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An Investigation Into the Effects of Ozone on a Nanoplasmonic Gas Sensor
Damien Pierce

Insplorion AB and The Department of Physics

Chalmers University of Technology

Abstract

Gas sensing is critical to the continued good health and well-being of humankind.
The sensing of NOy and Ogj are of particular importance, due to their negative
effects on the respiratory system. Nanoplasmonic sensing is a relatively unexplored
method that shows significant potential in gas detection. The nanoplasmonic sensor
in this study has already been successful in detecting NOs. However, its behaviour
when exposed to O3z has yet to be investigated. Using an experimental approach,
it was found that the optimum temperature for O3 sensing was 300°C, and 200°C
for NO, sensing. The detection of 1 ppm NO, was possible with a constant 20 ppb
O3 background, for 2 hour long exposure times. The sensor response to O3z showed
rapid kinetics, with peak shifts of up to 2 nm, compared to 0.4 nm for NO,, at the
same concentration of 100 ppb. This thesis presents a starting point for a further
study of nanoplasmonic sensor behaviour in the presence of these two harmful gases.
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Introduction

In Richard Feynman’s 1959 lecture "There’s Plenty of Room at the Bottom: An
Invitation to Enter a New Field of Physics", the novel concept of nanophysics was
introduced [1]. The properties of materials are vastly different at the nanoscale,
creating opportunities for the development of useful applications [1]. In fact, the
first use of nanoplasmonic effects can be traced back to the Bronze age, to create
different colours in pottery when viewed at different angles [2].

The same properties of interest to the ancient civilizations can be used today in
advanced sensing applications [3]. When incident light couples with the conduc-
tion electrons in metallic nanoparticles, causing oscillations, the oscillations exhibit
resonance between certain wavelengths of light [3]. This creates pronounced observ-
able effects in the extinction of the light by the nanoparticles, due to the higher
adsorption/scattering efficiencies at the resonant wavelength [3]. Localised surface
plasmons resonances are sensitive to the dielectric medium around them [3]. This
creates the opportunity to employ metallic nanoparticles as precise, lightweight sen-
sors with a rapid response time [4].

Gas sensing is of particular importance, especially recently with the rise in green-
house gases [4]. Exposure to these gases leads to adverse health effects on the
population in polluted areas [5]. Gases of interest include among others, NOy and
O3 [5][6]. Being able to reliably detect these gases would provide accurate real-time
data of their concentration, improving the tracking of pollution levels [5].

Insplorion AB is currently developing a nanoplasmonic NO, sensor. This sensor is
composed of gold nano discs with a metal oxide thin film coating. However, the
effects of O3 on the sensor remain to be determined. Understanding the adsorption
and desorption characteristics of both O3 and NO,, as well as their effects when
combined, are of key importance. This thesis aims to explore these interactions
through experimentation.
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Theory

2.1 The Need for Gas Sensors

The increased emission of greenhouse gases creates a need for reliable and precise
sensing equipment [5]. Monitoring the increase of such gases is key to understanding
the evolution of climate change [5]. Additionally, it is vital to keep track of air
quality, to prevent any adverse health effects from spikes in pollution levels [5]. Of
particular interest here are, NOy and Oj [5][6]. Although O3 is not a greenhouse
gas, it is produced by reactions with greenhouse gases [6].

NO; is a toxic greenhouse gas, commonly regarded as the most harmful [5]. It has
the lowest threshold limit value (TLV) of any greenhouse gas of 3 ppm [5]. The TLV
is the concentration at which health is negatively impacted from continued exposure
[5]. NO; is also known to contribute to an increase in ground level Og, increasing
smog [5]. NOy is produced to some degree by all combustion in atmospheric condi-
tions [5]. It is corrosive and known to decrease immunity to respiratory diseases [5].
If it forms nitric acid, it can severely impact agricultural yields [5].

O3 is present at ground level through three different processes [6]. Natural transport
from the stratosphere, reactions from methane or biogenic organic volatiles with
NO,, and migration of O3 from polluting sources [6]. The background concentration
of O varies during the year, with a maximum in spring [6]. This might be due to the
increased solar radiation, acting on built up winter reserves of NO, and hydrocarbons
[6]. It is believed that the background Oz concentration in the late 19th century
was ~20 ppb [6]. In the last three decades, the background Oz concentration has
nearly doubled [6]. Tt is expected to exceed 40 ppb by 2040, negatively impacting
crop yields [6]. If 40 ppb is reached, cyclic variations would increase the likelihood
of exceeding the 80 ppb TLV [6].

O3 is highly reactive and has negative effects on health [7]. It degrades the respi-
ratory system, leading to conditions such as asthma and increased lung infections
[7]. Exposure to the gas will worsen pre-existing respiratory conditions [7]. It will
also degrade the cardiovascular system, increasing heart rate and diastolic pressure.
Long term exposure leads to the same detrimental health effect [7].
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2.2 Plasmonic Sensing

2.2.1 Bulk Optical Properties of Metals

To understand plasmonic sensing, it is essential to understand the electronic proper-
ties of metals. An approximation, known as the Drude model, can be used to explain
the interaction of metals with light [8]. This model assumes that the electrons do not
interact with each other [8]. It is assumed the atomic cores are positively charged
and do not affect the electrons, unless there is a collision [8]. This is known as the
free electron approximation [8]. The Drude model also assumes that electrons are
in thermal equilibrium [8].

Light is described by a plane wave (equation 2.1) [8].

(z,t) = goelF 1 (2.1)
27

With k£ being the wave number k = TN, N = /e = \/e. + i€;, € is the dielectric
function [8]. e¢ is the amplitude, z is the direction of propagation, w being the
frequency and ¢ is time [8].

The next step is to insert the equation for the wave number into equation 2.1 [8].
For optical frequencies, the electrons are highly affected and couple to the field of
the light [8]. We can solve an equation of motion to find the displacement of the
electrons (equation 2.2) [8].

d*x(t)
dt?
Where m, is the mass of an electron, ¢, is the vacuum permittivity and e the

elementary charge [8].

Me = —eege” ! (2.2)

The amplitude of the electron displacement can be solved using an ansatz inserted
into equation 2.3 [8]. z(t) = Ae~™" in this case, with A being the complex amplitude
[8]. The solution is shown in equation 2.3 [§].

€eco
A=

(2.3)

Mew?

With n being the conduction electron density, the polarization is P(t) = —nex(t)
[8]. The dielectric function can be described in terms of the dielectric displacement
field D = ege + P, € describes the electric field [8]. Which, if rearranged in terms
of € and the expression for polarization inserted into equation 2.3, gives a dielectric
function as shown in equation 2.4 [8].

2 2
e=1——o ] - <P (2.4)
€0Mew? w?
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w, is the plasma frequency [8]. When w < wp, the dielectric function is real and
negative [8]. In this case, it observes the same behaviour as a damped wave [8].
In fact, this means the metal reflects the light [8]. In the other case, the dielectric
function is real and positive and the metal transmits the light [8].

2.2.2 Localised Surface Plasmon Resonance (LSPR)

The coupling between the electric field of the incident light and the electron plasma
in the metal causes the electron to oscillate [9]. These plasma oscillations are prop-
agating quasiparticles, they are called plasmons [3]. Plasmons that propagate on a
surface are known as surface plasmons [3]. Localised surface plasmons (LSP) are
bound to a nanoparticle [3]. Due to energy and momentum conservation laws, the
creation of a surface plasmon can only be achieved with certain configurations [3].
This is not the case for plasmons confined to metallic nanoparticles, as they can be
excited by the light directly [3].

Metallic nanoparticles are of interest, as they show significant detectable effects
from the increased adsorption/scattering efficiency of the incident light, at certain
wavelengths [3]. This creates an extinction peak that is sensitive to changes in the
dielectric environment. This peak is created at the resonant frequency, which is
described in equation 2.5 [3].

wo

i (2.5)

Wy =

With e; being the dielectric function of the medium and wy, the resonant frequency

3].

The plasmon can be thought of as an oscillating dipole. Creating a very short range,
intense, electromagnetic dipole field around the nanoparticle [3]. This field is highly
sensitive to changes in the dielectric environment and can be used for sensing [3].
From equation 2.5, a red shift will occur if the dielectric constant of the surrounding
is increased [3]. The analyte screens the charges on the surface, causing a shift in
the extinction peak [3]. The extinction peak is also affected by the temperature of
the nanoparticles [3].

The sensitivity of the plasmon to changes is dependent on the ease of polarizability
[3]. The shape of the nanoparticle will determine the geometry of the generated
dipole field, which affects the sensitivity as well [3].

The sensitivity of a plasmonic sensor is the peak shift (0A) per refractive index unit
(RIU)(0n), shown in equation 2.6 [3]. A value known as the figure of merit (equation
2.7) additionally takes into account the broadness of the peak (FWHM) [3]. Peak
shifts are more visible for narrow peaks [3]. The sensitivity can also be expressed as
peak shift per concentration, rather than refractive index units [3].
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o\
2N
_ on
FOM = -0 (2.7)

The sensitivity of these sensors is improved by using a metal oxide thin film coating
[4][3]. In this case, the film interacts directly with the gases of interest [4].

2.3 WOj3; Properties and Sensing

2.3.1 Crystallographic Properties

WOg3; is an n-doped semiconductor [10]. It occurs in a monoclinic phase between
17°C and 350°C, below 17°C, the triclinic phase is stable [11]. Each W atom is
coordinated in a sixfold fashion to each of the oxygen atoms [10]. Oxygen vacancies
in the lattice affect the morphology and interact with adsorbing gases [4], adsorbed
oxygen species can also be a point of interaction [4].

Changes in resistivity are mediated by oxygen vacancies and surface adsorbed oxygen
species [12][4]. A change in resistivity will directly affect the dielectric function of
the film [10]. Which also changes the dielectric function around the nanoparticle,
causing a shift in the extinction peak [4].

At room temperature, or in an oxidising environment, oxygen adsorbates are present
at grain boundaries and on the surface of the film [13]. The adsorbed oxygens deplete
the conduction band of n-doping electrons, forming O~ O® O, [4]. This creates a
space charge region of one Debye length [14]. An oxidising gas can interact with the
adsorbed species or an oxygen vacancy [4]. The adsorbing gas oxidises the surface
[4]. This further increases the size of the space charge region, thus reducing the
amount of conduction electrons available and increasing the resistivity [4]. The
reverse occurs in a reducing atmosphere [15].

While this is true for any oxidising gases [4]. It is interesting to look at NOy and
Oz in more detail. This is covered in sections 2.3.3 and 2.3.4.

2.3.2 Vacancies and Oxygen Partial Pressure

The oxygen partial pressure and temperature of the system influence the amount
of oxygen vacancies on the WOj3 surface [12]. This is described by the reversible
equation 2.8 [12].

: 1
WO3 12 V' 4+ W03 + 5 02 (2.8)
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In the vacancy (V°), there are two free electrons present [12]. Through ionisation,
they can be excited into the conduction band [12]. The complete equilibrium can
be described by equation 2.9 [12].

. 1
WO3 ¢ V2 + W03 + 502+ 2¢ (2.9)

From observing equation 2.9, the oxygen partial pressure must influence the density
of oxygen vacancies, higher oxygen partial pressure shifts the equilibrium to the left.
Temperature is also a factor, since thermal energy is required to excite electrons into
the conduction band [12], the activation energy required can be derived from the
slope of an Arrhenius plot of resistivity and temperature (figure 2.1) [12].

A decrease in oxygen partial pressure also decreases the activation energy for the
ionisation of the donor species [12]. This decrease in activation energy can be ex-
plained by the presence of a defect band [12]. Increased vacancies lead to more
donor species present at the vacancy sites [12]. The orbitals of the donors start to
overlap, eventually forming a new band (the defect band) [12]. This decreases the
band gap [12]. A decreasing band gap means less activation energy is required to
excite an electron into the conduction band [12].

However, at a Oy partial pressure of 1 bar, above 200°C, oxygen adsorption leads
to a decrease in the amount of vacancies, this leads to a resistivity increase [12].
Other adsorbates are also of concern, for example H,O, which remains adsorbed, up
to ~150°C [12]. The Oy partial pressure during annealing is also important, if it is
too low, interstitial tungsten can be created, increasing activation energy [16].

Arrhenius plot

—— Resistivity with inverse temperature

plQcm]

1000/T

Figure 2.1: General shape of an Arrhenius plot of resistivity according to inverse
temperature, the gradient of the curve is the activation energy required.
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2.3.3 NO; Sensing on WO3

There are two adsorption pathways for NOy [10]. The first possibility is when the
central nitrogen interacts with an oxygen vacancy [10]. Density functional theory
(DFT) calculations show that in this case the adsorption energy is very small [10].
The molecule only remains weakly chemisorbed, with little charge transfer from
the surface to the NOg [10]. As the electronic configuration of the surface remains
nearly unchanged, the sensor would not be able to detect NO, adsorbing in this
configuration [10].

When one of the oxygen atoms in the NOy molecule (O,) interacts with an oxygen
vacancy, the molecule can be considered nearly dissociated [10]. The bond length
between O, and the nitrogen increases, while the other bond length (NO*) decreases
significantly [10]. The interaction of NO* with the surface creates a charge neutral
situation [10]. No change is detectable until the NO* reforms NO, [10].

The NO* remaining above the surface reforms NO, from interacting with an O,.
Once NOy is reformed, O, is left in the vacancy [10].

WO;_1 + V' 4+ NOy — WO3 + NO* (2.10)

1

/
7

. o
Q -@ = é =

Oxygen Vacancy

Figure 2.2: Graphical representation of NOy adsorption into an oxygen vacancy
present on the WO3 surface.

Equations 2.10, 2.11 describe the adsorption process [10]. A schematic of the process
in shown in figure 2.2

8
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Once the NO* reforms NO,, the vacancy is occupied [10]. The WOj surface loses
a conduction electron [10]. The space charge region increases [4]. The density of
state shifts towards the valence band, and the resistivity increases [10], changing the
dielectric medium around the nanoparticle. The adsorption with a surface oxygen
adsorbate species is the same as described above [10].

2.3.4 O3 Sensing on WOg3

The geometries for the interaction of O3 with a WO3 surface are similar to NOs,
and can be determined through DFT calculations [17].

If the position of the O3 molecule is initially horizontal, the central oxygen atom
will interact with the oxygen vacancy [17]. As this is such a weak interaction, it
only negligibly affects the resistivity [17].

For a vertical molecule, one of the side oxygens interact with the WOj3 surface, in
the same way as when the side oxygens of NOy interact with the WOj3 surface [17].
The adsorption pathway of O is summarised in equation 2.12 [17]. A schematic of
this process is summarised in figure 2.3

WO3_; + V' + 03 — WO3 + O, (2.12)

a . a /

o ® @ (o)
O-@-@-

Figure 2.3: Graphical representation of O3 adsorption into an oxygen vacancy
present on the WOj3 surface.

The highest sensitivity to O3 for WOj5 resistive sensors is achieved between 473K and
573K [16], with a maximum at 537K [15]. At a constant temperature, the coverage
of O3 on the surface increases with concentration [15]. This is to be expected, since
the dissociation of O3 is more exothermic than for NOy [10][17]. The maximum
temperature of the X1 reactor used in this study is 350°C. At this temperature,
the surface coverage of O3 would be approximately 0.1% when exposed to 100 ppb

9
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of Os [15]. If only synthetic air is present, the surface coverage from the possible
adsorbates is 107%% [15]. As temperature increases, O3 adsorption is preferred over
synthetic air species [15].

2.4 Production of the Nanoplasmonic Sensor

The sensor was produced using hole mask colloidal lithography (HCL). The process
is describe below:

o A poly(methyl methacrylate)(PMMA) layer is first spin coated onto a glass or
silicon substrate [18].

e In order to increase hydrophilicity, the PMMA is etched for a short time using
an Oy plasma [18]. A polyelectrolyte solution is subsequently pipetted onto
the surface to create an adhesive layer [18].

o A solution of charged polystyrene colloids is then introduced to the surface.
The colloids are repelled by each other, but are attracted to the surface, form-
ing an organised pattern [18].

o After a drying period, a thin film is deposited onto the structure [18]. This
thin film needs to be resistant to Oy plasma [18].

o The beads are removed using tape stripping, in this process, adhesive tape is
stuck to the surface and removed, thereby removing the beads [18].

o The removal of the beads exposes the PMMA in the areas where the beads
were [18]. Oy plasma is used once again to create wells through the PMMA
layer [18]. Other plasma’s such as CF, can also be used, if the wells need to
be extended into the substrate [18].

» Material can now be deposited into the wells [18]. For example, physical vapour
deposition (PVD). Different angles can be used to achieve certain nanoparticle
shapes [18].

A final step involves a lift off process performed in acetone to remove the wells
[18]. The finished product can then be diced, creating individual sensors.

The sensors used in this study sensors are composed of nanodiscs. They are far
enough apart to avoid any near field enhancements.

The metal oxide film can now be deposited on the nanoparticles using magnetron
sputtering. In the sputtering process, high energy electrons originating from an
Oy plasma bombard a target, causing the ejection of atoms which then deposit
themselves as a thin film on the target [19].

Secondary electrons are also generated that contribute to maintaining the plasma
[19]. A magnetic field concentrates a plasma on the substrate, improving the adhe-

10
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sion of the material onto the surface [19]. As a final step the sensors are annealed.

A schematic of the architecture of the sensor is shown in figure 2.4.

Au nanodiscs Metal oxide coating

Y
T

Glass substrate

Figure 2.4: Schematic of the sensor Architecture.

2.5 Sensor Behaviour

Theoretically Perfect Sensor Behaviour

840 4 N —— Peak position
—— Gas exposure
838
= 100% saturation
= 836
=
2
=
]
[=]
o
v 834 A
17
& Baseli
aseline
100% recovery
832 /
830 A
T T T T T T T T
200 205 210 215 220 225 230 235

Time [min]

Figure 2.5: Behaviour of a theoretically perfect sensor.

The behaviour of a theoretically perfect sensor is shown in figure 2.5. It resembles a
square wave. The initial peak position is called the baseline (830 nm in figure 2.5).
The plateau reached after gas exposure (at 840 nm in figure 2.5) indicates that the
sensor has reached saturation i.e the maximum change in peak position. The time
taken to reach 90% saturation (the tg0) is called the response time. The time taken

11
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to return to the baseline is the recovery time. In reality, the sensor will not always
return to the baseline, this is called drift.

The black line in figure 2.5 represents an exposure. An exposure is when the gas
of interest is present in the system. The same black line is used in the results to
separate out the exposures from the rest of the data. The combined exposure and
recovery is referred to as a cycle.

12
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Methods

3.1 Description of the Experimental Setup

Reactor with heat

Shielding —Il I Spectrometer
\ Halogen lamp

 — ]
Sensor
tra

Y Collector
Gas lines

Computer
MFC Temperature
Controller

Figure 3.1: Schematic of the Insplorion X1 reactor.

The experiments were performed using the Insplorion X1 reactor. A schematic of
the setup is shown in figure 3.1. A sensor is placed within the slot and inserted
into the reactor. A light source illuminates the sensor through an opening in the
chamber, the data is collected by a spectrometer. A proprietary algorithm extracts
the peak position from the spectrometer data. The flow of gas is controlled by mass
flow controllers (MFC), and the desired temperature of the setup is adjusted using
a temperature controller.

Before the experiment begins a piece of fused silica is placed in the reactor, a baseline
is recorded using the spectrometer. This is done to negate the effects of the glass
substrate on which the sensor is built.

13



3. Methods

The sensor is then inserted and a stabilisation performed. In this step, conducted
at 300°C, a mixture of Ny and Oy at atmospheric composition is injected into the
system, this mixture is known as synthetic air. This procedure is used to clean the
Sensor.

During a cycle, the gas of interest is introduced for a predetermined amount of
time, with the synthetic air used as a carrier gas. The flow rate of the synthetic
air is adjusted to match the flow rate of the gas of interest, to keep the flow rate
constant. During the second half of the cycle (recovery phase), 100% synthetic air
flows through the system.

The O3 was produced using a generator that takes in ambient air through a pump
connected to a flow meter. The flow is adjusted using a knob and a levitating ball
bearing scale. The O3 concentration is adjusted using a potentiometer, numbered
according to the concentration desired. The gas flows through a tube and is exposed
to a UV lamp, the power of which is adjusted by the potentiometer. The output is
then passed through a tube to the X1 reactor. A schematic is shown in figure 3.2.

Scale
Flow meter

uv |
Input to amp

0 generator
I Pump

Output to X1

Gas flow

O Ball bearing used as flow rate indicator

|

Ambient air

Adjustment knob

Figure 3.2: Schematic of the Ozone generator.

3.1.1 List of Experiments

1. A temperature sweep was conducted to determine how the sensor reacts to
different temperatures. This was achieved by exposing the sensor to 2 expo-
sures of 100 ppb NO,, for 2 hours each, in temperature steps of 20°C from
120°C to 320°C.

14
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. To investigate the response of the sensor to different concentrations of NOsy;
an NOy concentration sweep was performed. In this experiment, the sensor
was exposed to concentrations of 10,20,50,100 and 500 ppb of NO, in sets of
3 exposures of 2 hours each. The reactor was set to 250 °C throughout the
measurement.

. To achieve an understanding of the response of the sensor to different temper-
atures in an Oz environment; an O3 temperature sweep was performed. The
sensor was exposed in single exposures of 15 minutes, at a constant concen-
tration of 50 ppb Ogs, in temperature steps of 20°C, from 160°C to 320°C.

. To explore the behaviour of the sensor to different concentrations of Oz; an O3
concentration sweep was performed. With concentrations ranging from 30 to
100 ppb in steps of 10 ppb, with one 15 minutes exposure per concentration
step. The reactor temperature was 250°C.

. An experiment was performed to study whether NOy could be detected in a
20 ppb O3 background. The sensor was exposed to three 2-hour exposures of
1 ppm NOs. Followed by six 2-hour exposures with 20 ppb of O3 background.
The measurements were performed at a reactor temperature of 250°C.

. To investigate NO, sensing in a 40 ppb O3 background; the sensor was exposed
first to four, 2-hour exposures of 1 ppm NO,. After the introduction of a 40
ppb O3 background, four additional, 2 hour NOy exposures were conducted.
With the reactor temperature being 250°C throughout the whole experiment.

. The ability of the sensor to detect NO, with an 80 ppb Oz background was
investigated. The sensor was first exposed to 2 exposures of 1 ppm NO,, each
2 hours in duration. After which 80 ppb O3 was introduced as a constant
background, the sensor was then exposed to 1 ppm NO,, for 3 cycles. The O3
background was removed, the last 4 exposures were 2 hours in duration, at
1 ppm NO; concentration. This experiment was also performed at a reactor
temperature of 250 °C.

. Additionally, a further temperature sweep was performed from 160°C to 300°C
in steps of 20°C with both NOy at 100 ppb and O3 at 40 ppb. This appears
in Appendix C.

It is worth noting that discrepancies do appear between the temperatures stated
above and the ones presented in the data. This is due to the fact that the sample
temperature was selected for processing rather than the reactor temperature. This
was done in the interest of precision. The errors in any gathered data are reported
as one standard deviation.
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Results

4.1 Temperature & Concentration Sweep NO,

Temperature Sweep NO,

—— Peak position data
—— NO, exposure

842.5 A

842.0 A

841.5

317°C 295°C

841.0 -

840.5 A

840.0 -

Peak Position [nm]

839.5 A

839.0 ~
166°C

838.5 - 146°c

0 1000 2000 3000 4000 5000
Time [min]

125°c

Figure 4.1: NO, Temperature sweep in 20°C steps with each gas exposure denoted
as black lines, constant concentration of 100 ppb for each cycle.

The result of the NO,y temperature sweep appears in figure 4.1. A full comparison
between O3 and NO; is presented in section 4.3 for improved clarity.

At temperatures above 250°C, both exposures conducted at the same temperature,
reach a plateau, indicating they are closer to saturation. An increased peak shift
as temperature increases is also visible when comparing the exposures conducted at
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125°C and 317°C. In general, the gradient of the exposures steepens with tempera-
ture. Therefore, higher temperature improves kinetics.

Significant drift is observed as temperature increases. This effect is caused by the
fact that the baseline is different for each temperature step.

Concentration Sweep NO,

838.50 { —— Peak position data 500 ppb
—— NO, exposure
838.25
T 838.00 A
£ 100 ppb
§ 837.75-
@ 50 ppb
@]
(a8
(a8
10 ppb
837254 ———M ——
837.00 A
0 500 1000 1500 2000 2500 3000 3500
Time [min]

Figure 4.2: NO, Concentration sweep, 10-100 ppb, 10 ppb steps, 3 exposures of 2
hours each per concentration step, 250°C constant reactor temperature.

For the NOy concentration sweep in figure 4.2, the behaviour of the sensor for
the first 3 exposures, conducted with 10 ppb NO,, is particularly poor. The peak
position change is negligible and drowned out by noise. It is difficult to extract any
useful information. The low concentration of NOy and 250°C reactor temperature,
contribute to poor surface coverage of the target gas and high desorption probability,
respectively. Leading to a highly variable and noisy signal. However, for each
subsequent exposure in sets of 3 at 20,50,100 and 500 ppb NO, respectively, a
clear improvement is observed. The exposures are well defined, with the 500 ppb
measurements showing the most change in peak position of ~1.5 nm.
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4.2 Temperature & Concentration Sweep O3

The general observable trend in figure 4.3, is that at lower temperatures, the peak
shifts are lower in magnitude, but reach a plateau faster. With the exposure at 125
°C having plateaued out the fastest. The same drift from temperature changes seen
in figure 4.1 is apparent here. Small plateaus before each exposure appear, these
correspond to the new baseline at each temperature step.

From this it can be determined that, while higher temperature improves kinetics, it
does introduce instability. This can be seen in the variations in the plateaus of the
higher temperature exposures, these variations increase with temperature.

Temperature Sweep O3

— 313°c
—— Peak position data 291°c

—— O3 exposure

841.0 A

840.5 A

840.0 A

839.5 A

Peak Position [nm]

839.0 A

838.5 -

838.0 A

50 100 150 200 250 300 350
Time [min]

Figure 4.3: Temperature sweep for O3, in steps of 20°C, constant 50 ppb Oz con-
centration for each cycle, 15 minutes exposure per cycle. 250°C reactor temperature.

The O3 concentration sweep in figure 4.4, shows distinctly different behaviour com-
pared to the NOy concentration sweep (figure 4.2). Plateaus are reached within 15
minutes from observing the plot, indicating the exposures are close to saturation,
and therefore improved response time over NOy. Additionally, the peak shifts ob-
served are much greater in magnitude and more clearly defined, compared to similar
NO, concentrations.
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Concentration Sweep O3
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Figure 4.4: O3 Concentration sweep, 40-100 ppb, 10 ppb steps, 1 exposures of 15
minutes per concentration step, 250°C constant reactor temperature.

A clear trend is visible in an almost perfectly linear peak shift increase, between
the different concentrations, outweighing the slight drift observed. This slight drift
indicates that the sensor has not completely recovered before the new exposure
begins. This trend is apparent throughout this study, indicating that longer exposure
and recovery times were needed. Therefore further study would be needed to confirm
the findings of this work.

4.3 Comparison Between O3 and NO,

The comparison of the peak shift for the concentration range of 10 ppb to 100 ppb
for NOy and 40-100 pbb for O3 is shown in figure 4.5.

The data shown in figure 4.5, is the difference in peak position between the starting
and ending points of the measurements. An apparent linear trend can be seen for
NO,, despite the larger errors at the concentrations of 10 ppb and 20 ppb. For the
concentrations of 50 ppb and 100 ppb however, the data is consistent and barely
shows any error. It is worth noting the 500 ppb point has been removed in the
interest of scaling. The peak shift varies in a small range from less that 0.1 nm at
20 ppb to 0.4 nm at 100 ppb.
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In comparison, the O3 peak shift data shows a similar linear trend. However, the
peak shifts are much greater in magnitude, compared to the same concentration of
NO,, starting at 1 nm for 30 ppb of Ozone, up to nearly 2 nm for 100 ppb.

Peak shift Variation With Concentration
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Figure 4.5: Variation of peak shift with concentration, for the range 10-100 ppb
for NOy (left), and 40-100 ppb for O3 (right).

Peak shift Variation With Temperature
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Figure 4.6: Variation of peak shift with temperature, NO, at 100 ppb on the left,

O3 at 50 ppb on the right.

In figure 4.6, the data for NOy shows a maximum at 209°C with an additional
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maximum reached at 317°C. Noise is a contributing factor for the points at 295°C
and 317 °C, as well as the fact that this is outside the regular operating range of
the sensor.

With regards to the O3 data, a general increase is observed with the maximum likely
appearing at 291 °C. This data does confirm previous research showing that the best
temperature for Oz sensing is 300°C [15].

According to this data, the ideal operating temperature for NOy would be setting
the reactor temperature to 200°C. For O3, 300°C is the most suitable temperature.

4.4 NO; With 20 ppb O3 Background

1 ppm NO;, With 20 ppb O3 Background

836.0

835.5 A

1 ppm NO, + 20 ppb O,

835.0 A 1 ppmNO,

Peak Position [nm]
i *
3

834.5 A

834.0 - | LJ \J\,a —— Peak position data

—— NO; exposure

500 1000 1500 2000 2500
Time [min]

(@

Figure 4.7: 1 ppm NO, with 20 ppb O3 background, first 3 measurements exposed
to only 1 ppm NOs, last six exposures to 1 ppm NO, with a constant 20 ppb Ogs
background, reactor temperature of 250°C.

The data is presented in figure 4.7. 4 exposures with O3 were chosen in this case, to
investigate the consistency of the NO, detection in an O3 background over a longer
period of time. The 3 first NOy exposures qualitatively have reached sustained
plateaus, indicating near saturation. Once the O3 is introduced at a flow rate 0.5
L/min, a significant baseline increase is observed. This flow rate differs from the 1.5
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Peak Shift, O3 20 ppb With 1 ppm NO,
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Figure 4.8: Peak shift variation, 1 ppm NOy exposures, and 1 ppm NOy exposure
with a constant 20 ppb O3 background.

L/min used in the next two experiments. This was done to dilute O3 down to 20
ppb, the limiting factor was the flow rate of the MFCs. After the introduction of the
O3 background, the exposures with NO, are distinctly clear and show little drift. In
figure 4.8, the peak shifts for the NO5 exposures during the 20 ppb O3 background
are consistent at ~0.2 nm, compared to 0.6-0.8 nm for the exposures conducted
without Os. This sharp decrease when Oj is present is understandable as a large
number of sites are going to be occupied by Ogs, even at such low concentrations, due
to the significantly higher reactivity of O3. NO, does however occupy some sites,
since the NO, exposures are visible.
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4.5 NO; with 40 ppb O3 Background

In figure 4.9, drift is apparent in the NOy exposure after the Og is introduced. The
NOy exposures are less uniform in a 40 ppb O3 background than in a 20 ppb Oj
background. While the exposures are still distinct, they show erratic behaviour.

1 ppm NO; With40 ppb O3 Background

—— Peak position data
840.0 A
—— NO, exposure
839.5 A
€
C
.E. 1 ppm NO, + 40 ppb O,
=)
g 839.0 A 1 ppm NO,
v
© e —
(O]
o
838.5 A
838.0 A
0 500 1000 1500 2000 2500

Time [min]

Figure 4.9: 1 ppm NO, with 40 ppb O3 background, first 5 exposures conducted
under 1 ppm NO, concentration, last 4 exposures to 1 ppm NO, with a constant 40
ppb O3 background, reactor temperature of 250°C.

The 5 exposures at the beginning of the experiment are used to investigate how the
measurements conducted in an O3z background are affected by a greater number of
NO; cycles before the introduction of the background. The drift is most likely due
to the higher O3 background. A significant variation in the baseline is visible for
the first 5 NOy exposures, which is apparent in figure 4.10, this could be explained
by variations in the system.

The comparison of the NOy peak shifts, before and after the O3 background was
introduced is shown in figure 4.10. The variation in baseline and instability clearly
appear here in the exposures conducted with pure NOs. A general decrease is
observed for the NO, exposure conducted with the 40 ppb Os background. The
peak shifts in this case are erratic and vary between 0.2 nm and 0.4 nm. This could
be explained by the fact that the sensor has not completely recovered after exposure,
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reducing the amount of sites for the next exposure, leading to a decrease in peak
shift.

Peak Shift, O3 40 ppb With 1 ppm NO,
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Figure 4.10: Peak shift variation, 1 ppm NOy exposures, and 1 ppm NO, exposure
with a constant 40 ppb O3 background.

4.6 NO,; With 80 ppb O3 Background

In figure 4.11, the exposures conducted with 1 ppm NOs have plateaued out, in-
dicating they are close to saturation. This suggests that the sensor has recovered
from the O3 background. However, once the O3 is removed, the baseline is higher
for the final NOy measurements. Perhaps some sites are still occupied by Os, or
some O3 adsorbates remain in the subsurface, increasing the baseline. Another pos-
sibility is the sensor was not allocated enough time to completely recover from the
O3 background.

The NO, exposures performed with the 80 ppb Os background present, exhibit
different behaviours to those at 20 ppb and 40 ppb Ojs background. The drift
is more pronounced than in the corresponding 40 ppb Oz background exposures.
Furthermore, the exposures are much shallower and barely distinguishable from the
drift. The lack of recovery time could be used to explain this. An alternative
explanation is that the Os poisons the sensor, increasing the recovery time, as it
adsorbs to sites previously occupied by NO,.
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It is clear that due to the sensor’s high sensitivity to Oz, a solution would need to
be developed to shield the sensor, if NO, is the target gas.

1 ppm NO, With 80 ppb O3 Background
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Figure 4.11: 1 ppm NO, with 80 ppb O3 background, first two and last four cycles
exposed to only 1 ppm NOy, middle three exposures to 1 ppm NO, with a constant
80 ppb O3 background, reactor temperature of 250°C.

In the peak shift comparison plot (figure 4.12), the peak shift observed for measure-
ments with only 1 ppm NO, show a distinct decrease, both before and after the
O3 background is removed. This indicates that not enough time was allocated to
allow the sensor to recover completely from the NOy exposures. The same trend is
observed for the NOy exposures conducted with the 80 ppb O3 background. This
possibly confirms what was mentioned earlier about the lack of recovery time, and
O3 poisoning of the surface.
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Peak Shift, O3 80 ppb With 1 ppm NO,

[ ] [ NO>
0.6 1 e (OsandNO>
[}
[ J
0.5 1
— [ J
E [ J
= 0.4 .
Y
<
wn
v
©
Q 0.3+
[ ]
0.2 1
[ ]
0.1 A °
1 2 3 4 5 6 7 8 9

Peak number

Figure 4.12: Peak shift variation, 1 ppm NOy exposures, and 1 ppm NO, exposure
with a constant 80 ppb O3 background.

4.7 Comparison of Peak shifts for 1 ppm NO,
with 20,40 and 80 ppb O3 backgrounds

The averaged peak shift for 1 ppm NO, exposures with 20,40 and 80 ppb O3 back-
ground is shown in figure 4.13. The error increases for each O3 background step,
with lowest error apparent for the 20 ppb O3 background. While the averages only
vary between 0.15 nm for an 80 ppb O3 background and 0.25 nm for a 40 ppb O3
background. It is clear that O3 poisons the sensor and introduces instability.

From this data, and the data in figure 4.8, NOy exposures at 1 ppm can only be
reliably detected in a 20 ppb O3z background. However, if the recovery/exposure
time were longer, the detection of NO, in higher O3z backgrounds may be possible.

The start plot (left panel in figure 4.13), shows the peak position at the beginning
of the NOy exposures, when subjected to 20,40 and 80 ppb O3 backgrounds. Be-
tween 20 and 40 ppb, the start value does increase, this is expected, as increased
concentrations lead to higher peak shifts (from figure 4.4). A further increase of
0.3 nm, would be expected for 80 ppb as well, however, a decrease in the start is
observed instead, with the averaged start value being ~ 834.5 nm. This could be
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due to the NO, having an effect on the surface, but it is most likely caused by a too
short recovery time before the O3 background is introduced.

Peak Shift & Start Value Variation With O3 Concentration For 1 ppm NO,
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Figure 4.13: Peak shift variation for 20,40,80 ppb of O3 background with 1 ppm
NO; cycles.
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Conclusion

In conclusion, a suitable temperature of operation for NOy sensing is 200 °C, while O3
responds best at 300 °C. Increasing the reactor temperature does improve kinetics,
however, it leads to instability from the increased thermal energy in the system,
increasing the probability of desorption. A balance must therefore be found between
speed and accuracy.

At the temperature of 250°C, a clearly increasing trend of peak shift with concen-
tration is visible above 20 ppb NOs. A similar trend is apparent for O3, showing a
steeper gradient.

The sensor is highly responsive to Oz, with peak shifts at 100 ppb Oz of ~2 nm,
compared to ~0.4 nm for 100 ppb NO,. O3 exposures show faster kinetics compared
to NOg, with a plateau in the peak position plot reached after 15 minutes.

Up to 20 ppb of O3 background, the sensor can be effectively used to detect 1
ppm NO,, given a 2 hour exposure and 2 hour recovery time. For 40 ppb and 80
ppb of O3 background, instability in the behaviour of the sensor becomes apparent,
as well as drift. A sensor shielding solution would potentially be required. The
detecting of NOs may be possible above 20 ppb O3 background, if allowed a longer
exposure/recovery time.

If further study were to be conducted. A first step would be to recreate the experi-
ments performed in this study, with special attention to the sensor having achieved
complete saturation/recovery.

A mathematical way of predicting the saturation peak shift would be of interest,
a first attempt is presented in appendix B. Through this treatment, the extraction
of physical parameters such as a rate constant for the adsorption process could
potentially be determined.

Additionally, exploring the option of different coatings or conducting an experiment
with a constant NOy background and O3 exposures is another suggestion for further
work.
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Appendix 1

A.1 Details on Data Processing

An important step in the data processing was separating out the exposures. in-
stances when the gas of interest is injected into the system. In the computer pro-
gramme, whenever the flow rate of the gas of interest is present, the peak shift data
is isolated and stored in a separate file. Allowing the treatment of each exposure
individually. In figure A.1, the separated exposures are denoted in different colours.

Separation of Individual Exposure
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Figure A.1: Separation of each exposure, each colour represents a different mea-
surement instance
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A.2 Fitting equation

The response of the sensors can be fitted using a Langmuir isotherm [20]. In the
referenced research, equation A.1, is used to predict the response of resistive sensors.

C' = Cuoll = (1 = B)exp /™ —Bexp /™ (A.1)

Csoo is the dimensionless gas concentration on the surface of the WO3 film. This is
an analytical solution with details given in [20]. 71,7 correspond to the rate constant
from a probability that the species is adsorbed and contributions from bulk diffusion
of the gas into the subsurface of WO3 the film respectively [20]. Using this equation
was attempted, however through trial and error the following modified equation was
used (equation A.1)

The fitting equation A.2 was elaborated to explore whether the future behaviour of
the exposures can be predicted. This equation is only present in a mathematical
sense as any physical parameters cannot be conclusively determined to apply to the
nanoplasmonic system used here.

Ap = As + 0 X[l — (1 = B)exp /™ —Bexp™ /™ (A.2)

With A\, being the peak position at saturation. A, the wavelength at the begin-
ning of the exposure to gas and d\ the maximal peak shift. 7 and 7, are purely
mathematical parameters.
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Appendix 2

B.1 Convergence test: Predicting saturation

As a first step, it is useful to explore how quickly the function can be used to obtain
the final peak shift. This is presented in figure B.1. This peak is peak 7, from figure
4.11.
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Figure B.1: Convergence test, raw data and fitted function on the left, comparison
of difference between predicted peak shift and peak shift prediction with the given
amount of points on the right.

As can be seen, the curve has reached sustained saturation after approximately 25
minutes. The difference between the predicted peak shift and actual peak shift,
stabilises and varies little after 100 points, i.e 25 minutes. According to this basic
analysis, the fit can be trusted to fit well, however as it varies strongly before the
saturation, its reliability can be questioned.
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Appendix 3

C.1 O3 and NO; Temperature Sweep

NO> & O3 Temperature Sweep
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Figure C.1: NO, and O3 temperature sweep in steps of 20°, 1 ppm NO,, 40 ppb
O3 background.

A temperature sweep from 160°C to 280°C in steps of 20°C can be seen in figure
C.1. Compared to the separate temperature sweeps, all the peaks appear to be very
shallow. This can be explained by the fact that at high temperatures, despite the
fact that desorption affects both O3 and NOy, O3 is more present on the surface,
poisoning the sensor.
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Peakshift, O3 & NO, Temperature Variation
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Figure C.2: Comparison of fit parameters for different temperatures, NO, in con-
junction with 50 ppb O3 background.

The data in figure C.2 shows a general decrease. The curve follows a similar shape
to the one observed for NO,. However, the maximum appears at 185°C.
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