. As stated before, the largest cost associated with
commercializing such a technology is the IR source. For a reference, IMS spectrometers used in
the “swab test” cost $10,000. Commercialization is far off, however increasing the spectroscopic
ability of the implemented IR sensor would expedite the progress. Advancement in the
photosensitive properties of an AAO microcantilever would maximize the utility of the chosen IR
source. The ability of the designed plasmonic AAO microcantilever for standoff sensing to achieve

this objective, is outlined in Chapter 4.
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Chapter 4: Results and Discussion

Prior to testing for optimum plasmonic thickness, differential spectra of three commonly measured
explosives were taken on bimetallic AAO cantilevers. PETN, TNT, and RDX spectra were taken
with measured cantilever resonant frequency shifts of 286, 393, and 438 Hz respectively. These
frequency shifts denoted respective adsorbed masses of 3.88, 5.18, and 6.48 pg. The measured
spectra peaks have comparable absorption peaks to FTIR spectra, Figure 4.1. Spectroscopic
absorption peaks appear for PETN at approximately 1270 and 1650 cm™. RDX peaks are at 1325
and 1580 cm™. TNT peaks match at approximately 1350 and 1530 cm™. It is notable that the
absorption peaks measured by the bimetallic AAO cantilever are consistently shifted to a slightly
higher wavenumber than in the FTIR spectrum. This could be calibration related, either from the
QCL or FTIR setup. Nonetheless, this shows proof of concept that the AAQ cantilevers fabricated
produce correct spectrum peaks from known compounds. Each of the five cantilever chips were
successfully tested on one of the three explosive compounds and compared against the FTIR
spectra. They each produced a spectrum that matched the FTIR peaks. This calibration was done

before the cantilevers were used in any novel tests.
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Figure 0.1: Shows differential absorption spectrum of PETN, RDX, and TNT from a bimetallic

AAO cantilever.

Every spectrum taken, began by scanning the baseline three times. Baseline tests were done with
no explosive molecules. Baseline spectrum amplitude were used to analyze plasmonic absorption
and cantilever thermomechanical sensitivity. To do explosive testing, the target molecules were
deposited onto the cantilever for point sensing and onto the QCM for standoff sensing. After
deposition, three more spectra were taken. Each one of the three baseline spectra got subtracted
from each of the three target spectra. This resulted in three differential spectra with the same
deposited mass. The three differential spectra allowed for plotting of an average differential
spectrum, as plotted in graphs. They were also used to quantify peak intensity at a wavenumber
and calculate a standard deviation to plot error bars. The deposition method for point sensing was
done by dropping a solution with dissolved explosive compounds onto the cantilever surface and
letting the solvent evaporate. Depositing onto the QCM used the same technique but was also

tested using a vapor generator. From the noise test in Chapter 2, each modulation frequency was
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tested by taking consecutive baseline scans for one hour. This serves as an indicator for drift. A
modulation frequency of 20 Hz produced no significant drift over one hour. Since every
spectroscopic test is done with a consecutive baseline, drift over a timeframe of longer than one
hour is not crucial to taking differential spectra.
The ideal plasmonic thickness was then investigated. To do this, the baseline spectra were taken
with no plasmonic layer then 17, 33, 50, and 67 nm plasmonic thickness. The baseline signal
intensities were compared. In the range of 930 — 1710 cm™ the amplitude decreased with added
plasmonic layer (Figure 4.2). This is believed to be due to the plasmonic layer counteracting the
bimetallic effect. The exception for this being an increase in amplitude going from 33 to 50 nm
plasmonic thickness (Figure 4.3). The increase in amplitude is believed to be a point of optimum
plasmonic absorption. It increased overall amplitude, despite the bimetallic cancelation effect.
Three cantilever chips were tested with varying plasmonic thicknesses. The same relationship
between baseline amplitude and plasmonic thickness was observed to be consistent for each of the

three chips.
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Figure 0.2: Baseline spectrum of bimetallic AAO cantilever with increasing plasmonic layer

thickness. Plasmonic enhancement occurs over the wavenumber range of 1710 — 1930 cm™ with

the optimum thickness being 17 nm.
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Figure 0.3: Baseline spectra of bimetallic AAO cantilever with increasing plasmonic layer
thickness and added bimetallic layer thickness. An increase in amplitude from 33 nm to 50 nm

plasmonic layer was seen. This also shows that the 67 nm plasmonic layer cantilever was benefitted

by increasing its bimetallic layer thickness to 125 nm.
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The concept of the plasmonic layer hindering the bimetallic effect is shown in Figure 4.3 between
the 67 nm (purple) line and the 125 nm bimetallic (brown) line. Both lines have 67 nm plasmonic
thickness, but the 125 nm bimetallic line was the spectrum taken after adding 50 nm of gold to the
bimetallic layer. By adding more bimetallic layer, the plasmonic hinderance of the bimetallic effect
was reduced while keeping the enhancement from the plasmonic effect. However, most
importantly, the 17 nm plasmonic cantilever showed an increase in the range of 1710 — 1930 cm™.
The peak in the 17 nm curve was a 3.7 times increase in signal at 1815 cm™ from the bimetallic
baseline.
To further investigate the plasmonic absorption of the 17 nm plasmonic AAO cantilever, an angle
dependency test was done. Figure 4.4 shows the effect IR incident angle has on the baseline

spectra.
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Figure 0.4: Baseline spectra when varying the incident angle, the IR light made with the
cantilever surface. A decrease in amplitude was seen. The spectrum shape and peak position

were unaffected.
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Figure 4.4 showed that the spectrum shape and peak position had little relation to the incident
angle. However, the amplitude decreased with increasing incident angle.
Along with taking baseline spectra at each plasmonic thickness, differential spectra using PETN
were collected (Figure 4.5). PETN as well as other commonly measured explosive compounds
RDX and TNT have low vapor pressures resulting in them adsorbing readily onto the cantilever
surface. For AAQ cantilevers without plasmonic layers, these compounds showed positive spectra.
Meaning, the adsorbed molecules absorb their characteristic IR wavelengths into vibrational
energy and transfer it to the cantilever as heat more efficiently than the cantilever transforms the
light into heat. The result of this difference in energy conversion efficiency is higher spectroscopic
amplitudes at the molecule’s characteristic wavelengths compared to the baseline. A novel
experiment was conducted by taking PETN spectra at various plasmonic thicknesses to illuminate
the relationship between the two light-to-heat conversion efficiencies. The efficiency of the
plasmonic cantilever to transform IR light to heat compared to the efficiency of the target
chemicals to absorb and transform IR light into vibrational energy and subsequently cantilever

heat.
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Figure 0.5: Differential PETN mass normalized absorption spectra (left) and recorded peak
intensity at 1275 cm™ (right). As plasmonic layer is added, mass normalized peak intensity

decreased but always remained positive.

This test was done three times on the same cantilever allowing plotting of the error bars. Adsorbed
mass in this point sensing test was calculated using the shift in resonant frequency of the cantilever.
The cantilever started at a 2" mode resonant frequency of 23.488 kHz. For the 67 nm plasmonic
coating test in Figure 4.5, a frequency shift to 23.016 kHz was observed. A deposited mass of
7.234 pg was calculated using Equation 2.1. Figure 4.5 shows the mass normalized peak intensity
at 1275 cm™ decreased with increased plasmonic thickness. This agrees with the principle that
plasmonic absorption enhances IR absorption by the cantilever. The enhancement in absorption
brings the two light-to-heat efficiencies closer together. However, the fact that the peak sign always
stayed positive implies that the efficiency of the plasmonic absorption never exceeded the
efficiency of the molecule’s ability to transfer energy to the cantilever. The plasmonic effect works
contrary to detection of molecules adsorbed onto the cantilever surface. Due to this, the plasmonic

AAO cantilever was utilized for standoff detection.
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For standoff detection, the target molecules on the QCM absorb their characteristic wavelengths,
removing those wavelengths from the light that is reflected towards the cantilever. This produces
negative spectrum peaks. The enhanced absorption of the plasmonic layer enables deepening of
the negative spectrum peaks, enhancing sensitivity [68]. For these tests | used the explosive
compound TNT because it has a characteristic peak in the plasmonic enhanced range at 1830 cm™.
Standoff TNT spectra were taken with a bimetallic silicon cantilever, a bimetallic AAO cantilever
before coating a plasmonic layer, and then again on the same cantilever after coating 17 nm of
plasmonic layer. The silicon cantilever was purchased from Micro Motive with dimensions 1 pum
thickness, 90 pum width, 500 um length. Using the same bimetallic equation (Egn 2.4), an
thermomechanical efficient gold thickness of 300 nm was coated onto the bottom of the silicon
cantilevers. Silicon cantilevers are commonly used as a benchmark for cantilever comparison tests
[50]. These cantilevers were also tested outside the plasmonic enhanced range on wavenumbers
930 — 1710 cm™. These tests included PETN, RDX, and TNT (Figure 4.6). These tests further
showed that the plasmonic AAO cantilever only enhanced sensitivity in the small range of 1710 —
1930 cm™. Outside of this range, the bimetallic AAO cantilever had the greatest spectroscopic
response. Both AAO cantilevers consistently had higher baseline and peak amplitudes that the
silicon cantilever. This is believed to be due to the bimetallic silicon cantilever having lower
flexibility (23 mN/m) as compared to the bimetallic AAO cantilever (7.3 mN/m). All cantilevers
are compared under the same QCM surface concentration (PETN = 14.2 ug/cm? RDX = 8.61
ng/cm? and TNT = 11.8 pg/cm?). Each cantilever spectrum was tested three times and averaged

to plot the curve on the graph.



61

0 0
< < -404
> 504 >
= e
N N —80 i
O - R D)
3 100 3
£ 1501 PETN £ 1207 RDX
g 3
— 17 nm -160 - — 17 nm
<< -200- —— Bimetallic < —— Bimetallic
—— Silicon 200 —— Silicon
-250 - D
1000 1500 2000 1000 1500 2000
Wavenumber (cm™) Wavenumber (cm™)
0 a
—~ -20 1 0+
2 S
E  0- S
) ~ .20
S (D)
= o0 E
S 0. TNT 3 0. TNT
;E: — 17 nm E — 17 nm
-100 - —— Bimetallic < —— Bimetallic
—— Silicon —— Silicon
-120- -601
1000 1500 2000 1750 1800 1850 1900 1950
Wavenumber (cmt) Wavenumber (cm™)

Figure 0.6: Differential transmission spectra of PETN (top left), RDX (top right), and TNT (bottom
left and right) from a silicon cantilever, a bimetallic AAO, and an AAO cantilever with a 17 nm
plasmonic layer. It is seen that the bimetallic AAO cantilever has the deepest peaks outside of the
1710 -1930 cm™range. On TNT between 1750 — 1930 cm™* (bottom right) an improvement factor
on peak intensity of 10 and 7 from the silicon and bimetallic AAO cantilevers, respectively, were

seen.

Comparing the TNT peak intensity in the range of 1710 — 1930 cm™, the 17 nm plasmonic AAO

cantilever shows peak depth increases of 10 and 7 compared to the silicon and bimetallic AAO
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cantilevers respectively (Figure 4.6, bottom right). Figure 4.7 shows the baseline and TNT spectra
used to create the Figure 4.6 bottom right graph. It shows an amplification of baseline and TNT

spectra amplitudes of approximately two times (~90 mV to ~180 mV) by adding the plasmonic

layer to the bimetallic AAO cantilever.
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Figure 0.7: Baseline compared to TNT spectrum for bimetallic AAO (left) and the 17 nm

plasmonic AAO (right). This shows the amplitude increased from 90 mV to 180 mV (a factor of
two) by adding the plasmonic layer.

Testing TNT at varying concentrations shows a predictable increase in the depth of the
characteristic peaks. Figure 4.8 shows the differential spectrum from four TNT tests with varying

QCM surface concentrations. Resonant frequency shifts of the QCM that referred to 1.52 pg/cm?,

2.77 png/em?, 3.52 pg/cm?, and 4.10 pg/cm? were 86 Hz, 157 Hz, 199 Hz, and 232 Hz, respectively.
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Figure 0.8: Differential transmission spectra of TNT from an AAO cantilever with 17 nm
plasmonic layer at various surface concentrations. As the surface concentration increased, the

spectrum peak intensities increased.

This relationship between surface concentration and peak intensity solidifies the idea that
deposited compounds on the QCM absorb their characteristic wavelengths on the target, not
allowing them to reach the cantilever. These TNT tests were done by one cantilever three times at
each surface concentration and averaged together.

LOD measurements were done on the plasmonic AAO cantilever within the enhanced range of
1750 — 1930 cm (Figure 4.9). The LOD was calculated assuming a minimum SNR of three. Tests
were done by drop casting TNT onto the QCM surface. Resonant frequency shifts of the QCM
that referred to 12 pg/cm?, 16 pg/cm?, 21 pg/cm?, and 26 ug/cm? were 679 Hz, 906 Hz, 1189 Hz,
and 1472 Hz, respectively. This is done by placing a drop of TNT dissolved in acetonitrile and
letting the solvent evaporate. Using this protocol, the noise was found to be 1.484 mV with a LOD

of 66.77 ng/cm?. The TNT spectra that produced the LOD data is included in Figure 4.9.
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Figure 0.9: TNT spectra of plasmonic AAO cantilever at varying surface concentrations using
drop casting (left). Transmission peak amplitude vs. surface concentration data that allows

calculation of LOD (right). Noise equals 1.484 mV and LOD is 66.77 ng/cm?.

Drop casting resulted in uneven distribution of the TNT onto the QCM surface. This could be
seen visibly, as a residue deposited in evaporation rings. The QCM equation (Egn 2.9) used to
calculate deposited mass, assumes an even coating of molecules onto the surface. Drop casting
TNT resulted in an uneven coating, putting into question the accuracy of the deposited surface
concentration values. A second method of depositing molecules onto the QCM surface was used
to increase accuracy of the surface concentration reading. A vapor generator that contained
quartz wool was heated to 80°C and the TNT solution was deposited onto the wool. The QCM
was put over the top opening of the vapor generator and dry air was blown past the quartz wool
and past the QCM surface. The heated explosive molecules were assumed to be picked up by the
dry air and blown past the QCM. Since the explosives have low vapor pressure, as they cool
down when exiting the vapor generator, the explosive compounds were expected to adsorb to the

QCM surface. The resulting QCM coating was visibly more even than when drop cast. This



65
method of coating was then used to plot a similar peak intensity vs surface concentration graph

to compare the two methods (Figure 4.10).
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Figure 0.10: TNT transmission peak amplitude vs surface concentration using a vapor generator

to coat the QCM. Noise equals 1.846 mV and LOD was calculated to be 63.42 ng/cm?.

Figure 4.10 shows a noise level of 1.846 mV and LOD of 63.42 ng/cm?. The LOD was
comparable to the LOD of the drop cast method (66.77 ng/cm?). However, the surface
concentration values drastically changed. Resonant frequency shifts of the QCM that referred to
0.28 pg/cm?, 0.46 pug/cm?, 0.53 pg/ecm?, and 0.64 pg/cm? were 16 Hz, 26 Hz, 30 Hz, and 36 Hz,
respectively. During testing the vapor generator deposition method, a uniform coating was
visible. This method was believed to be superior for determining surface concentration and

therefore LOD for standoff PCDS sensing.
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Chapter 5: Conclusions and Future Work

It was concluded that the AAQO cantilevers fabricated without a plasmonic layer match with known
FTIR spectra. It has been shown that adding a plasmonic layer enhanced the PCDS amplitude in a
range from 1710 — 1930 cm™. Outside of that, in the range of 930 — 1710 cm’?, the signal decreases.
This was believed to be due to the bimetallic thickness equations being calculated for only two
layers. By adding a third plasmonic layer, the bimetallic effect was dampened due to the layer
deviating from the bimetallic equation assumptions. The exception for this was seen when going
from 33 — 50 nm plasmonic layer. An increase in amplitude over the entire scanned range (930 —
1930 cm™) was observed. This was evidence that plasmonic absorption got stronger at 50 nm.
However, the 50 nm plasmonic cantilever still preformed worse than the bimetallic AAO and 17
nm plasmonic AAO due to the bimetallic effect dampening. A novel investigation into the
competing light-to-heat efficiencies of the adsorbed molecules and plasmonic absorption was
conducted. Testing PETN spectra at various plasmonic thicknesses revealed that the plasmonic
effect was not strong enough to make the differential spectra have negative peaks. This implied
that the plasmonic absorption efficiency never surpassed the efficiency of the adsorbed molecules
to transfer EM energy into cantilever heat.
The objective to design a standoff spectroscopy sensor with enhanced photosensitive properties
was achieved. Standoff spectroscopy tests showed the bimetallic cantilever had the largest baseline
amplitude over the range of 930 — 1710 cm™. However, the 17 nm plasmonic AAO cantilever had
the highest baseline signal in the range of 1710 — 1930 cm™. The improved baseline resulted in an
improvement of 7 and 10-fold on the characteristic peak depth in the plasmonic enhanced range
when comparing the 17 nm plasmonic layer to the bimetallic AAO and silicon cantilevers,

respectively. This was seen, in part through the increase from 90 mV to 180 mV in baseline
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amplitude when comparing bimetallic AAO to a 17 nm plasmonic thickness AAO cantilever. It
was also shown that as target surface concentration measured by the QCM increased, the TNT
spectrum’s characteristic peaks become more negative for both drop casting and vapor depositing
methods. The vapor depositing method appeared to provide a more reliable QCM surface
concentration reading as the residue was visibly more evenly coated as compared to the drop
casting residue. The LOD of the plasmonic cantilever sensor in the enhanced range was found to
be 63.42 ng/cm? when measured using the vapor deposition method. This limit of detection was
comparable to the values in Table 1.1 (22.86 ng/cm?, 100 ng/cm?, and 160 ng/cm?). However,
since the tests were done at a low standoff distance (15 cm) and in a dark environment, more work
is required. The goal that was achieved here, was to show that an advancement on the
photosensitive properties of bimetallic AAO cantilevers used for standoff spectroscopy can be
made by coating a plasmonic layer onto the nanopores.

Preliminary work on this research was combined with D. Lee’s work and presented as a poster
presentation in NMC 2019 in Seoul, South Korea. A presentation in summary of this work was
presented at the University of Calgary Graduate Student Conference in April 2019. The results
were presented in a poster presentation at the Alberta Nanotechnology Research Symposium in
May 2019. A manuscript is currently being written to publish the plasmonic AAO cantilever
standoff spectroscopy results.

Recommended future work would involve finding out analytically and experimentally the
optimum bimetallic layer in combination with the optimum plasmonic layer. A trimetallic equation
could be used to determine the optimum bimetallic layer given a known optimum plasmonic
thickness. This could be compared to the experimental findings from coating various bimetallic

thicknesses onto an AAO cantilever that has the optimum plasmonic thickness coated.
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More recommended future work could be done on AAO cantilevers with a larger pore-to-pore
distance. Larger inter-pore distances would allow for larger nanowell diameters. This may, when
coated with gold, have further enhanced plasmonic effects. Increased standoff measurement
distance, lower explosive concentration, mixed explosive tests, specular vs diffuse reflection tests,
and ambient condition tests are all recommended. Testing the manufacturability of plasmonic
AAO cantilevers could be done. Mass producing AAO cantilevers could statistically determine

yield percent.
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2. Make sure you add links and cite underlying data sources. For
example, if you are redrawing a chart from Our World in Data for
which we cite an external data source, then you should cite both
Our World in Data and this underlying source.

3. If you can, send us a quick note telling us where you used our
work. It is encouraging to hear our work is helpful and we can learn
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4. In online publications embed interactive charts when
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embedded chart won'’t break — all our links are stable.

If I link to Our World in Data will the link break?
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How to make static visualizations for your text or presentation?

The normal case — save as an image: It is straightforward to make static
versions of Our World In Data visualizations in web articles, text documents or
presentations. Just click on 'PNG' below the chart and the static version of the
chart is shown in a new tab of your browser. You can then right-click on the
chart and chose 'Save image as' to save it on your computer. Try it out on the
map below.

In case you need to edit the chart further: Click on SVG and the chart will
open as a Scalable Vector Graphic (.svg) file in a new tab in your browser.
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have a vector graphic of the chart that you can then edit in Inkscape (free),
Adobe lllustrator or similar software.

For a step-by-step explanation with examples, see here.
How to embed interactive charts in your article?

You can use any of the interactive visualizations from Our World In Data in
your articles.
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Here are three recent examples of articles that embed OWID visualizations:

— Politifact using OurWorldIinData in fact checking claims about global poverty.

— The Brazilian website o futuro das coisas in an article about the future of
global education.

— Vox.com in an article on the decline of global malaria deaths on World
Malaria Day.
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All you have to do to embed it in your article:

At the bottom of the chart you click on the little share symbol (one dot that
connects to two dots) and then you can chose the </>Embed option and you
will see a box popping up (try it!) with the following bit of text:

<iframe src="https://ourworldindata.org/grapher/children-per-woman-UN"
width="100%" height="600px"></iframe>

Now you just take this bit of html code and place it in the text of your own
article.

An iframe is used to display a website within another website

(w3schools has more info on iframes.) Similar to when you embed a YouTube
video in your article, your article now embeds an Our World In Data
visualization.

Change the map focus or change the year:

We try to make the embed tool as useful as possible: For example, you can
focus on Africa instead of World in the map above; and you can move the time
slider to 2015 (you will get this). Now when you click on </> Embed you get
the following bit of code:

<iframe src="https://ourworldindata.org/grapher/children-per-woman-
UN?region=Africa&year=2015" width="100%" height="600px"></iframe>

If you copy-paste this code your article will embed the map with a focus on
Africa and the fertility rate for 2015.

And the same works for the chart view. Just switch to Chart in

the visualization above and add the countries that you are interested in —

like this. When you click on </> Embed you can now get the code to embed
this line chart. And if you want to select different countries that are shown in
your embedded chart then just chose the option '+ Add Country' at the bottom
of the chart and will have these countries shown in your chart.
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