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Abstract

Ethylene (C2H4) is an important volatile organic compound (VOC) with applications in agriculture,
environmental monitoring, and industrial processes. In this work, graphene was investigated as
a material for gas sensing applications. To improve the selectivity of graphene toward ethylene,
the graphene surface was functionalized using nanoparticles. Graphene-based sensor devices were
successfully fabricated and subsequently characterized using Raman spectroscopy, Scanning Electron
Microscopy (SEM), and electrical measurements. The characterization results confirmed the successful
fabrication of graphene devices and demonstrated that the nanoparticle functionalization process
caused limited damage to the graphene. Gas sensing measurements further showed that both pristine
and nanoparticle-functionalized graphene devices were capable of detecting ethylene gas. However,
within the conditions investigated in this work, the selected nanoparticle functionalizations did not
result in an improvement in ethylene sensitivity compared to non-functionalized graphene. Future
work could focus on investigating alternative nanoparticle material or operating the sensors at elevated
temperatures.
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Introduction

Ethylene (C2H4) is a simple hydrocarbon gas that plays an important role in both natural and industrial
environments. In nature, ethylene functions as a plant hormone that regulates various physiological
processes, including fruit ripening and plant growth [1]. Because of these properties, monitoring
ethylene concentrations is highly relevant in agriculture, food storage, and environmental monitoring

[2].

Despite its importance, reliable ethylene sensing remains difficult [3]. Ethylene belongs to the group
of volatile organic compounds (VOCs), which are characterized by their high volatility and chemical
reactivity. VOCs are commonly present in mixtures of their group, making selective detection difficult
as they interfere with sensing [4]. Therefore, the development of sensitive and selective gas sensors for
VOC detection is an important research topic.

There are currently methods of selectively sensing ethylene such as using gas chromatography and
Raman spectroscopy. Although these techniques can provide accurate measurements, they require
bulky and expensive instrumentation in addition to their high power consumption [3]. These limitations
result in those methods being unpractical for fruit and plant monitoring.

In recent years, graphene-based gas sensors have attracted considerable attention because of graphene’s
exceptional electrical, mechanical, and chemical properties [5]. Graphene possesses a large surface-
to-volume ratio and high carrier mobility, which make it highly sensitive to adsorbed gas molecules
[6]. These characteristics provide significant potential for the development of low-power and highly
sensitive gas sensors operating at room temperature.

1.1. Motivation and Problem Formulation

Graphene-based gas sensors are considered promising candidates for next-generation sensing technolo-
gies. However, one of the main limitations of pristine graphene is its poor selectivity [7]. Since many
gas molecules interact with graphene similarly, distinguishing between different gases in a complex
environment remains difficult.

One approach to improve the sensing performance of graphene is functionalization with nanoparticles
[8]. Nanoparticles can modify the surface properties of graphene, introduce catalytic effects, and
enhance charge transfer between gas molecules and the sensing layer [9]. As a result, both the sensitivity
and selectivity of graphene sensors can be significantly improved [8]. However, the choice of suitable
nanoparticles and their influence on ethylene sensing are not yet fully understood.

Another challenge arises from the typically low concentration of ethylene in practical applications.
Ethylene is often present in the parts-per-million (ppm) or even parts-per-billion (ppb) range, requiring
sensors with extremely high sensitivity and low detection limits [2]. Developing a graphene-based sensor
capable of selectively detecting ethylene at such low concentrations therefore remains an important
scientific and technological challenge. This forms the central research question of this work. Can
functionalization of a graphene gas sensor with nanoparticles improve selectivity towards ethylene?

1
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1.2. Objectives
To determine if the functionalization of graphene with nanoparticles can improve selectivity the
following goals are presented:

e Search for suitable nanoparticles for the functionalization of graphene gas sensors.

¢ Fabricate and functionalize a graphene gas sensor.

® Characterize the graphene gas sensor.

¢ Determine the increase in selectivity of the functionalization.

1.3. Outline

This thesis is divided into four main parts. First, Chapter 2 introduces the theoretical background
relevant to graphene, nanoparticles, and gas sensing mechanisms. Second, Chapter 3 describes the
experimental methods and fabrication procedures used in this work. Third, Chapter 4 presents and
discusses the material characterization of the graphene and nanoparticle-functionalized samples. Finally,
Chapter 5 presents and analyses the gas sensing measurements, followed by a discussion of the results
and the overall conclusions in Chapter 6.



Literature Study

In this chapter, the background information relevant to this work is presented and discussed. It begins
with an overview of the properties and physics of graphene, including its various synthesis methods.
Next, gas sensors are introduced followed by how their performance are measured. This is followed by
a discussion of the sensing mechanisms of graphene-based gas sensors, with particular emphasis on
how nanoparticles (np’s) and their properties can enhance performance. Finally, ethylene is examined
and previous work on its detection is reviewed.

2.1. Graphene

Graphene is a two-dimensional material consisting only of carbon atoms arranged in a hexagonal lattice
as shown in Figure 2.1 [10]. Each carbon atom is bonded to three neighbouring carbon atoms within
the same plane. These bonds are formed through the overlap of three sp? hybridized orbitals, creating
covalent o-bonds that form the rigid honeycomb lattice [11]. The remaining p-orbital forms r-bonds
that extend above and below the graphene plane, producing a delocalized electron system responsible
for graphene’s excellent electrical conductivity [11].

When multiple graphene layers are stacked, they are held together by weak van der Waals forces, forming
materials such as graphite [10]. When graphene is only 1 layer it is called "Single Layer Graphene"(SLG)
at fewer than 10 layers it is "Few Layer Graphene"(FLG). At more than 10 layers it is called "Multi Layer
Graphene"(MLG) [13].

Graphene’s electronic structure features a zero band gap [11], making it behave as a semimetal. It
also exhibits very high electron mobility, reaching values up to 15000 % at room temperature which
results in it having a low intrinsic noise [5]. Because graphene is a two-dimensional material, it has an
extremely high surface-to-volume ratio, meaning all atoms are exposed at the surface [6]. Additionally,
graphene is mechanically and thermally very stable [14].

2.11. Synthesis methods

Several methods have been developed to produce graphene, each with its own advantages and limitations.
The most commonly used approaches include mechanical exfoliation, liquid phase exfoliation, and
chemical vapor deposition (CVD). These methods differ in terms of graphene quality and scalability [10,
11].

Mechanical Exfoliation

Mechanical exfoliation was the first method used to isolate graphene [5]. In this technique, adhesive
tape is used to peel layers from bulk graphite. By repeatedly peeling the material, the graphite flakes
become progressively thinner until single-layer graphene can be obtained. The resulting graphene
flakes are then transferred onto a substrate for characterization or device fabrication.

This method produces graphene with very high crystalline quality and extremely low defect density
compared to most other fabrication techniques [10]. As a result, mechanically exfoliated graphene is

3
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Figure 2.1: Graphene Lattice[12]

frequently used in academics. However, the major drawback of this method is that it is not scalable,
since the process produces only small flakes and cannot be easily controlled for large-scale production
[15]. Therefore, mechanical exfoliation is not suitable for commercial manufacturing.

Liquid Phase Exfoliation

Liquid phase exfoliation (LPE) is a scalable method for producing graphene by dispersing graphite in a
liquid solvent. In this technique, graphite is mixed with a solvent whose surface energy closely matches
that of graphene, which helps stabilize exfoliated graphene layers in suspension [16]. Mechanical energy,
typically applied through ultrasonification or shear mixing, separates the graphite into thinner flakes.

The number of graphene layers obtained depends on processing parameters and post-treatment steps
such as centrifugation [16]. Although LPE enables large-scale production of graphene dispersions,
the resulting flakes are usually smaller and contain more defects compared to mechanically exfoliated
graphene [17].

Chemical Vapor Deposition

Chemical vapor deposition (CVD) can be used for producing large-area graphene films. In this method,
a hydrocarbon gas such as methane is decomposed at high temperature in the presence of a catalytic
metal substrate, typically copper or nickel. Carbon atoms released from the gas then nucleate and grow
into a graphene layer on the metal surface [18].

CVD allows the synthesis of continuous graphene films over large areas, making it suitable for industrial
applications and electronic device fabrication. However, graphene grown on metal substrates often
needs to be transferred onto an insulating substrate before device integration, which can introduce
defects or contamination [18].

Transfer-free approaches have also been explored. For example, graphene can be grown on molybdenum
substrates where metal electrodes are attached before the molybdenum is chemically etched away,
leaving a functional device structure if the underlying layer is insulating [19]. A schematic overview can
be seen in Figure 2.2.
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a)

Figure 2.2: Schematic overview of the fabrication process: a) deposition and patterning of the Mo layer on Si substrate with SiO 2;
b) CVD deposition of graphene on Mo; c) wet etching of the Mo layer; d) deposition of Cr/Au electrodes using a lift-off process[19]

2.2. Gas Sensors

A gas sensor is used to transform a concentration of a gas (or gasses) into a response that can be
measured. For an effective gas sensor it is important that the sensor is only sensitive to the target gas,
which is defined as its selectivity. It is also necessary for the gas sensor to be sensitive enough that it can
detect a target gas at low concentrations. In addition, it is needed for the gas sensor to be able to measure
a change in concentrations quickly. Finally, the response of a gas sensor must be stable and repeatable.

Multiple gas sensors can also be used in an array and by combining their data it is possible to detect a
target gas when interfering gasses are present. With this method it is possible to use gas sensors with
poor selectivity if the sensors in the array have sufficient differing selectivities.

2.2.1. Graphene Gas Sensors

Graphene is considered a promising material for gas sensing applications due to its two-dimensional
structure. Because graphene consists of a single atomic layer, it has an extremely high surface-to-volume
ratio, meaning all atoms are exposed to the environment. As a result, interactions occurring at the
surface can significantly influence the electrical properties of the material [6].

Additionally, due to its high electron mobility graphene exhibits relatively low Johnson noise, 1/f
noise and high carrier mobility, allowing small changes in electrical resistance to be detected with high
sensitivity [11]. The m-electron system extending above and below the graphene lattice enables strong
interactions with adsorbed gas molecules. When gas molecules attach to the graphene surface by Van der
Waal forces (physisorbtion), they can either donate electrons to the graphene or withdraw electrons from
it. These gases are therefore commonly classified as electron-donating (reducing) or electron-accepting
(oxidizing) gasses [6, 20]. Such charge transfer processes alter the carrier concentration in graphene,
which can be detected as a measurable change in resistance.

2.2.2. Performance metrics
For this study the metrics that are used to define the performance of the devices are defined as followed.

Response

Response is defined as normalized difference between the resistance before gas turns on and when the
gas is turned off. The following equation describes it accurately.

RResponse — RBaseline _ AR

Response = (2.1)

Rapaseline Ro
Where Rgespone is the resistance after the gas has been turned on for some time and Rpgseiines is the
resistance in steady state when no reacting gas is present. The different resistances are visualized in
Figure 2.3.
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Figure 2.3: Reference response

The strength of the response is typically decreased with more cycles, since the device typically does not
recover fully or very slowly when no additional heat or UV is applied. To compare responses between
devices and measurements the first response is taken as a primary response since if the device would
recover completely that will be the response.

Recovery

The recovery starts after the sensor had a response from a gas and the sensed gas is no longer flown
onto the sample. The resistance will go towards the baseline resistance again. However, the recovery of
the sensor might not reach the baseline as some of the gas might stick to the sensor or there is no oxygen
to replenish the atoms lost [21]. The recovery is then defined as the percentage of how far the resistance
is returned to the baseline as can be seen in the following equation.

RResponse - RRecovery

Recovery = 22)

RResponse — Rpaseline
RRecovery is the resistance after some time the gas has been turned off and is visualized in Figure 2.3.

Sensitivity
Sensitivity is defined as the strength of the response compared to the concentration of the gas.

Responseg,s
Sensitivitygss = Sgas = :

; 2.3
Concentratzongas (2:3)

Selectivity

Selectivity is the difference sensitivity relative to the reaction of other gasses. Increasing selectivity to
one gas means that it will give a stronger response tot that one gas or a weaker response to other gasses.
This is defined in the following equation.

Sensetivitygasi

Selectivit - = 19
YGas1-Gas2 Sensetivitygass

2.4)

Where Gasl is the sensed gas and Gas2 the interfering gas.
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Response and recovery time
The response time is defined as the time for the signal to reach 90% of the response after the gas is
introduced.

The recovery time is defined as the time for the signal to reach 90% of the recovery after the gas is
removed.

Limit of detection

Limit of detection (LOD) is the lowest amount of concentration that the sensor is able to measure. This
is dependent on both the sensitivity of the sensor and how much noise it has. An estimation of the LOD
is the following formula [7].

30

LODGas = g
as

2.5)

Where o is the standard deviation of the changes in resistance while in a steady state and Sg,s is the
sensitivity of the sensor to a gas.

2.3. Sensing Mechanism

Graphene is considered a zero band-gap semimetal, however when exposed to ambient conditions it
typically behaves as a weak p-type semiconductor. This is due to the adsorption of oxygen and water
molecules from the surrounding environment, which act as electron acceptors and withdraw electrons
from the graphene [6, 22]. As a result, the Fermi level shifts below the Dirac point, leaving holes as the
dominant charge carriers.

The sensing mechanism of graphene-based gas sensors relies on the change in electrical resistance caused
by charge transfer between adsorbed molecules and the graphene sheet. When gas molecules adsorb
onto the graphene surface, they can either donate electrons to the graphene or withdraw electrons from
it. Electron-donating gases reduce the hole concentration in p-type graphene, thereby increasing the
resistance, whereas electron-withdrawing gases increase the hole concentration and thus decrease the
resistance [7]. By continuously monitoring the resistance of the graphene layer, information about gas
in the environment can be obtained.

In many graphene gas sensors, oxygen plays a crucial role in the sensing process. Oxygen molecules can
adsorb onto the graphene surface and take electrons from the graphene, forming negatively charged
oxygen species such as O; or O~ [23]. These oxygen ions modify the local charge carrier concentration
and contribute to the baseline resistance of the device. When a target gas is introduced, they can react
with these oxygen species in redox reactions. For reducing gases, such as NH3, the gas molecules react
with the oxygen ions and remove them from the surface, giving electrons back into the graphene. This
reduces the hole concentration and increases the resistance of the graphene. In contrast, oxidizing gases
such as NO, can directly take electrons from graphene, leading to an increase in hole concentration and
a decrease in resistance.

2.4. Nanoparticles

Nanoparticles (np’s) are as their name suggest particles with a size in the nm, ranging from around 1 to
100 nanometers. Because of their size, the ratio of surface area to volume is large compared to their
macroscopic counterparts. This large surface area makes them good candidates for all kinds of catalytic
activity. In gas sensing they are used to both increase the sensitivity and selectivity to different gasses.

2.4.1. Synthesis methods
There are multiple methods to create nanoparticles such as Spark ablation which is used in this work.
Thermal evaporation, and chemical methods.

In spark ablation two electrodes are placed at a close distance to each other and by putting a voltage
on it a spark can be generated between them. When sparking the electrodes lose some material that
form nanoparticles. One main advantage of this method is its flexibility with the nanoparticle material,
since a different material only requires changing the electrodes and adjusting the spark parameters.
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Moreover, spark ablation has a relatively low environmental impact, as it does not rely on chemicals. In
addition, the generated nanoparticles can be transported by a carrier gas directly to a deposition or
printing system, allowing for deposition on areas of a substrate. This reduces the need for a lithography
step. However, a drawback currently is the production rate of nano-particles currently is not enough to
be commerecially viable [24]. Further discussion on spark ablation can be found in Section 3.2.

Thermal ablation uses a bulk material that is vaporized at high temperatures and subsequently condensed
into nanoscale particles [25]. By having the material being exposed to an intense heat source such as
a laser or electron beam it generates a vapor plume of atoms, where cooling induces nucleation and
particle growth [26]. Parameters such as temperature, pressure, and surrounding medium strongly
influence particle size and morphology [25]. Just like with spark ablation another material is easily used,
however most materials require heating up above 700 °C to thermally ablate making them cost a lot of
energy [24].

There are multiple methods of making nanoparticles using chemical methods. As an example in the
work of Jin et al. [27] Pd nanoparticles of few nanometers in diameter where directly synthesized unto
the substrate. This was done putting the target substrate into a solution of palladium chloride and
then adding drops of sodium borohydride until the solution becomes black because of the Pd** ion
being reduced to its metal form and forming nanoparticles. The main advantage of chemical synthesis
methods is the control over particle size and composition, allowing for the production of nanoparticles
to specific requirements. However, these methods also have notable drawbacks. First, each type of
nanoparticle typically requires a dedicated synthesis recipe, making the approach relatively inflexible,
particularly in exploratory studies that rely on trial-and-error. Second, nanoparticles are formed in a
solution that often contains surfactants, which leads to surface contamination. To access the nanoparticle
surface a cleaning step is needed to remove these residues [24]. Due to this lack of flexibility and the
presence of surface contamination, chemical synthesis methods are impractical for this work.

2.4.2. Nanoparticle Functionalization

Pristine graphene gas sensors can be limited by weak adsorption energies and poor selectivity for
specific gas molecules. Meaning many gasses can be weakly bound to it. To overcome these limitations,
graphene can be functionalized with metal or metal-oxide nanoparticles. This functionalization can
enhance the sensitivity, selectivity, and response speed of graphene-based gas sensors [7, 23]. The effect
of functionalization can be split into two categories, chemical and electronic.

In chemical functionalization nanoparticles deposited on the graphene surface act as catalytic active sites
that promote the adsorption and dissociation of gas molecules. Compared to pristine graphene, these
nanoparticles provide a higher binding affinity for many gas species, which increases the probability of
gas adsorption and thereby the strength of the response. Nano-particles can also facilitate the adsorption
of oxygen molecules, thereby increasing the density of reactive oxygen species on the surface [9].

The other effect of nanoparticle functionalization is the electronic interaction between the nanoparticles
and the graphene layer. When metal nanoparticles are deposited onto graphene, charge transfer occurs
due to the different work functions between the two materials. This charge transfer locally modifies the
carrier concentration in graphene and can form potential barriers at the nanoparticle graphene interface
[28]. These local junctions amplify the resistance changes that occur when gas molecules interact with
the nanoparticles, thereby improving the sensor signal.

Different types of nanoparticles can be used depending on the target gas species. Noble metal
nanoparticles such as gold (Au), platinum (Pt), and palladium (Pd) are commonly used because of their
strong catalytic activity and chemical stability. For example gold is known to work well for nitrogen
dioxide (NO2) [8].

Metal oxide nanoparticles such as tin oxide (SnO2) can also be used for graphene functionalization. The
metal oxide nanoparticles can provide strong gas adsorption and surface reactions, while the graphene
layer serves as a highly conductive channel that efficiently transduces the resulting charge transfer into
an electrical signal [9].

The size and amount of nanoparticles strongly influence the sensing performance. In the work of Lee
et al. [29] it was shown that the area coverage of the nano-particles has an optimum point. More or
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less nanoparticles can result in significantly less sensitivity. In the work of Abideen et al. [30] a model
was proposed to determine the total contribution of the nanoparticle to the gas sensors sensitivity
using both the electronic and chemical effects. From this model the following conclusion were made.
First the optimization of the area coverage of np’s is required to have the sensor show the best sensing
performance. Second, by decreasing the size of the np’s the area coverage required to obtain the
maximum sensitivity must increase. Finally, for larger sized np’s, the width of the optimum area
coverage becomes narrower compared to the case of smaller-sized np’s. This suggests that more
fine-tuning for the amount of np’s is necessary when larger-sized np’s are functionalized.

2.4.3. Ethylene

Ethylene (CyHy) is a small unsaturated hydrocarbon that acts as an important plant hormone. It
plays a crucial role in regulating plant growth, fruit ripening, senescence, and stress responses. Many
fruits such as bananas, tomatoes, and mangos produce ethylene during the ripening process, which
in turn accelerates further ripening [1]. Because of this autocatalytic behaviour, monitoring ethylene
concentration is important in agriculture, food storage, and transportation to control the ripening
process and reduce post-harvest losses.

Ethylene can react with oxygen to produce acetaldehyde using the following reaction as can be seen in
Figure 2.4. Since the reaction requires oxygen atoms, a gas sensor with oxygen on its surface will have it
removed which induces a response. The reaction temperature with palladium chlorine as catalyst can
be as low as 110°C [31]. This is the main method of producing acetaldehyde in industry today. However,
the chlorine is likely unusable in the case for a graphene gas sensor as it would stick to the graphene at
the defects sites which are also used for to bind to the target gas decreasing sensitivity [32]. In addition,
chlorine can be corrosive in humid environments which is the case in gas sensing.

+ /2 02
C - C
H,CZ H HaC™ H

Figure 2.4: Wacker oxidation of ethylene to acetaldehyde

This is not the only way ethylene can react with oxygen, as it can also undergo complete or partial
oxidation. In complete oxidation, ethylene is converted into carbon dioxide and water, while in partial
oxidation it can form carbon monoxide and water [31]. In addition to oxidation reactions, ethylene can
participate in other reaction pathways, leading to the formation of gasses such as ethane, acetylene, and
propene [33].

Ethylene Gas Sensing

Ethylene consist of a carbon—carbon double bond which makes it sensitive to oxidation of the bond. It
has a non-polar nature and relatively low chemical reactivity compared to more oxidizing gases such
as NO,, making detecting ethylene at low concentrations challenging. In many practical applications,
ethylene concentrations will be needed to be detected in the range of a few parts-per-billion (ppb) to
parts-per-million (ppm) [2]. This requirement makes highly sensitive gas sensing technologies necessary.

Due to ethylene being prone to oxidizing to acetaldehyde, the oxygen species on graphene can be used
to detect it. When it takes an oxygen away from the graphene charge transfer occurs and the change in
resistance is measurable. Since it is known that Palladium can act as a catalyst for the Wacker oxidation
[31] it is theorized that it would be a good candidate for functionalization of a graphene gas sensor.
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2.5. Current works

There have been many ethylene gas sensors that have currently been made, and the methods include
gas chromatography, Infrared, Raman spectroscopy and metal oxides.

Gas chromatography is a technique to identify different gas molecules. They can be separated and
identified via built-in gas chromatography columns due to the different specific retention times of
each gas compound. A major advantage of gas chromatography is its high selectivity and accuracy,
allowing reliable identification and quantification of complex gas mixtures. However, it typically
requires physically large instruments, and relatively long analysis times, making it less suitable for
real-time or portable sensing applications [3].

The infrared method is another widely used technique for gas detection by analysing the vibrational or
rotational spectra of gas molecules. Gas molecules can absorb the light radiation and generate a band of
signature absorption lines centred around a specific wavelength. The unique absorption peaks and
corresponding absorption intensity can be used for the measurement of gas molecules. IR spectroscopy
offers quick, non-destructive measurements and is well suited for continuous monitoring. Additionally,
it can be implemented in compact sensor systems. However, its main limitation is its weak selectivity
due to interference from overlapping absorption bands, especially in complex mixtures [3].

In another approach, Raman spectroscopy was equipped with hollow-core photonic crystal fibers to
simultaneously quantify several gases, including ethylene (Raman shift located at 1342 cm-1), CO2,
and O2 in one single test. Using signal processing to measure the ethylene peak allows very selective
sensing. However, Raman spectroscopy requires expensive instrumentation, such as high-power lasers
and sensitive detectors [3].

The works of A. M. Akhir et al. [34] and Jin et al. [27] are of special interest. As in those works ethylene
gas sensors were fabricated using both SnO and ZnO as a substrate. It was found that the samples
with palladium nanoparticles on them had higher sensitivity, a lower operating temperature and faster
response times. Below is a summative table of their performances.

Table 2.1: Table comparing and summarizing the results of previous work

Substrate | Doping | LOD | Operating Temperature
ZnO [27] | n-type | 10 ppb 300°C
SnO [34] | p-type | 50 ppb 350°C

2.5.1. Limitations

Current VOC gas sensors are limited by selectivity, since most gas sensors are cross-sensitive to multiple
gasses. In other cases the sensors are not economically viable for large volumes as is the case with gas
chromatography or with Raman spectroscopy as they are too big and expensive [3].

2.6. Heating and UV

The recovery time of graphene gas sensors is long even with nanoparticle functionalization and often is
incomplete. To improve the recovery heat and ultraviolet (UV) illumination can be used [6, 35]. They
can also be used to increase the sensor’s performance in general [23, 35].

The slow recovery is primarily attributed to strong adsorption of gas molecules on the graphene surface
or at defect sites and functionalization centers. In particular, charge transfer interactions between
adsorbates and graphene can lead to long-lived states, which delay the return to equilibrium. By
introducing thermal energy, the adsorption-desorption equilibrium can be shifted toward desorption,
effectively reducing recovery times. Heating increases the kinetic energy of adsorbed molecules, thereby
lowering the residence time on the surface and promoting faster sensor reset [6, 20].

In addition to improving recovery, elevated temperatures can enhance overall sensor performance. For
graphene sensors functionalized with metallic or metal-oxide nanoparticles, catalytic activity often
increases with temperature. This leads to improved sensitivity and selectivity, as reaction rates between
target gas molecules and the catalytic sites are enhanced [23]. However, this must be balanced against
increased noise levels and potential degradation of device stability at higher temperatures.
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UV illumination provides an alternative or complementary mechanism to thermal activation. Exposure
to UV light generates electron—hole pairs in graphene and in the functionalization materials. These
photogenerated carriers can assist in breaking the bonds between adsorbed gas molecules and the
sensor surface, facilitating desorption [35]. UV can also increase sensitivity by forcing the desorption
of surface contaminants. This results in an increase of the number of active adsorption sites thereby
increasing sensitivity [35].

2.7. Annealing

To improve the stability of nano-particles and their connection to graphene, an annealing step can be
used after functionalization. Annealing involves heating the sample while under controlled conditions.
In this work annealing is done in an Oven with inwards nitrogen flow. Since nitrogen is an inert gas it
will not contaminate the gas sensor.

During annealing, several important processes can occur. First, contaminants bound to the graphene
are removed, resulting in more space for reactive oxygen radicals. Second, thermal energy promotes the
reorganization of surface atoms, allowing nanoparticles to adopt energetically favourable configurations,
which enhances particle-substrate binding [36].

Annealing at a certain temperature also ensures that gas tests can be performed at and below that
temperature. If a gas sensors wasn’t annealed and performed a high-temperature test. During the test
the nano-particles would be unstable and start sintering [37]. The results would be unusable as the
differences in resistance could be dominated by the changing of the nanoparticles.

While annealing can improve electrical contact and reduce interface resistance, excessive annealing may
lead to aggregation or clumping of nanoparticles [37], reducing their surface density and potentially
degrading device performance. In addition, in this work the annealing temperature is limited by the
gold interconnects. As demonstrated in Appendix A, annealing above a critical temperature leads to
breakage of the gold interconnects, disrupting the electrical connection to the graphene.



Methodology

In this chapter, the experimental methods used in this work are presented. First, the fabrication process
of the graphene gas sensor is described, followed by the functionalization process using nanoparticles.
Subsequently, the characterization techniques employed to evaluate the structural quality and properties
of the graphene are discussed. Finally, the gas sensing measurement setup is presented, and its operating
principles are explained.

3.1. Graphene Sensor Production

To produce a graphene based gas sensor with the transfer free CVD graphene method as described in
Chapter 2.1.1 a 600nm layer of SiO2 was grown on a p-type silicon wafer using wet thermal oxidation.
Afterwards, a 50nm layer of molybdenum was sputter coated and the wafer was coated in positive
photoresist. This photoresist was then patterned and developed. The molybdenum could then be
plasma etched in the correct pattern.

To grow graphene on the molybdenum an Aixtron Black Magic was used. It is a commercial PECVD
equipment specialized in producing graphene films and carbon nanotubes. In this work graphene was
deposited using this equipment starting with a pre-anneal of 20 min at 915°C to remove the surface
oxide on the molybdenum. This is then followed by 20 min having methane gas flowed in at 915 °C. The
molybdenum acts as a catalyst for the methane where at this high temperature decomposes into carbon
atoms that diffuse into the molybdenum. The carbon atoms then precipitate onto the surface forming
graphene [38].

The wafer was then coated with negative photoresist and patterned. Afterwards, 20 nm chromium and
200nm gold was deposited using electron beam evaporation. Chromium was used as an adhesion layer
between the gold and SiO and the gold was used because of its good electrical conductivity, contact
resistance and for its chemically inertness. The excess chromium and gold on the photoresist was
removed by lift-off. With this method gold was deposited on the ends the graphene for contact and
to hold it down. Gold was also deposited to some contact pads from which the graphene sheet can
be measured. Finally, the molybdenum under the graphene was etched away leaving the graphene
only connected to the gold interconnect and the non-conductive SiO2 underneath. The etching of the
molybdenum can be visually confirmed by the colour of the graphene as can be seen in Figures 3.1 and
3.2. An example of a sample that was created can be seen in Figure 3.3. A visual overview of the process
can be seen in Figure 3.4 and the complete flowchart can be seen in Appendix C.
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Figure 3.3: Image of a sample after the complete process
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(c) Coating the wafer in Photoresist then patterning it with
lithography and developing (d) Plasma etching the exposed Molybdenum
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(e) Stripping the resist (f) Growing Graphene on the Molybdenum
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Figure 3.4: Overview of the process that was used to fabricate the graphene sensors. Grey is silicon, light blue is silicon oxide,
Brown is photoresist, Green is molybdenum, Black is graphene and Yellow is a Gold-Chrome mixture. Cleaning steps and dicing
steps were skipped in this overview.
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3.1.1. Graphenea graphene strips

Another sample used in this work was a commercial graphene sample supplied by Graphenea. Similar
to the multilayer graphene that was produced in-house, this sample was fabricated using chemical
vapor deposition (CVD). The graphene strips are connected via gold interconnects and are on a silicon
oxide (S5i02) substrate. The exact fabrication details are not known as they are confidential.

This sample was used to improve the sensitivity of the device, as the detection of ethylene was difficult
with the in-house samples.

3.2. Spark ablation

The method used in this work for nanoparticle production is spark ablation. Spark ablation uses two
metal electrodes that are positioned at a small distance from each other. A short-duration electrical
spark is generated between the electrodes, ionizing the carrier gas in the gap and causing material
to be ablated from the electrode surfaces. The ablated material rapidly cools due to the flow of an
incoming inert carrier gas, resulting in the formation of small nuclei. These nuclei can subsequently
collide and agglomerate, forming larger fractal-like nanoparticles [24]. By repeatedly generating sparks
at frequencies of several hundred hertz, a continuous and stable production of nanoparticles can be
achieved. A schematic illustration of the spark ablation process is shown in Figure 3.5, while an example
of the produced nanoparticles is presented in Figure 3.6.
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Figure 3.5: Visualization of the spark ablation process [39]
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Figure 3.6: Palladium np’s SEM image at 80k magnification



3.3. Electrical Measurements 16

The VSParticle system, shown in Figure 3.7, is commercial equipment that combines spark ablation
nanoparticle synthesis with an impaction printing chamber. The impaction printing chamber used in
this work was a prototype of the VSP-P1 by VSParticle. The system includes a movable nozzle controlled
through G-code for precise and automated nanoparticle printing onto target substrates.

During operation, the carrier gas transports the synthesized nanoparticles from the spark ablation
source through the nozzle at high velocity, where they are impacted onto the substrate surface. The
deposition characteristics can be controlled by adjusting several parameters. For example, the distance
between the nozzle and the substrate influences the spread and spatial distribution of the deposited
nanoparticles. Additionally, the movement speed of the nozzle and thereby the time above a specific
area determine the local nanoparticle density, allowing both sparse and dense coatings to be produced.

The deposition chamber operates under vacuum conditions. To enable repeatable and accurate printing,
the system is equipped with a camera mounted on the same mechanical arm as the deposition nozzle.
The camera has a fixed offset in the X, y, and z directions relative to the nozzle position. By focusing the
camera on a predefined reference point and calibrating the positional offset, reproducible nanoparticle
printing can be achieved.

The properties of the generated nanoparticles are strongly influenced by the spark parameters. Increasing
the spark voltage or current increases the energy delivered between the electrodes, resulting in a higher
ablation rate and larger particles. Furthermore, the carrier gas flow rate affects the cooling dynamics
and particle growth process, thereby influencing the average nanoparticle size. However, in practice,
precise control over the nanoparticle size distribution using the VSParticle was difficult.

GAS PANEL

Figure 3.7: VSParticle nanoparticle generator setup. The VSP G1 generates the nano-particles that are impaction printed in the
impaction chamber.

3.3. Electrical Measurements

To characterize the electrical properties of the graphene, multiple test devices were fabricated on a
single sample. These devices have varying geometries and can be connected to a probe station for
measurements such as sheet resistance and electrical conductivity. An example of such a device is
shown in Figure 3.8.

In addition to the individual devices, larger contact pads are located along the edges of the sample.
These pads are electrically connected to graphene strips, enabling four-point probe measurements
without requiring precise probe needle positioning. These contacts pads are also used to read the
resistance while in the gas sensing chamber.

The contact pads have two different device geometries that are connected to them. Device type A, shown
in Figure 3.9, has a length of 200 ym and a width of 20 um. Device type B, shown in Figure 3.10, has the
same length of 200 um but a larger width of 40 ym.
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Figure 3.9: Resulting structure of type A Figure 3.10: Resulting structure of type B

To perform the electrical measurements, a Cascade probe station was used, as shown in Figure 3.11.
The probe station is equipped with six micromanipulator probes that can be positioned accurately onto
the contact pads of the fabricated structures, such as the device shown in Figure 3.8. The probes are
connected with a wire to a Keysight BIS00A Semiconductor Device Analyzer where the voltage and
currents are accurately read out and applied. This setup enables reliable four-point probe measurements
of the graphene devices.

Figure 3.11: Cascade 33 probestation [40]
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3.4. SEM

A scanning electron microscope (SEM) is a microscope capable of reaching a high level of magnification
and resolution by using a focused beam of electrons in a vacuum instead of visible light. Because
electrons have a much shorter wavelength than visible light, SEM systems can achieve resolutions down
to the nanometer scale, far exceeding the diffraction limit of optical microscopes. In an SEM, electrons
are emitted from a source, accelerated using an anode, and focused using electromagnetic lenses before
being directed onto the surface of a specimen. A visualization of this process can be seen in Figure 3.12.
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Figure 3.12: Working principles of a SEM[41]

When the electron beam interacts with the sample, a variety of signals are generated. These include
secondary electrons (SE) and backscattered electrons (BSE). Secondary electrons are low-energy electrons
emitted from close to the surface (typically within a few nanometers) and are primarily responsible
for providing high-resolution information about surface morphology and topography. In contrast,
backscattered electrons originate from deeper within the sample and are sensitive to the atomic number
of the material, making them useful for compositional contrast imaging.

Creating an image in an SEM is achieved by scanning the electron beam across the sample surface in a
raster pattern using scanning coils. At each point, the intensity of the detected signal is recorded and
mapped to a corresponding pixel in the image. The resulting intensities across the raster produce a
grayscale image that visualizes the surface structure.

In SEM charging effects occur when electrons accumulate on the surface of a specimen during imaging.
This phenomenon is most common in non-conductive or poorly conductive materials, such as polymers,
ceramics, biological samples, and oxides. Since these materials cannot efficiently dissipate the electron
charge to ground. The accumulation of charge alters the trajectory of both the incoming primary
electrons and the emitted secondary electrons. As a result, SEM images may exhibit artifacts such as
excessive brightness or fluctuating contrast. In severe cases, charging can completely prevent stable
imaging by causing rapid variations in signal intensity. The effect becomes more pronounced at high
beam currents, long exposure times, or when imaging highly insulating materials.
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An SEM can also decelerate the electron beam before it reaches the sample surface. This is achieved by
applying a bias voltage to the sample, which creates an electric field that reduces the kinetic energy
of the incoming electrons. As a result, the electrons strike the sample surface with a lower landing
energy. Reducing the electron landing energy decreases the penetration depth of the electrons into the
sample [42]. Consequently, the electron interactions become more surface-sensitive, improving the
imaging contrast and resolution of thin surface structures. This is useful for observing materials such as
graphene.

The SEM used in this work is the Hitachi Regulus 8230 and can be seen in Figure 3.13. For most of the
visualisation and characterization of nano-particles and graphene the magnifications used are in the
range of 40-80k. For nano-particles the acceleration voltage used was 2kV and only the SE detector was
used. For graphene deacceleration was used to improve the surface detail with 1kV as the deacceleration
voltage and both the SE and BSE detectors were used.
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Figure 3.13: Hitachi Regulus 8230 [43]

3.5. Raman Spectoscopy

Raman spectroscopy is characterization technique used to gain information from the vibrational,
rotational, and other low-frequency modes of molecules. It is based on the Raman effect which
describes the inelastic scattering of photons when light interacts with molecular vibrations. When
monochromatic light (typically from a laser) irradiates a sample, most photons are elastically scattered
(Rayleigh scattering). A small fraction, however, undergoes inelastic scattering, resulting in a shift in
energy corresponding to molecular vibrational transitions. These shifts, known as Raman shifts, are
characteristic of specific chemical bonds and symmetry properties of molecules, allowing for molecular
identification.

A Raman spectroscopy system consists of several key components. First, a laser is focused onto the
sample surface, where the incident photons interact with the material. The Rayleigh scattered photons
are filtered out using an optical filter, allowing only the inelastically scattered photons to pass through.
The remaining photons, which contain the Raman spectral information, are directed onto a diffraction
grating. The grating spatially separates the photons according to their wavelength, thereby dispersing
the Raman signal into its spectral components. Finally, the dispersed photons are detected by a
photodetector, typically a charge-coupled device (CCD), which records the intensity as a function of
wavelength to produce the Raman spectrum. A schematic of this process can be seen in Figure 3.14.

3.5.1. Graphene Raman spectroscopy
To evaluate the quality of the graphene samples, Raman spectroscopy was used. Figure 3.15 shows
representative Raman spectra for different types of graphene. The Raman spectrum of graphene contains
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Figure 3.14: Schematic of a Raman Spectroscopy device [44]

three characteristic peaks that provide important information about the material quality, defect density,
and number of layers.

The first characteristic feature is the D peak, located around 1350 cm~!. The D peak is associated with
defects in the graphene lattice and becomes stronger as the amount of defects increases. The G peak,
located near 1580 cm™!, originates from the in-plane vibration of sp?-bonded carbon atoms and is
present in all graphitic materials. The intensity ratio between the D peak and the G peak, Ip /I, can
be used to estimate the level of defects present in the material. In addition to the intensity ratio, the
full width at half maximum of the G and D peak, denoted as FWHM(G) and FWHM(D) respectively,
provides further information on the defectiveness of the graphene [45].

The 2D peak, typically observed around 2700 cm™}, can be used for information on the number of
graphene layers. The intensity ratio I>p /I can be specifically used for this purpose. When Irp/Ig < 1,
the material is generally classified as multilayer graphene (MLG). Ratios between 1 and 2 indicate
few-layer graphene (FLG), while ratios of approximately 2 or higher are characteristic of single-layer
graphene (SLG) [46].



3.5. Raman Spectoscopy 21

(a ) —— Graphite 2D —— Graphite ( b)
—— CVD-Gr —— CVD-Gr
—— LPE-Gr —— LPE-Gr
—— ME-Gr ——ME-Gr

G

2[)1 2Dz

Intensity (a.u.)
o
Intensity (a.u.)

A

1500 2000 2500 3000 2500 2600 2700 2800 2900
Raman Shift (cm'1) Raman Shift (cm'1)

Figure 3.15: Example of different graphene Raman Spectra. (a) Spectrum containing the D,G and 2D peaks. (b) Spectrum zoomed
in into the 2D peak [47]

Defects play an important role in the gas sensing performance of graphene-based materials. From a
sensing perspective, a more defective morphology indicates the presence of high-energy binding sites,
whereas a smoother and less defective structure primarily consists of low-energy binding sites [47].

For the Raman spectrum acquisition in this work, a Horiba AFM-Raman LabRAM Odyssey Nano
system was used. Raman spectra were acquired using a green laser with a wavelength of 532 nm with a
grating of 1800(500nnm). In addition, a 100x objective magnification was employed. The machine can
be viewed in Figure 3.16

Figure 3.16: Horiba AFM-Raman LabRAM Odyssey Nano
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3.6. Gas Measurements

To evaluate the performance of the gas sensors, controlled gas sensing measurements were performed.
During these measurements, the sample is placed inside a sealed measurement chamber in which
the environmental conditions can be carefully controlled. By exposing the sensor to different gas
concentrations, the electrical response of the sample can be recorded.

e
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Figure 3.17: The gas measurement setup

In this work an Owlstone V-OVG system was used, and can be seen in Figure 3.17. Different gasses were
available using permeation tubes, which could either be placed directly inside the V-OVG system or
connected externally through a mass flow controller. A permeation tube is a device containing a target
gas enclosed by a permeable membrane. The system also uses a carrier gas transport the target gas to
the chamber and to dilute it to the right concentration. The carrier gas used in this work is nitrogen.

Two different permeation tube sizes were used in this study. Smaller permeation tubes could be inserted
directly into the V-OVG chamber, while larger permeation tubes had to be connected externally through
the gas piping system. Examples of these permeation tubes are shown in Figures 3.19 and 3.20. By
adjusting the carrier gas flow through the V-OVG chamber containing a permeation tube, different target
gas concentrations could be generated and delivered to the sensor device. The complete experimental
setup is shown in Figure 3.17, while a schematic overview of the gas sensing system is presented in
Figure 3.18.

Inside the gas sensing chamber, pins establish contact with the graphene sensor structures, enabling
resistance measurements during gas exposure. These probes are connected through a pinout board
to a voltage source and data acquisition system. Using a custom LabVIEW script, the resistance of
the graphene devices could be recorded automatically while simultaneously controlling the gas flow
conditions.

This setup enabled automated gas sensing measurements in which the gas concentration could be
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varied systematically to observe the sensor response over time. For measurements using the smaller
permeation tubes, the entire process was operated fully automatically. However, when using the larger
permeation tubes, manual operation was required. Since these larger tubes continuously release gas
and do not include a dedicated exhaust mechanism, residual gas could remain in the system and
contaminate the measurement cycle during periods when the target gas was intended to be absent.
To avoid this issue, the gas valves and flow paths had to be switched manually during measurements
involving the larger permeation tubes.
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Figure 3.18: Schematic overview of the gas sensing setup

3.6.1. Concentration of gasses

Permeation tubes release a known amount of gas, typically specified in units such as ng/min or mol/min,
at a calibrated temperature. The resulting gas concentration delivered to the sensing chamber depends
on the permeation rate in combination with the applied carrier gas flow. Increasing the carrier gas flow
lowers the gas concentration, as the released gas becomes distributed over a larger volume of carrier gas.

Additionally, the concentration can be reduced further by exhausting a portion of the gas flow before
it reaches the sensing chamber. Afterward, the remaining flow can be diluted by mixing it with an
additional clean carrier gas stream. The unit of the flows are Standard Cubic Centimeters per Minute
(sccm). By accurately controlling and calculating these three flow components, the permeation tube
flow (OVG or MEC 1), exhaust flow (MFC 0), and dilution flow (OFC), it is possible to create a desired
gas concentration while maintaining a controlled total flow towards the sensing chamber.

At high target gas concentrations, the primary limitation is often the permeation rate of the permeation
tube itself. Although reducing the carrier gas flow increases the concentration, the flow cannot be
reduced excessively, as a minimum flow is required to transport the gas effectively to the sensor chamber.
Lower concentrations are generally easier to achieve, since the setup allows for a large exhaust flow and
dilution flow.
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G-CAL PERMEATION DEVICE

Figure 3.19: Small permeation tubes [48] Figure 3.20: Large permeation tube [49]

The setup also includes humidity control. A portion of the clean carrier gas can be flown (OHG) through
a water-filled bottle, where gas bubbles absorb water vapor before being mixed back into the main gas
stream. In this way, the relative humidity of the gas delivered to the sensing chamber can be increased
and controlled during measurements.

For large permeation tube measurements, no exhaust flow was used because the exhaust line was not
connected in the setup, as shown in the top-right section of Figure 3.18. Consequently, during these
measurements, the gas concentration and total flow rate were linearly coupled.

The small permeation tubes were housed inside a temperature-controlled chamber, allowing their
operating temperature to be adjusted to match the calibration temperature specified by the manufacturer.
In contrast, the large permeation tubes were operated at the ambient temperature of the lab without
active temperature stabilization. Since the temperature sensor inside the V-OVG system indicated a
room temperature of 19 °C during the morning measurements, this value was assumed as the worst-case
operating temperature.

For the large ethylene permeation tube, the manufacturer calibration temperature was specified as 25 °C.
The resulting temperature difference of 6 °C is estimated to result in an approximately 8% reduction
in permeation rate according to the data sheet [49]. For the purposes of this work, this variation was
considered acceptable, since the objective was to evaluate the influence of nanoparticle functionalization.
Because both pristine graphene and nanoparticle-functionalized graphene devices were measured
under the same conditions, the temperature-induced concentration deviation affects both equally.
However, for precise gas concentration calibration or comparison between separate experimental runs,
this temperature dependence should be kept in mind.



Material Characterization

In this chapter, the material characterization results of the graphene gas sensors are presented and
discussed. The chapter begins with the optimization of the nanoparticle area coverage, including
the influence of the annealing process on the deposited nanoparticles. Subsequently, SEM images
of the graphene samples are presented and discussed. This is followed by an analysis of the Raman
spectra, which provide further insight into the quality of the graphene devices. Finally, sheet resistance
measurements of the various graphene strips are presented and discussed.

4.1. Optimization of nanoparticle printing

To achieve the desired nanoparticle area coverage, the deposition parameters of the VSParticle system
must be optimized. Several process parameters can be adjusted, including the carrier gas flow rate,
printing speed, spark voltage, and spark current. Smaller nanoparticles are preferred due to their
reduced sensitivity to fluctuations in area coverage as was found in the model of Abideen et al. [30].
To reduce the nanoparticle size a high carrier gas flow was used to promote rapid cooling and limit
particle growth.

The printing speed is constrained by the mechanical limits of the system, with a maximum speed of
200 mm/min. Although the minimum programmable speed is 0.3 mm/min, this lower limit was not
restrictive in practice because the same region can be printed multiple times to increase the deposited
nanoparticle density. The spark voltage and current not only influence the nanoparticle production rate
but also affect the resulting particle size distribution. To reduce the nanoparticle area density, either the
printing speed can be increased or the spark energy can be lowered. In the work of Husain et al. [8] an
optimal area coverage of 2% was found for detecting NO2 with silver nanoparticles while also using
spark ablation. For that reason a target goal of 1% area coverage was set, since higher densities are more
accessible.

To determine the relationship between printing speed and nanoparticle deposition density, a calibration
procedure was performed. First, a series of lines with increasing printing speeds was deposited onto
silicon test substrates, as shown in Figures 4.1 and 4.2. Subsequently, SEM images of the deposited
nanoparticle patterns were acquired, an example of which is shown in Figure 4.3. Finally, an image
analysis script was used to estimate the nanoparticle area coverage from the SEM images. The script
used in this work is based on that of Rice [50] and can be found in Appendix D.

25
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Figure 4.1: Palladium nanoparticles printed lines
with a speed from 20 until 50. As can be seen lines
with slower speed have a higher density of
nanoparticles and are brighter

Regulus 2.0kV x30 LM(L)

Figure 4.2: Palladium nanoparticles printed lines
with a speed from 70 until 100. As can be seen lines
with slower speed have a higher density of
nanoparticles and are brighter

o N

Reguius 2,0kVx80, 0k SE(UL)

Figure 4.3: non-annealed Palladium particles printed with speed 80 at 1.5L 1kv 8mA

The image analysis script uses Otsu’s thresholding method to distinguish nanoparticles from the silicon
background. Pixels with intensities above the calculated threshold are classified as part of nanoparticles,
while darker pixels are identified as the background. Although this approach provides an automatic
method for estimating nanoparticle coverage, it has several limitations and sources of errors.

Firstly, non-uniform background illumination can lead to inaccuracies in the image analysis. Variations
in illumination may cause certain regions of the substrate background to appear brighter than poorly
illuminated nanoparticles, making reliable separation between nanoparticles and background more
difficult. This is especially difficult on graphene, where white spots on the surface are often brighter
than the nano-particles as can be seen in Figure 4.4. To still get an accurate area estimation the bright
spots are manually removed as is shown in Figure 4.5.

Secondly, noise can shift the background intensity closer to the intensity of the nanoparticles, reducing
the contrast between the two. To minimize this effect, long SEM exposure times are required in order to
improve the signal-to-noise ratio. Finally, image resolution also significantly influences the accuracy of
the area coverage estimation. At lower resolutions, such as 640 x 480 pixels, fine nanoparticle features
become blurred together with the background, resulting in less accurate thresholding and coverage
calculations.
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Figure 4.5: Graphene functionalized with Palladium
Figure 4.4: Graphene functionalized with Palladium nano-particles with white spots and bright areas
nano-particles with white spots and bright areas removed

In addition, Otsu’s thresholding method only performs reliably when the number of nanoparticle pixels
and background pixels are of the same order of magnitude. At high nanoparticle densities, typically
around 70% area coverage or greater, the intensity variation within the nanoparticles themselves begins
to dominate. As a result, Otsu’s method may incorrectly place the threshold between darker and brighter
regions of the nanoparticles rather than between the nanoparticles and the substrate background. This
is undesirable, as portions of the nanoparticles may then be incorrectly classified as background. In
such cases, accurate area coverage estimation requires the threshold to be set manually rather than
determined automatically using Otsu’s method.

411. Pd

The optimization of the Palladium nanoparticle deposition process started with a carrier gas flow
of 1.5L/min, as this setting was expected to provide stable nanoparticle transport and deposition
conditions. The initial process parameters consisted of a spark voltage of 1kV and a spark current of
8 mA. The resulting area coverages are summarized in Table 4.1.

Table 4.1: Results of the first Palladium printing test, printed with 1.5 L/min carrier gas flow, 1kV spark voltage, and 8 mA spark
current.

Printing speed (mm/min) 20 | 30 | 40 | 50 | 60 70 80 90 | 100
Density (% area covered by nanoparticles) | 72 | 59 | 49 | 41 | 37.5 | 31.6 | 27.9 | 24.7 | 19.6

As shown in Table 4.1, increasing the printing speed reduced the deposited nanoparticle density, as
expected. However, even at the highest tested speed of 100 mm/min, the nanoparticle coverage remained
above the target value of 1%. This indicated that the nanoparticle production rate was too high and
could not be compensated sufficiently by printing speed alone.

To reduce the deposited nanoparticle density further, the spark current was decreased from 8 mA
to 3mA, thereby lowering the spark energy and reducing the amount of material ablated from the
electrodes. The results of this second optimization step are presented in Table 4.2.

Table 4.2: Results of the second Palladium printing test, printed with 1.5L/min carrier gas flow, 1kV spark voltage, and 3mA
spark current.

Printing speed (mm/min) 10 | 20 | 40 60 80 | 100 | 135 | 170 | 200

Density (% area covered by nanoparticles) | 97 | 542 | 27.7 | 22.0 | 16.2 | 125 | 11.2 | 10.2 | 6.0

Reducing the spark current significantly decreased the deposition density across all printing speeds,
confirming that the spark current strongly influences the nanoparticle generation rate. Nevertheless,
even at the maximum printing speed of 200 mm/min, the deposited area coverage remained above the
desired 1% target. This suggests that further reduction of the spark energy or additional optimization
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of the gas flow conditions would be required to achieve very low-density Palladium nanoparticle
depositions.

4.1.2. Pt

The first Platinum nanoparticle printing experiments were performed using a carrier gas flow of
1.5L/min, a spark voltage of 1kV, and a spark current of 4mA. The resulting nanoparticle area
coverages are shown in Table 4.3.

Table 4.3: Results of the first Platinum printing test, printed with 1.5 L/min carrier gas flow, 1kV spark voltage, and 4 mA spark
current.

Printing speed (mm/min) 8 10 12 18 20 22 | 30 | 40

Density (% area covered by nanoparticles) | 67.9 | 57.43 | 31.7 | 25.7 | 21.09 | 31.7 | 0.7 | 0.49 | 0.47

The obtained results showed inconsistent deposition behaviour. At lower printing speeds, the nanopar-
ticle density was relatively high, while at higher speeds almost no material was deposited. Additionally,
the measured densities did not follow a trend, as the deposition density unexpectedly increased again
at 22mm/min. Several possible explanations exist for this instability. One possibility is that the
spark energy was too high, resulting in excessive and unstable material production. Another possible
explanation is that the VSparticle wasn't cleaned and there was material accumulation in the piping
that was released when the print started.

To obtain more stable and lower-density Platinum depositions, the process parameters were adjusted by
increasing the carrier gas flow and reducing both the spark voltage and spark current. The results of the
second optimization experiment are shown in Table 4.4.

Table 4.4: Results of the second Platinum printing test, printed with 2 L/min carrier gas flow, 0.3kV spark voltage, and 2mA
spark current.

Printing speed (mm /min) 2 | 4| 8 |16|32| 64| 100
Density (% area covered by nanoparticles) | 63 | 60 | 41 | 20 | 11 | 8 6

The modified process conditions resulted in a significantly more stable and predictable relationship
between printing speed and nanoparticle density. As expected, increasing the printing speed reduced
the deposited nanoparticle coverage. Although the deposition density was still relatively high for some
application, the overall process behavior became considerably more controllable compared to the initial
Platinum printing.

4.1.3. SnO

For the deposition of SnO nanoparticles, the process parameters were set to a carrier gas flow of 2 L/min,
a spark voltage of 1kV, and a spark current of 4 mA. The resulting deposition densities are summarized
in Table 4.5.

Table 4.5: Results of the SnO printing test, printed with 2 L/min carrier gas flow, 1kV spark voltage, and 4 mA spark current.

Printing speed (mm/min) 2 |1 4|8 |16 |32|64 |90 | 100
Density (% area covered by nanoparticles) | 96 | 94 | 72 | 55 | 28 | 16 | 15 | 11

The relationship between printing speed and nanoparticle area coverage shows a stable relation. As
expected, increasing the printing speed reduced the deposited nanoparticle density. However, the
overall deposition rate remained relatively high, suggesting that future optimization could focus on
reducing the spark energy further in order to achieve lower nanoparticle coverages.

4.1.4. Results on graphene
After optimizing the deposition parameters on silicon test substrates, Palladium nanoparticles were
deposited directly onto graphene samples. The resulting nanoparticle coverages for the Grapheana
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graphene are presented in Table 4.6.

Table 4.6: Results of Palladium printing on Grapheana graphene, printed with 2 L/min carrier gas flow, 1kV spark voltage, and
3mA spark current.

Printing speed (mm/min) 30 | 25x1 | 25x2 | 25x3
Density (% area covered by nanoparticles) | 7.1 | 7.5 | 152 | 30.1

The notation 25 x 1, 25 x 2, and 25 X 3 refers to repeated printing passes over the same region at a printing
speed of 25 mm/min. As expected, multiple passes resulted in a significant increase in nanoparticle
area coverage.

Additional Palladium deposition was also performed on multilayer graphene samples. The results are
shown in Table 4.7. Interestingly, differing amount of area coverage was printed under the same settings.
This suggests that the printing was inconsistent. One explanation for this might be that during one
print the VSparticle was not cleaned enough, and the nozzle was clogged. Functionalization with the
same printing settings on the grapheana and in-house sample can be viewed in Figures 4.6 and 4.7
respectively.

Table 4.7: Results of Palladium printing on graphene, printed with 2 L/min carrier gas flow, 1kV spark voltage, and 3 mA spark
current.

Printing speed (mm/min) 25 70 | 100 | 150 | 200
Density (% area covered by nanoparticles) | 5.18 | 2.23 | 1.48 | 1.05 | 0.76

Regulus 1.0kV-D x60.0k SE+BSE(TU)

Figure 4.6: Grapheana graphene functionalized with Figure 4.7: In-house graphene functionalized with
Palladium at 25 mm/min Palladium at 25 mm/min

These results demonstrate that by increasing the printing speed, very low nanoparticle coverages
approaching 1% can be achieved on graphene substrates. Compared to the earlier optimization
measurements on silicon substrates, the graphene samples exhibited lower deposition densities under
similar printing conditions. This difference may be related to differing properties of graphene and
silicon such as their surface roughness.

4.2. Effects of Annealing

In this section, the influence of annealing on the nanoparticle area coverage is investigated. First, the
effects of a high temperature annealing on nanoparticles deposited on silicon substrates are examined.
Subsequently, the influence of a lower temperature annealing process on nanoparticles deposited on
graphene is shown. This latter annealing process corresponds to the final annealing step used during
the fabrication of the graphene gas sensors.
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4.2.1. Annealing on silicon

As shown in Figures 4.8 and 4.9, annealing Platinum nanoparticles at elevated temperatures causes
the nanoparticles to sinter and agglomerate into larger clusters. During this process, neighbouring
nanoparticles merge together, resulting in denser and more compact structures. Consequently, the
overall nanoparticle area coverage decreases.
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Figure 4.8: Pt Figure 4.9: Pt after 400 °C20 min

A similar effect is observed for Palladium nanoparticles. As can be seen in Figures 4.10 and 4.11,
annealing causes the initially dispersed nanoparticles to cluster together, thereby reducing the effective
surface coverage.

Figure 4.10: Pd Figure 4.11: Pd after 400°C 20 min

The reduction in nanoparticle area coverage after annealing is consistently observed across all printing
speeds. As can be seen in Figures 4.12 and 4.13. The results indicate that annealing leads to more
compact nanoparticle structures with reduced projected surface area. This behaviour can be attributed
to nanoparticle sintering. At higher temperatures, the nanoparticles gain sufficient surface mobility
to diffuse and reorganize on the substrate. As a result, neighbouring nanoparticles merge together to
minimize their total surface energy. This effect can occur at temperatures much lower than the materials
melting point [37].
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Figure 4.12: Palladium np’s coverage before and after Figure 4.13: Platinum np’s coverage before and after
annealing at 400°C for 20 min annealing at 400°C for 20 min

4.2.2. Annealing on graphene
The same effects observed on silicon substrates are also present when nanoparticles are deposited on
graphene. Figures 4.14 and 4.15 show Palladium nanoparticles on graphene before and after annealing.

Regulus 1.0kV-D x60.0k SE+BSE(TU)

Figure 4.14: Pd Figure 4.15: Pd after 150°C 60 min

As shown in Figure 4.16 and summarized in Table 4.8, the nanoparticle area coverage decreases after
annealing, with the nanoparticle area after annealing being around 90% of the area before annealing.
Although this reduction is smaller than the decrease observed for the annealing performed on silicon,
the difference can largely be explained by the significantly lower annealing temperature used for the
graphene samples. The lower temperature was needed since the fabricated sensors break at higher
temperatures as can be seen in Appendix A.

The observed reduction in nanoparticle coverage after annealing should be taken into account when

designing and characterizing the graphene gas sensors, since the final nanoparticle density after
annealing differs from the initially deposited coverage.
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Figure 4.16: Palladium np’s on graphene coverage before and after annealing at 150°C for 1 hour

“

Table 4.8: Results of Palladium printing on graphene after annealing, printed with 2 L/min carrier gas flow, 1kV spark voltage,
and 3 mA spark current.

Printing speed (mm/min) 25 70 | 100 | 150 | 200
Density before annealing (% area covered by nanoparticles) | 5.18 | 2.23 | 1.48 | 1.05 | 0.76
Density after annealing(% area covered by nanoparticles) | 4.63 | 2.08 | 1.40 | 0.84 | 0.68

4.3. SEM

The Scanning Electron Microscopy (SEM) was used to visually inspect the graphene samples and
evaluate their surface. Figure 4.17 shows a high-magnification SEM image of multilayer graphene (MLG)
prior to the removal of the molybdenum substrate. The graphene appears to consist of overlapping and
interconnected flakes. There are some minor wrinkles, which are likely the cause of the small mismatch
of thermal expansion coefficient between graphene and the molybdenum. The wrinkles appear during
cooling after graphene was grown [51]. White dots can also be seen in the SEM image. These could be
defects where charge gets trapped resulting in a white charging effect when looked under with a SEM,
however it is still unclear what exactly causes these white dots.

After etching away the molybdenum, the surface of the graphene changes noticeably, as shown in
Figure 4.18. The surface looks rougher as it has many wrinkles. The increase of wrinkles is likely due
to the process of removing the molybdenum layer. In that process hydrogen peroxide is used to etch
the molybdenum where afterwards water is added to flow away the peroxide and molybdenum. This
flowing of the water in addition to the falling of the graphene onto the silicon oxide beneath is most
likely the cause of the increased wrinkles [52]. The white dots are also less bright, indicating that it might
have something to do with either the morphology of the graphene or an effect of the molybdenum.

Finally, Figure 4.19 shows the graphene sample after nanoparticle deposition had been performed on
neighbouring strips and the sample subsequently underwent an annealing process. Comparison of the
images indicates that the nanoparticle deposition and annealing procedures do not appear to introduce
visible changes to the pristine graphene regions. In addition, the nanoparticle printing can be performed
on selected areas without contaminating other devices.
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Figure 4.18: High-magnification SEM image of multilayer graphene after removal of the molybdenum substrate.
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Figure 4.19: SEM image of pristine multilayer graphene after nanoparticle deposition on neighbouring strips and subsequent
annealing of the sample.

4.3.1. Grapheana graphene

The commercially obtained Grapheana graphene exhibits a significantly smoother and more uniform
surface morphology compared to the graphene fabricated in-house. This can be observed by comparing
Figure 4.20 with the in-house processed graphene shown in Figure 4.19. In contrast to the in-house
graphene, the Grapheana graphene does not exhibit pronounced wrinkles or ridge-like structures. The
surface appears more smooth, indicating a less surface roughness. In addition, several small holes can
be seen in the graphene layer, features which are not present in the in-house fabricated samples.

Small nanoparticles can also be observed on the graphene surface, despite these regions not being
intentionally functionalized. This contamination might be introduced during the nanoparticle deposition
process. Possible sources include residual nanoparticle transport caused by nozzle movement across
the graphene strip during non-printing operations, or airborne nanoparticle contamination resulting
from gas flow within the deposition chamber during printing on nearby regions. Alternatively, these
particles may originate from residues or processing steps associated with the commercial graphene
fabrication and transfer procedure used by Grapheana.

Furthermore, the Grapheana graphene does not exhibit the bright white surface features observed on the
in-house fabricated graphene samples. Since the fabrication process used by Grapheana is proprietary,
it is difficult to explain the cause of the differences in the graphene.
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Figure 4.20: SEM image of Grapheana graphene at 60k magnification. Nanoparticle contamination from the functionalization
process is visible (~ 0.3% area coverage).

4.4. Raman

Raman spectroscopy was used to characterize the quality of the graphene samples. A representative
full Raman spectrum of a graphene sensor is shown in Figure 4.21. Several characteristic peaks can be
identified within the spectrum, each providing specific information about the graphene material.

The peak located near 520 cm™~! and the increase in intensity at 930-100 cm~! corresponds to the silicon
that is underneath the graphene. The D, G and 2D peak can all be seen as expected and are marked
with a circle.

All Raman spectra shown in the figures are examples of individual Raman measurements. Variations in
the spectra were observed between different strips on the same sample, as well as between different
measurement locations within a single strip. To obtain a more representative analysis of the graphene
properties, multiple Raman measurements were performed for each sample. The extracted Raman
parameters were subsequently averaged, and their corresponding standard deviations were calculated.
The resulting mean values and standard deviations are summarized in Table 4.9.
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Figure 4.21: Example Raman spectrum from 0 to 3000 cm ™! of the fabricated graphene.

441 MLG

Before the molybdenum was etched away, the Raman spectrum of the graphene was strongly influenced
by the underlying molybdenum layer. As a result the Raman spectra obtained before etching cannot
give an accurate representation of the graphene quality.

As shown in Figure 4.22, the Raman quality metrics before etching are relatively poor, with a low Irp /I
ratio and a comparatively high Ip/I¢ ratio. However, after removal of the molybdenum substrate, the
Raman spectrum improves significantly, as shown in Figure 4.23. In addition, the Ip /I ratio of around
0.8 confirms this to be multi-layer [46].
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Figure 4.22: Example Raman spectrum of the fabricated Figure 4.23: Example Raman spectrum of the fabricated
multilayer graphene before molybdenum etching. multilayer graphene after molybdenum etching.

The influence of nanoparticle functionalization on the graphene Raman properties was also investigated.
Figures 4.24 and 4.25 show Raman spectra of multilayer graphene functionalized with Palladium and
Platinum nanoparticles, respectively.

The deposited nanoparticles appear to have only a limited influence on the Raman performance metrics
of the graphene. Although slight changes in the peak ratios and peak widths can be observed, the
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overall characteristics remain comparable to the pristine samples. A more extensive overview of all
Raman measurements is summarized in Table 4.9.
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Figure 4.24: Example Raman spectrum of the
fabricated multilayer graphene functionalized with
Palladium nanoparticles.

Figure 4.25: Example Raman spectrum of the
fabricated multilayer graphene functionalized with
Platinum nanoparticles.

4.4.2. Grapheana

The Raman spectra obtained from the Grapheana samples are expected to be of higher quality graphene.
As shown in Figure 4.26, the measured I,p /I ratios are around 1 indicating that it is FLG [46]. For the
Palladium-functionalized graphene shown in Figure 4.27, the reduced I>p /I ratio can be explained by
the influence of the deposited nanoparticles.
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Figure 4.27: Example Raman spectrum of the
Grapheana sample functionalized with Palladium
nanoparticles.

Figure 4.26: Example Raman spectrum of the
Grapheana sample.

4.4.3. Summary

A summary of the extracted Raman parameters for all measured samples is provided in Table 4.9. Overall,
the multilayer graphene samples after molybdenum etching exhibited Raman characteristics that are
consistent with values for MLG graphene obtained by colleagues. Functionalization with Palladium
and Platinum nanoparticles resulted in only moderate changes to the Raman metrics, suggesting that
the graphene structure remained largely intact after nanoparticle deposition.

The Grapheana graphene shows a higher I,p/I¢ ratios indicating that the graphene may be of fewer
layers than the graphene that was fabricated in-house. In addition, the Ip /I ratio is higher than the
MLG however the FWHM(G) and FWHM(D) are two times as low. This is surprising as they all give an
indication about the defects in the graphene [45]. Also, the standard deviation in the measurements is
higher than the in-house graphene indicating that there is more variation on and between the graphene
strips.



4.5. Sheet resistance measurements 38

Table 4.9: Summary of the Raman spectroscopy results for graphene samples.

Sample N | Mean | S.D. Mean | S.D. Mean S.D. Mean S.D.

Ip/lc | Ip/lc | bp/lc | bp/lc | FWHM(G) | FWHM(G) | FWHM(D) | FWHM(D)

(em™) (cm™) (em™) (cm™)

MLG 4 | 0.329 0.025 0.847 0.114 40.68 1.673 81.99 4.64
MLG 4 10584 | 0125 | 0340 | 0.0845 | 42.29 8.92 65.56 15.01
Before Mo
Etch
MLG Pd 510471 | 0031 | 0911 | 0233 | 39.68 7.341 68.42 7.32
MLG Pt 5 | 0.337 0.061 0.746 0.148 37.09 1.80 74.24 12.67
Graphaena | 4 | 0442 | 0.066 | 0933 | 0234 | 19.45 8.540 31.91 10.01

4.5. Sheet resistance measurements

To enable comparison between graphene devices with different geometries, the sheet resistance was
calculated from the measured electrical resistance values. Since the fabricated devices have varying
widths and lengths, the sheet resistance provides a geometry independent resistance.

The sheet resistance was calculated using the following formula:

14
Ra =R+ 4.1)
where Ry is the sheet resistance, R is the measured resistance, W is the width and L the length of the
graphene strip.

Table 4.10 summarizes the measured sheet resistances for the different graphene samples. Most
measured sheet resistance values are in the range of 1k()/0, which is consistent with values previously
reported by colleagues [53].

Table 4.10: Summary of the measured sheet resistances for the different graphene samples.

Sample N | Mean sheet resistance (Q/0) | S.D. (QQ/0)
MLG Pristine 6 869.7 17.8
MLG Pristine Before Mo Etch | 9 17.2 25.8
MLG Pd Functionalized 6 1097.3 49
MLG Pt Functionalized 6 1202.1 2.98
MLG Au Functionalized 3 868.7 0.23
Grapheana 9 839.9 26.8

As can also be observed, functionalization of the graphene with nanoparticles results in an increase of
resistance. The strength of this effect is different depending on the type of nanoparticle, even with similar
area coverage. Platinum and palladium functionalized samples showed large increases while gold did
not increase as much. The increase in resistance might be caused by the electronic functionalization
of the nanoparticles. Charge was transferred due to the differing work function of graphene and the
nanoparticle. These changed the local carrier concentration in the graphene resulting in a lower carrier
mobility [28]. The differences of effect of the nanoparticles can be attributed to the different work
functions as gold has the lowest work function and platinum the highest (¢4, = 5.10-5.4 €V, ¢pg =
5.2-5.6 €V, ¢p; = 5.6-5.9 €V [54]). The same correlation can be seen in the resistance measurements.

In addition, the graphene samples measured prior to molybdenum removal exhibit a significantly lower
resistance compared to the samples after the molybdenum had been etched away. This can be explained
by the high conductivity of molybdenum due to being a metal, which provides an additional conductive
pathway parallel to the graphene layer. As a result, the measured resistance of is much lower than that
of the isolated graphene.
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Finally, the commercially obtained Grapheana graphene exhibits a lower resistance than the in-house
fabricated graphene samples. One possible explanation is a difference in graphene thickness, since
thicker multilayer graphene generally exhibits lower sheet resistance. However, this interpretation
appears inconsistent with the Raman measurements presented in Table 4.9, where the higher IIZTD ratio
observed for the Grapheana samples suggests a lower number of graphene layers. It is therefore
more likely that the Grapheana graphene possesses a higher conductivity than the in-house fabricated
graphene. This may indicate a lower defect density or fewer wrinkles, since defects and wrinkles are
known to decrease carrier mobility [55, 56].

4.6. Conclusion

Nanoparticles could be successfully deposited with controlled area coverage using the VSParticle system.
The resulting nanoparticle density was found to depend strongly on the selected printing parameters,
such as printing speed and spark current. Furthermore, annealing of the deposited nanoparticles caused
a reduction in area coverage due to nanoparticle sintering and agglomeration, with the strength of this
reduction depending on the annealing temperature and duration.

Using the developed fabrication process, graphene strips were successfully fabricated, as confirmed by
both SEM imaging and Raman spectroscopy measurements. In addition, the commercially obtained
Grapheana samples were verified to contain graphene. The Raman characterization of the in-house
fabricated graphene samples showed performance metrics comparable to those reported previously by
colleagues working with similar fabrication methods. In addition, the Grapheana samples showed only
slightly better metrics than the in-house fabricated.

After nanoparticle functionalization, no major shifts or degradation were observed in the Raman spectra,
indicating that the deposition process introduced only limited damage to the graphene structure. This
suggests that the nanoparticles were successfully deposited and bonded to the graphene surface while
preserving the structural integrity of the graphene.

Overall, graphene gas sensor devices functionalized with nanoparticles were successfully fabricated
and characterized, and the obtained results demonstrate that the produced devices are of sufficient
quality for subsequent gas sensing experiments.



Gas sensing results

In this chapter, the gas sensing measurements performed on the fabricated graphene devices are
presented and discussed. The chapter begins the description of the measurement procedure followed by
the sensing results for ethylene. The effects of the strength of the gas flow is also explored. Afterwards,
additional gas sensing experiments are presented for several other gases, including nitrogen dioxide
(NO2), ammonia (NH3), acetic acid, humidity, and carbon dioxide (CO2).

5.1. Procedure

Before each gas sensing measurement, samples that had previously undergone testing were first
subjected to a cleaning procedure to remove adsorbed contaminants from the graphene surface. During
this process, the sample was heated to 140 °C while continuously exposed to a nitrogen flow for
approximately 30 minutes.

After the cleaning step, the sample was allowed to cool down to room temperature and was subsequently
kept in ambient air for approximately 15 minutes to stabilize before the measurement sequence began.
To allow for the measurement of the resistance of the graphene sensors, contact pins were placed
on the gold contact pads located at the edges of the samples. These pins were connected through a
breakout board to an Agilent 34970A data acquisition system equipped with a 34901A multiplexer
module, allowing multiple graphene strips to be measured sequentially. The resistance of the sensors
was measured using a dual-channel Keithley 2612B Source Measure Unit (SMU). Both the multiplexer
and the SMU were controlled using a LabVIEW script, allowing automated measurements of multiple
Sensors.

The measurement itself started with an initial stabilization period, typically lasting around 1.5 hours
depending on the available time. The stabilization period is required for the sensors to have a stable
resistance before a target gas is introduced. If the resistance of the sensors is unstable while introducing
a gas it can be unclear if the change in resistance is due to the gas, or it’s instability. The time of 1.5
hours was found to be a good length for the sensors to be stable during early testing.

Following stabilization, the target gas was introduced into the sensing chamber in repeated on/off
cycles. The duration and number of these cycles were selected based on the expected response and
recovery times, as well as the practical time available for the experiment.

The upcoming figures show the responses of the different sensors in different tests. All sensor responses
shown within a single graph originate from measurements performed on the same sample during a
single experimental run. This results in accurate comparison between the sensors, since the measurement
conditions remain identical and stable throughout the test.

5.2. Ethylene tests

Since ethylene is an electron accepting (oxidizing) gas, and the graphene sensors are p-type, the expected
sensing response is a decrease in resistance upon exposure to ethylene. The ethylene measurements in

40
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this work were performed using a large permeation tube with a permeation rate of 1171 ng/min, as
specified by VICI Metronics.

The first measurement was performed on in-house graphene with one side functionalized with Palladium
nanoparticles while the other side was kept pristine. The resulting response to 20 ppm ethylene is shown
in Figure 5.1. Although the resistance did decrease when the gas was on, from this measurement it
could not be determined that ethylene was successfully sensed. Two issues complicate the interpretation
of the data. First, the data exhibited a high level of noise. This noise may have originated from bad
contact of the pins to the pads of the sample. If the pins are not tightened enough or close to the edge
of the pad, small movements might cause variation in the contact resistance between the pin and the
pad. This might result in changes in resistance that looks like noise. Second, the stabilization period
prior to gas exposure was limited to approximately 40 minutes, which may not have been enough to
stabilize the sensor. It is thereby unsure if the reduction of resistance is due to ethylene or drift from
the sensor. Consequently, the observed resistance decrease cannot confidently be attributed solely to
ethylene exposure.
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Figure 5.1: MLG decorated with Palladium np’s response to 20ppm Ethylene at Room Temperature and 0 RH. The flow to the
sample equals 50 sscm.

To establish a baseline reference, measurements were subsequently performed on a pristine graphene
sample without nanoparticle functionalization. The response is shown in Figure 5.2. Unexpectantly, the
observed response differed from expectations. Instead of decreasing, the resistance increased during
ethylene exposure. This behaviour contradicts both the expected response for p-type graphene exposed
to an electron accepting gas and observations reported in previous studies.

One possible explanation is that the sensing chamber still contained residual contamination or interfering
gases during the measurement. However, this explanation appears unlikely, since the setup had been
allowed to stabilize and clean for approximately two hours prior to the gas exposure.
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Figure 5.2: MLG response to 20ppm Ethylene at Room Temperature and 0 RH. The flow to the sample equals 50 sscm.
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To verify whether the pristine graphene sample was functioning correctly, a measurement using NO2
was performed. NO2 like ethylene is an electron accepting gas and a reduction in resistance is anticipated.
As shown in Figure 5.3, when the NO2 is blown onto the sample the resistance goes down as was
expected. Like ethylene NO?2 is electron donating[8] and with the p-type graphene would result in a
lower resistance when in contact. This confirms that the graphene device itself was operational and

capable of gas sensing.
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Figure 5.3: MLG response to 2.1ppm NO2 at Room Temperature and 0 RH. The flow to the sample equals 250 sscm.
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To further investigate whether ethylene could be detected reliably, measurements were performed on the
commercially obtained Grapheana graphene sample. The results are shown in Figure 5.4. The response
follows the expected behaviour. Upon ethylene exposure, the resistance of the graphene decreases. In
addition, when the gas is turned off the resistance stops dropping and there is a small recovery.

Two distinct speeds of response can be observed in the measurement. The first is a fast resistance
decrease of approximately 0.25% occurring within the 5 minutes after gas exposure. The second is a
slower response that continues for more than one hour. The rapid initial response is likely caused by
the manual valve switching used due to piping of the large permeation tube setup. Since the large
permeation tube is not connected to an exhaust line, ethylene can slowly permeate into the tubing even
while the valves remain closed. As a result, ethylene accumulates inside the gas lines. Once the valves
are opened, a temporary high-concentration ethylene pulse reaches the sample, causing the fast initial
resistance change. The slower response that follows is believed to represent the actual steady-state
sensor response.
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Figure 5.4: SLG decorated with Palladium np’s response to 10ppm Ethylene at Room Temperature and 0 RH. The flow to the
sample equals 100 sscm.

Another observation from Figure 5.4 is the poor recovery of the sensor after ethylene exposure. One
possible explanation is that oxygen species desorb from the graphene surface during exposure and
are not replenished because nitrogen is used as the carrier gas [9]. Another possibility is that ethylene
molecules bind strongly to high-energy adsorption sites on the graphene or nanoparticles, requiring
higher temperatures or UV light for complete desorption [21]. As expected, the second exposure cycle
exhibits a smaller response than the first, likely due to incomplete recovery between cycles.

Unexpectedly, the graphene samples functionalized with Palladium nanoparticles performed worse than
the pristine graphene samples. This suggests that the expected catalytic effect of Palladium did not occur
under the measurement conditions. Several explanations are possible. The measurement temperature
may have been too low to activate catalytic interactions between ethylene and the Palladium nanoparticles
[27, 34]. Additionally, the absence of humidity may have influenced the sensing mechanism. Another
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possibility is that the functionalization process damaged the graphene outweighing any catalytic benefits.
However, this interpretation appears to conflict with the Raman characterization results presented in
Chapter 4, where only limited damage from the nanoparticle deposition process was observed. In
addition to the reduced sensitivity, the recovery behaviour of the Palladium-functionalized devices also
did not improve compared to pristine graphene.

To further investigate the effects of temperature and humidity, a measurement was performed at elevated
temperature. The results are shown in Figure 5.5. During this experiment, the stabilization and first
exposure cycle was performed at 40% RH, while the second cycle was measured under dry conditions.
The sensor temperature was maintained at 120 °C.
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Figure 5.5: SLG decorated with Palladium np’s response to 4ppm Ethylene at 120°C and 40% during stabilization and the first
cycle and 0 RH for the second cycle. The flow to the sample equals 245 sscm for the first cycle and 150 for the next.

The measurements indicate that the addition of humidity negatively affected the ethylene response,
since the dry measurement cycle produced a stronger response than the humid cycle. Several additional
observations can be made. First, the recovery at elevated temperature is significantly improved compared
to room temperature measurements, suggesting higher temperatures assist the desorption of ethylene
molecules. Second, even at elevated temperature, the pristine graphene continued to outperform the
Palladium-functionalized graphene, particularly during the second measurement cycle. Although the
Palladium-functionalized devices had relatively improved recovery behaviour, the absolute response
magnitude remained smaller than that of pristine graphene. These results suggest that even higher
operating temperatures may be required to achieve a complete recovery. Unfortunately, the experimental
setup and the samples used in this work did not allow for measurements at higher temperatures.

Figure 5.6 shows the response of the in-house graphene devices to humidity exposure. Increasing
humidity caused an increase in resistance for both pristine and Palladium-functionalized graphene.
Interestingly, once dry air was flown back in, the pristine graphene exhibited partial recovery, whereas
the palladium showed no recovery and did not even stop increasing in resistance. One possible
explanation is that the Palladium nanoparticles promote local water adsorption or condensation, causing
water molecules to remain attached to the surface for a longer period of time [57, 58].
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Figure 5.6: MLG decorated with Palladium np’s response to 50%RH at Room Temperature. The flow to the sample equals 300
sscm.

Since Palladium functionalization did not improve the sensing response, platinum (Pt) and tin oxide
(SnO) nanoparticle functionalizations were also investigated. Figure 5.7 shows the response of platinum
functionalized graphene to ethylene exposure. Similar to the Grapheana measurements, the resistance
decreases upon exposure to ethylene, which corresponds to the expected sensing behaviour. However,
once again, the pristine graphene exhibited a greater response than the platinum functionalized
graphene, while the recovery remained limited. Nevertheless, this measurement confirms that ethylene
sensing using the in-house fabricated graphene devices is possible.
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Figure 5.7: MLG decorated with Platinum np’s response to 20ppm Ethylene at Room Temperature and 0 RH. The flow to the
sample equals 50 sscm.
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Finally, the response of SnO functionalized graphene to 10 ppm ethylene is shown in Figure 5.8.
Surprisingly, almost no response to ethylene was observed, even for the pristine graphene strips
included in the measurement. Additional control measurements confirmed that the device remained
capable of sensing other gases such as NO2 and ammonia, indicating that the sensor itself was
functioning correctly. The reason for the absence of an ethylene response during this measurement
remains unclear.
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Figure 5.8: MLG decorated with tin-oxide np’s response to 10ppm Ethylene at Room Temperature and 0 RH. The flow to the
sample equals 100 sscm.

5.2.1. Effects of flow

Additional experiments were performed to investigate the influence of gas flow rate on the sensing
response of the graphene devices. These measurements were primarily carried out using the Grapheana
graphene samples in order to determine whether the sensor response was dominated by gas concentration,
gas flow, or a combination of both effects.

In Figure 5.9, the graphene sensor was exposed to a higher ethylene concentration of 20 ppm, while the
gas flow rate was reduced to 50 sccm. If the gas flow rate did not significantly influence the sensing
behaviour, the expectation would be that the sensor response should be greater than the response
observed in Figure 5.4. In that test a lower concentration, but higher flow rate was used. Ideally, the
response would approximately double due to the doubled ethylene concentration.

However, as shown in Figure 5.9, the opposite trend is observed. The higher ethylene concentration
combined with a lower gas flow rate produces a weaker sensor response than the lower concentration
combined with a higher flow rate. This indicates that the gas flow rate has a strong influence on the
Sensor response.



5.2. Ethylene tests 47

_Normalized Resistance Response to 20ppm Ethylene
1 1

0.015

14% Pd
7% Pd
Pristine

0.01¢

3

0.005

f

-0.005

AR/R,

-0.01}

-0.015

-0.02 | OFF ON OFF ON

-0.025 ‘ ‘ ‘ ‘ '
0 50 100 150 200 250 300

Time (minutes)

Figure 5.9: SLG decorated with Palladium np’s response to 20ppm Ethylene at Room Temperature and 0 RH. The flow to the
sample equals 50 sscm.

To further investigate the influence of flow rate, an additional measurement was performed using a
lower ethylene concentration of 5 ppm combined with a higher gas flow rate of 200 sccm. The result is
shown in Figure 5.10.

For the pristine graphene sample, no clear long-term sensor response could be observed apart from
a short transient signal caused by manual valve switching. The palladium functionalized graphene
did exhibit a response, although weaker than the response obtained during the 10 ppm measurement
shown in Figure 5.4. However, despite the lower ethylene concentration, the response remained stronger
than the response measured for the 20 ppm experiment performed at the lower flow rate of 50 sccm.
These results further support the conclusion that insufficient gas flow significantly reduces the effective
Sensor response.
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Figure 5.10: SLG decorated with Palladium np’s response to 5ppm Ethylene at Room Temperature and 0 RH. The flow to the
sample equals 200 sscm.
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To further verify the influence of flow rate, a measurement was performed using NO2 on the in-house
fabricated graphene devices. The same NO2 concentration as used in Figure 5.3 was applied, but the
gas flow rate was reduced from 250 sccm to 50 sccm. The resulting response is shown in Figure 5.11. In
addition, a summary of the different flow experiments can be found in Table 5.1
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Figure 5.11: MLG decorated with Palladium np’s response to 2.1ppm NO2 at Room Temperature and 0 RH. The flow to the
sample equals 50 sscm.

Table 5.1: Summary table of the highest responses in the flow experiments

Gas and coverage Low flow response (%) | Medium flow response (%) | High flow response (%)
Ethylene (Pd 7%) | 0.5 (50 sscm and 20 ppm) | 0.9 (100 sscm and 10ppm) | 0.5 (200 sscm and 5 ppm
Ethylene (Pristine) | 0.9 (50 sscm and 20 ppm) | 1.6 (100 sscm and 10ppm) -

NO?2 (Pristine) 0.8 (50 sscm 2.1 ppm) - 1.25 (250 sscm 2.1 ppm)

As expected, a lower flow rate resulted in a significantly weaker sensor response. In the case of NO2 even
the strongest response observed at low flow did not exceed any response measured under high-flow
conditions. From this it can be concluded that insufficient gas flow can substantially reduce the effective
sensitivity of the graphene sensor.

The physical explanation might be that the flow from the showerhead goes directly to the exhaust and
parts of it do not reach the sample. Future research can be done by putting the showerhead at various
distances to the sample to measure the differences.

Another possible explanation is that the molecules in the vicinity of the graphene surface become
depleted due to adsorption onto the sensor [59]. At low gas flow rates, this can result in a locally
depleted region that replenishes too slowly, since fewer new gas molecules are transported toward the
sensing surface [60]. As a result, the effective concentration at the graphene surface may be lower than
the concentration blown into the chamber. This reduced concentration at the surface of the graphene
due to a low flow rate can consequently lead to a lower sensor response.
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5.3. Cross-sensitivity measurements

To investigate whether nanoparticle functionalization could enhance the sensitivity of graphene toward
gases other than ethylene, several cross-sensitivity measurements were performed using different target
gases. The objective of these experiments was as following. First, to see if the deposited nanoparticles
can improve the sensing response, and second, to calculate the selectivity of the samples towards
ethylene.

The first measurement involved acetic acid, and the result is shown in Figure 5.12. Acetic acid is an
electron accepting gas and, similarly to ethylene, plays a role in biological growth and ripening processes.
As shown in the figure, the Grapheana graphene functionalized with palladium nanoparticles exhibited
a measurable response to acetic acid exposure. However, due to instability in the signal from the pristine
graphene strip, it is difficult to determine whether the palladium nanoparticles provided a catalytic
enhancement. Another notable observation is the absence of recovery after the gas exposure was
stopped. This suggests that acetic acid molecules form relatively strong bonds with either the graphene
surface or the palladium nanoparticles, resulting in slow or no desorption at room temperature.
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Figure 5.12: SLG decorated with Palladium np’s response to 2.6ppm Acetic Acid at Room Temperature and 40% RH. The flow to
the sample equals 250 sscm.

Next, nitrogen dioxide (NO2) measurements were performed. NO2 is a strong electron accepting gas
and is well known to interact strongly with graphene. The result is shown in Figure 5.13. As expected
for p-type graphene, exposure to NO2 resulted in a decrease in resistance. Even under humid conditions
(40% RH), the sensor response remained clear and stable, indicating that the graphene devices retained
good sensitivity towards NO2 in the presence of water vapor.
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Figure 5.13: SLG decorated with Palladium np’s response to 1ppm NO2 at Room Temperature and 40% RH. The flow to the
sample equals 410 sscm.

Ammonia (NH3) measurements were also conducted, as shown in Figure 5.14. In contrast to NO2,
ammonia is an electron-donating gas. Therefore, for p-type graphene, the expected response is an
increase in resistance. The measured response follows this expected behaviour. Unfortunately, the
signal from the pristine graphene strip was corrupted during the experiment, preventing a direct
comparison between pristine and functionalized graphene. The most likely causes of this corrupted
data are unstable probe pin contacts or instability in the electrical connections between the pinout board
and the measurement setup.
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Figure 5.14: SLG decorated with Palladium np’s response to 9ppm NH3 at Room Temperature and 40% RH. The flow to the
sample equals 500 sscm.
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Figure 5.15 shows the response of graphene functionalized with tin oxide nanoparticles to NO2. The
measurements indicate that the functionalized devices have responses comparable to the pristine
graphene devices in terms of sensitivity.
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Figure 5.15: MLG decorated with Tinoxide np’s response to 2.1ppm NO2 at Room Temperature and 0% RH. The flow to the
sample equals 250 sscm.

The response of the tin oxide functionalized graphene sensors to ammonia was also investigated, with
the first measurement shown in Figure 5.16. Several of the graphene devices were corrupted during
the experiment, resulting in only two out of the four sensors providing readable data. In addition, the
device with 5% nanoparticle area coverage exhibited unstable behaviour, characterized by irregular
jumps in resistance throughout the measurement. Although the device with 10% coverage also showed
fluctuations during the stabilization period, its response became considerably more stable during gas
exposure.

The measured response of the 10% functionalized device was approximately 4%, with a recovery of
around 20%. However, because the pristine graphene reference devices were corrupted and could not
be measured reliably, it is difficult to determine whether the tin oxide functionalization improved the
sensing performance compared to pristine graphene.
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Figure 5.16: MLG decorated with Tinoxide np’s response to 9 ppm NH3 at Room Temperature and 40% RH. The flow to the
sample equals 500 sscm.

To further evaluate the sensing behaviour, the experiment was repeated after re-annealing the sample in
order to remove possible contaminants from the graphene surface. The responses of all devices were
successfully measured during the second experiment and are shown in Figure 5.17. Interestingly, the
response of the 10% functionalized device decreased to approximately 2.4% without a clear explanation,
while the recovery also became worse. In addition, the pristine graphene devices slightly outperformed
the functionalized sensors in this measurement.

To investigate whether elevated temperatures would improve the catalytic activity of the tin oxide
nanoparticles, an additional measurement was performed at a higher temperature. The results are shown
in Figure 5.18. As can be observed, the response strength of all devices decreased by approximately
a factor of four. However, the recovery improved substantially, reaching values of around 50%. This
suggests that the increased temperature provides sufficient thermal energy to promote desorption
of strongly bound gas molecules from the sensing surface, thereby improving sensor recovery [21].
Furthermore, at elevated temperature the functionalized devices slightly outperformed the pristine
graphene sensors, indicating that the catalytic activity of tin oxide nanoparticles may become more
effective at higher operating temperatures [4].
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5.4. Summary

A summary of the gas sensing experiments that produced reliable and usable data is presented in Table
5.2. From these results, it can be observed that the Grapheana graphene samples generally outperformed
the in-house fabricated graphene devices, particularly for ethylene sensing. One possible explanation
for this improved performance is the higher material quality indicated by the Raman characterization.
The Grapheana samples exhibited better Raman characteristics, suggesting a lower defect density and a
more uniform graphene structure. This likely improved charge transport and enhanced the interaction
between the graphene surface and adsorbed gas molecules.

Despite successful gas detection, the nanoparticle functionalization did not consistently improve the
sensing performance compared to pristine graphene. In several measurements, pristine graphene
exhibited either a comparable or stronger response than the nanoparticle-functionalized devices.
Additionally, recovery behaviour was often poor, particularly at room temperature, indicating that
desorption of the gas molecules from the graphene surface remained limited under these conditions.

Table 5.2: Summary of the successful gas sensing measurements. If not specefied the humidity is 0% RH and the temperature is
room temperature.

Sample Gas and concentration Magnitude | Bestnp area | Best np | Pristine | Pristine
of the best | coverage recovery | response | recovery
np response | (%) (%) (%) (%)
(%)

In-house 2.1 ppm NO2 (50 sccm) 0.7 2 0 0.7 0

Pd

In-house 2.1 ppm NO2 (250 sccm) - - - 1.25 9

Pristine

In-house 20 ppm Ethylene (50sccm) | 0.4 1 0 0.52 0

Pt

Grapheana | 10 ppm Ethylene (100sccm) | 1 14 0 1.6 0

Pd

Grapheana | 20 ppm Ethylene (50 sccm) | 0.4 7 0 0.9 -

Pd

Grapheana | 5ppm Ethylene (50sccm) | 0.5 14 0 - -

Pd

Grapheana | 4 ppm Ethylene (120 °C) 15 7 66 3 27

Pd

In-house 50% RH (300 sccm) 3.75 7.5 0 2 0

Pd

Grapheana 2.6 ppm Acetic Acid 1.1 14 0 - -

Pd

Grapheana 1 ppm NO2 (40% RH) 6 14 33 - -

Pd

Grapheana 9ppm NH3 (40% RH) 1.3 21 24.6 - -

Pd

In-house 2.1 ppm NO2 (250 sccm) 1 10 5 1 5

SnO

In-house 9 ppm NH3 (40% RH) 4.2 10 20 - -

SnO

In-house 9 ppm NH3 (40% RH) 2.7 5 6 2.9 10

SnO

In-house | 9ppm NH3 (40% RH, 50 °C) | 0.67 10 39 0.53 55

SnO
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A second overview of experiments that did not produce convincing responses is presented in Table
5.3. The corresponding measurement figures are included in Appendix B. In many of these failed
measurements, either no measurable response was observed or the signal-to-noise ratio was too low to
draw reliable conclusions.

Several possible causes contributed to these unsuccessful measurements. These include insufficient gas
flow toward the sample, contamination of the graphene devices and unstable electrical probe contacts.

Table 5.3: Summary of gas sensing experiments that produced insufficient or inconclusive results.

observed.

Sample Gas and concentration Description of failure Possible causes

In-house Pris- | 20 ppm Ethylene (50 sccm) | Weak response and incor- | Gas flow toward the sam-
tine rect response direction. ple was likely too low
In-house Pd 3 ppm NH3 (250 sccm) No measurable response | Unknown

In-house SnO

10 ppm Ethylene (100 sccm)

No measurable response
observed.

Unknown

In-house Pt

2.6 ppm Acetic Acid

No clear response and
excessive measurement
noise.

Poor electrical contacts or
unstable setup

In-house Pd con-

20 ppm Ethylene (50 sccm)

No measurable response

Sample contamination

devices.

taminated observed.

In-house Pd con- | 10 ppm Ethylene (100 sccm) | Noisy signal and no clear | Sample contamination
taminated response.

In-house Pd con- 1 ppm NO2 Significantly reduced re- | Sample contamination
taminated sponse compared to other

In-house Cu

5.7 ppm CO2 (100 sccm)

No measurable response

Short stabilization time

observed.

5.5. Conclusion

Although the nanoparticle functionalization did not improve the sensitivity of pristine graphene toward
ethylene, the performed measurements demonstrated that graphene-based ethylene sensing is feasible.
The best result obtained in this work was a response of approximately 1.6% to 10 ppm ethylene at room
temperature, as shown in Figure 5.4. This result was obtained using the Grapheana graphene which
outperformed the in-house graphene.

In addition to ethylene, the graphene devices were shown to respond to several other gases, including
nitrogen dioxide, ammonia, humidity, and acetic acid. The successful detection of acetic acid and
ethylene represents the first time these gases were measured using this gas sensing setup. Furthermore,
the experiments confirmed that the implemented gas sensing setup, especially the use of large permeation
tubes, operates successfully. The only issue is a lack of exhaust for the large permeation tube leading
to build-up of the gas in the piping and the inability to have a constant flow between different
concentrations.



Conclusion

In this thesis, graphene-based gas sensors functionalized with nanoparticles were investigated for
the detection of ethylene gas. The work focused on the fabrication of graphene sensor devices, the
optimization of nanoparticle deposition using spark ablation printing, the structural and electrical
characterization of the fabricated devices, and the evaluation of their gas sensing capabilities. With as
primary goal to investigate whether nanoparticle functionalization could improve the sensitivity and
selectivity of graphene toward ethylene gas.

A complete fabrication and characterization process for graphene gas sensors was successfully developed.
Graphene strips were fabricated and integrated into sensor structures suitable for gas sensing measure-
ments. In addition, a nanoparticle functionalization process based on spark ablation printing using the
VSParticle system was implemented and optimized. Palladium, Platinum, and SnO nanoparticles were
investigated as possible functionalization materials.

The nanoparticle printing process was studied to achieve controlled and repeatable area coverage. It was
shown that increasing the printing speed generally reduced the nanoparticle area coverage, while higher
spark currents and voltages increased the amount of deposited material. Through these optimization
experiments, reproducible nanoparticle depositions with low area coverage suitable for gas sensing
applications were achieved.

The influence of annealing on nanoparticle morphology and area coverage was also investigated. SEM
imaging demonstrated that annealing causes nanoparticle sintering and agglomeration, leading to a
reduction in the projected nanoparticle area coverage. This effect was observed both on silicon substrates
and on graphene samples. High-temperature annealing on silicon produced a strong reduction in
nanoparticle coverage due to extensive particle clustering, whereas the lower-temperature annealing
process used for the graphene devices resulted in a smaller but still significant decrease in area coverage.
These results show that the final nanoparticle density after annealing can change from the initially
deposited state and therefore must be considered when designing functionalized graphene sensors.

Scanning Electron Microscopy (SEM) was used to evaluate the morphology and structural quality of the
graphene samples. SEM images confirmed the successful fabrication of graphene structures and allowed
visual inspection of the graphene surface before and after processing steps such as molybdenum etching,
nanoparticle deposition, and annealing. The SEM results showed that removing the molybdenum
substrate significantly changes the visual appearance of the graphene surface, whereas nanoparticle
deposition and annealing did not introduce major visible damage to pristine graphene regions.

The commercially obtained Grapheana graphene samples were also analysed and compared with
the in-house fabricated graphene. The Grapheana samples exhibited a smoother and more uniform
surface morphology than the in-house graphene, likely due to differences in fabrication and transfer
processes. Minor nanoparticle contamination was observed on some graphene regions, probably caused
by nanoparticle transport inside the deposition chamber during nearby printing operations or due to
residues in the fabrication.

55
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Raman spectroscopy was used as the primary method for evaluating graphene quality. Analysis of the
D, G, and 2D peaks provided information about defect density, crystallinity, and graphene layer count.
The in-house fabricated multilayer graphene samples exhibited Raman characteristics comparable to
values previously reported for similar fabrication processes. Before molybdenum etching, the Raman
spectra were strongly influenced by the molybdenum, resulting in poor Raman quality metrics. After
etching, the Raman spectra improved significantly and showed values more representative of graphene
itself.

The effect of nanoparticle functionalization on the Raman spectra was also investigated. Only limited
changes in the Raman peak ratios and peak widths were observed after nanoparticle deposition,
indicating that the spark ablation printing process caused minimal structural damage to the graphene.

Electrical characterization was performed through sheet resistance measurements. Most graphene
samples exhibited sheet resistance values on the order of (1 kQ), which is consistent with previously
reported values for similar graphene structures. The sheet resistance increased significantly due to
nanoparticle functionalization, likely indicating that the carrier mobility was decreased due to the
functionalization.

Gas sensing measurements demonstrated that both pristine and nanoparticle-functionalized graphene
devices were capable of responding to ethylene gas exposure. This confirms that the fabricated graphene
structures can operate as ethylene sensing devices. In addition, it was found that a low amount of
flow used to measure a gas can negatively impact the strength of the response. Besides ethylene, the
graphene sensors were able to sense other gasses successfully as well, including nitrogen dioxide,
ammonia, humidity, and acetic acid.

Overall, this work demonstrates the successful fabrication, functionalization, and characterization
of graphene-based gas sensors. However, the central research question of whether nanoparticle
functionalization can improve the selectivity of graphene gas sensors towards ethylene remains
inconclusive. Under the experimental conditions investigated in this study, the selected nanoparticle
functionalizations did not result in an improvement in ethylene sensitivity compared to pristine
graphene.

6.1. Discussion

As shown in the summary presented in Table 5.2, the addition of platinum and palladium nanoparticles
did not improve the sensitivity, recovery behaviour, or response time of the graphene gas sensors for
ethylene and the other investigated gases. In several measurements, the pristine graphene devices even
outperformed the nanoparticle-functionalized samples. This result was unexpected, as previous studies
such as A. M. Akhir et al. [34] and Jin et al. [27] reported significant improvements in gas sensing
performance after the addition of palladium nanoparticles to SnO2 and ZnO sensing layers.

Several possible explanations may account for the underperformance of the functionalization.

1. The nanoparticle area coverage was not optimal.
2. The nanoparticle size was too large.
3. The p-type behaviour of the graphene influenced the sensing mechanism.

4. The operating temperature was too low to activate the catalytic effects.

The first possibility concerns the nanoparticle area coverage. It is unlikely that the coverage was too
low to produce any catalytic effect. If the nanoparticle density had simply been insufficient, a smaller
enhancement in response would be expected rather than the observed reduction in sensitivity in some
cases. Similarly, it is also unlikely that the coverage was excessively high, since measurements were
performed using low coverages of approximately 1%. Previous work by colleagues using graphene
functionalization for other gases reported optimal nanoparticle coverages within a similar range [8].
Therefore, although nanoparticle density may influence the sensing behaviour, it is unlikely to fully
explain the absence of improved performance.

Another explanation could be the nanoparticle size. In other works, palladium nanoparticles with
diameters of only a few nanometers are typically used. For example, the nanoparticles reported by A.
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M. Akhir et al. [34] were approximately 2nm in size. In contrast, the particles produced in this work
were generally much larger, as shown in Figure 4.3. Producing significantly smaller nanoparticles with
the current spark ablation setup proved difficult. The maximum carrier gas flow rate was already used
to reduce particle size as much as possible, while lowering the spark current further resulted in unstable
or inconsistent nanoparticle generation. As a result, the fabrication setup imposed practical limitations
on the nanoparticle size.

The p-type nature of the graphene devices also appears unlikely to be the primary cause of the limited
functionalization effect. Previous studies demonstrating successful palladium functionalization, such
as A. M. Akhir et al. [34], used SnO2 as the sensing layer, which is also p-type. Therefore, the charge
carrier type alone is probably insufficient to explain the absence of catalytic enhancement.

The most likely explanation is the relatively low operating temperature used during the gas sensing
measurements. In the studies by A. M. Akhir et al. [34] and Jin et al. [27], the sensors were operated
at temperatures around 300 °C. One possible mechanism is that the catalytic activity associated with
reactions such as Wacker oxidation does not occur efficiently at room temperature or even at the
moderately elevated temperatures used in this work.

The measurements performed at 120 °C already showed improved recovery behaviour compared to
room-temperature measurements, suggesting that temperature indeed plays an important role in
activating the sensing mechanisms. Unfortunately, the current gas sensing setup could not reliably
operate at temperatures approaching 300 °C. In addition, the graphene devices themselves were unlikely
to remain stable at such temperatures, as the gold contacts used for the electrical connections would
likely degrade or fail. Evidence of thermal degradation effects can be found in Appendix A.

As help for writing this thesis generative Al was used to rewrite some parts of the texts for better
readability and grammar.

6.2. Future Recommendations

Although graphene-based ethylene sensing was demonstrated in this work, several improvements and
research directions can be explored to further enhance the sensing performance and better understand
the underlying mechanisms.

One important recommendation is the development of a gas sensing setup capable of operating at
significantly higher temperatures. Previous studies involving palladium functionalized metal oxide
sensors reported optimal sensing performance at temperatures around 300 °C [27, 34].

Related to this, additives commonly used in catalytic processes such as the Wacker oxidation process
could also be investigated. Such additives may lower the activation energy of the catalytic reactions
and enable improved sensing at lower temperatures. One possible approach is the introduction of
chlorine solution near the graphene. However, chlorine is highly reactive and could damage the
graphene or interconnect. Therefore, any implementation of such additives would likely require careful
encapsulation and membranes.

Another direction is the investigation of alternative nanoparticle materials and morphologies. In this
work, relatively large and fractal-like nanoparticles were produced using spark ablation. Future studies
could investigate nanoparticles with smaller diameters and more spherical closer to previous literature.
There nanoparticles only a few nanometers in size were used. Additionally, other nanoparticle materials
beyond palladium, platinum and tin oxide may provide improved selectivity towards ethylene or other
target gases.

The recovery of the graphene sensors also has room for improvement. Many of the measurements
performed in this work exhibited slow or incomplete recovery after gas exposure. One possible method
to improve recovery is the use of ultraviolet (UV) illumination during or after sensing measurements.

To improve the accuracy of the ethylene concentration control, future setups should include active
temperature regulation for the large permeation tube. In the current setup, the large permeation tube
remained at ambient laboratory temperature, causing variations in the permeation rate depending on
temperature fluctuations. By integrating a heater and temperature sensor, the permeation tube could
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be maintained at its calibration temperature, resulting in more accurate and reproducible ethylene
concentrations.

Furthermore, the location of the large permeation tube can be improved. Currently, the large permeation
tube does not have access to an exhaust path, preventing access to certain flow to concentration ratios.
Putting the large permeation tube in the at the intake of the V-OVG would allow the use of the exhaust.

Finally, additional studies can be performed to further investigate the influence of gas flow on the gas
sensors. In this work the gas flow rate affected the measured response. Future experiments could
therefore employ a closed sensing chamber in which a stable gas concentration is maintained without
requiring continuous flow.
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Breakage due to high annealing
temperature

Regulus 2.0kV x2.50k SE(UL)

Figure A.1: Broken connection of gold (Vertical) to graphene (horizontal) after annealing at 400C
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Regulus 2.0KV x1.50k SE(UL)

Figure A.2: Reference connection of gold (Vertical) to graphene (horizontal)

Regulus 2.0kV x50.0k SE(UL)

Figure A.3: Breakage line between the gold connected to the graphene and the gold connected to the pins
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Regulus 2.0kV x30.0k SE(UL)

Figure A.4: Corner of a broken conection
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Failed gas sensing data

MLG respone to 3ppm Ammonia at 50% RH
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Figure B.1: MLG decorated with Palladium np’s response to 3 ppm NH3 at Room Temperature and 50% RH. The flow to the
sample equals 500 sscm.
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4 X 10Normalized Resistance Response to 5.7ppm CO2
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Figure B.2: MLG decorated with copper np’s response to 5.7 ppm CO2 at Room Temperature and 0% RH. The flow to the sample
equals 100 sscm.



68

_Normalized Resistance Response to 20ppm Ethylene
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Figure B.3: MLG decorated with Palladium np’s that were found to be contaminated response to 20 ppm Ethylene at Room
Temperature and 0% RH. The flow to the sample equals 50 sscm.
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Normalized Resistance Response to 10 ppm Ethylene
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Figure B.4: MLG decorated with Palladium np’s that were found to be contaminated response to 10 ppm Ethylene at Room
Temperature and 0% RH. The flow to the sample equals 100 sscm.
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. _xm“Normalized Resistance Response to 1 ppm NO2
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Figure B.5: MLG decorated with Palladium np’s that were found to be contaminated response to 1 ppm NO2 at Room
Temperature and 0% RH. The flow to the sample equals 250 sscm.



71

Normalized Resistance Response to 2.6ppm Acetic Acid
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Figure B.6: MLG decorated with Platinum np’s response to 2.6 ppm Acetic Acid at Room Temperature and 0% RH. The flow to
the sample equals 250 sscm.
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* Wafers do NOT have to be cleaned after a furnace, epitaxy or deposition step if the next process step will be
performed immediately, unless the wafers are covered with particles.

FURNACE RESTRICTIONS

Wafers that are covered with photoresist or a metal layer may NEVER be processed in any of the furnaces. This also applies
for wafers from which a metal layer has been removed by etching. Only alloying in tube C4 is allowed for wafers with an
aluminium layer.

MEASUREMENTS
Always perform all the measurement and inspection steps, and write down the results in your journal and in the logbooks
that can be found at some of the equipment. The results are used to monitor the processes and/or equipment.

It is possible to measure directly on your (CMOS compatible) process wafers with the following Class 100 equipment:

OThe Leitz MPV-SP, the WOOLLAM and the KEYENCE microscope. The first 2 systems are used for thickness
measurements of transparent layers, and the third system is used for 3D surface metrology. The measurements are
non-destructive and without contact to the wafer surface.



[OThe Dektak 8 surface profilometer. This system is used for step height measurements. In this case a needle will
physically scan over the wafer surface, which can be destructive for structures. It is a contact measurement.

[1The XL50 or Hitachi SEM. They can be used for inspection of your wafers and for width, depth or thickness
measurements.

Note: - After certain measurements cleaning of your wafers may be required for further processing.
* An extra wafer must be processed when other measurements are required (like sheet resistance and junction depth
measurements). These wafers can not be used for further processing.



STARTING MATERIAL

Use 4 single side polished process wafers, with the following specifications:

Type: P-type

Orientation: 100 deg off orientation
Resistivity: 2-5 Qcm

Thickness: 525 £ 15 ym

Diameter: 100.0 £ 0.2 mm

Wafers taken out of an already opened box must be cleaned before processing, according to
the standard procedure.
Wafers taken out of an unopened wafer box do not have to be cleaned before processing.



1. COATING AND BAKING

Use the EVG 120 wafer track to coat the wafers with photoresist and follow the instructions specified for this
equipment.

The process consists of a treatment with HMDS (hexa methyl disilazane) vapor with nitrogen as a carrier gas,
spin coating with Shipley SPR3012 positive photoresist and a soft bake at 95°C for 90 seconds.

Always check the temperature of the hotplate and the relative humidity (48 = 2 %) in the room first.

Use coating “Co — 3012 — 1.4um — noEBR” (resist thickness: 1.400 um).

2. ALIGNMENT AND EXPOSURE

Processing will be performed on the ASM PAS 5500/80 automatic wafer stepper.

Follow the operating instructions from the manual when using this machine.

Use the COMURK mask and the correct litho job:

Job: litho/Zefwam

Layer ID: 1

Mask ID: COMURK

Exposure energy: 120 mJ/cm?.

Note: The mask is used to put alignment marks for both the stepper and the contact aligner.

3. DEVELOPMENT

Use the EVG 120 wafer track to develop the wafers and follow the instructions specified for this equipment.
The process consists of a post-exposure bake at 115°C for 90 seconds, followed by a development step using
Shipley MF322 developer (single puddle process) and a hard bake at 100°C for 90 seconds.

Always check the temperature of the hotplates first.

Use development recipe “1-Dev — SP”

4. INSPECTION: LINEWIDTH

Visually inspect the wafers through a microscope, and check the linewidth. No resist residues are allowed.

5. WAFER NUMBERING

Use the glass pen in the lithography room to mark the wafers with the BATCH and WAFER numbers.
Write the numbers in the photoresist, just above the wafer flat. Always do this after exposure and development!
It is NoT allowed to use a metal pen or a scriber (pen with a diamond tip) for this purpose.

6. PLASMA ETCHING OF ALIGNMENT MARKS
Use the Trikon Qmega 201 plasma etcher.
Always check the temperature first and change it as per the requirement

Follow the operating instructions from the manual when using this machine.
The process conditions of the etch program may not be changed!

Use sequence URK_NPD and set the plate temperature to 20 °C to etch 1200 A deep ASM URK's into the
silicon.

7. CLEANING PROCEDURE: TEPLA + HNO3 99% and 69.5% (NO METAL ZONE)

Plasma strip ~ Use the Tepla plasma system to remove the photoresist in an oxygen plasma.



Follow the instructions specified for the Tepla stripper, and use the quartz carrier.
Use program 1

Cleaning 10 minutes in fuming nitric acid (Merck: HNO3 99% selectipur) at ambient temperature.
Use wet bench "HNO3 (99%)" and the carrier with the white dot.

QDR Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5 MQ.

Cleaning 10 minutes in concentrated nitric acid (Merck: HNO3 69.5% selectipur) at 110 °C.
Use wet bench "HNO3 (69.5%)" and the carrier with the white dot.

QDR Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5 MQ.

Drying Use the Semitool "rinser/dryer" with the standard program, and the white carrier with a red dot.

9. OXIDATION

Furnace no: T2

Program name: WET1000

Required thickness: 600 nm (calculate time accordingly and set in the recipe)
10. MEASUREMENT: OXIDE THICKNESS

Use the Woollam Ellipsometer measurement system to measure the oxide thickness:

Program: Th. SiO2 on Si, >50nm autoSpts Expected Oxide thickness: 600 nm on the process wafers

11. CATALYST DEPOSITION @ CLASS 100

Use the TRIKON SIGMA sputter coater for the deposition of the catalyst metal Mo layer on the process
wafers.

Follow the operating instructions from the manual when using this machine. Perform a target clean if
necessary

Recipe for target clean: TrgtCln_Mo_ 50C
Desired Recipe: Mo_50nm_50C

Note:- while loading the wafer in the cassette, the first wafer will be the Mo target clean wafer, and after this
wafer, you will load all your processed wafers.

For your reference,
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Note:- you can edit the “No of wafers” section and write the number of your processed wafers

Visual inspection: the metal layer must look shiny.

12. COATING AND BAKING (For the patterning of the Mo)

Use the EVG120 system to coat the wafers with (2.4um) photoresist, and follow the instructions specified for this
equipment. The process consists of a treatment with HMDS (hexamethyldisilazane) vapor with nitrogen as a
carrier gas, spin coating with SPR3012 positive resist, and a soft bake at 95 °C for 90 seconds. The resist will be
dispensed with a pump. Always check the relative humidity (48 £+ 2 %) in the room before coating.

Use the program: "Co — 3014 — 1,4um no-EBR" on the coating station

13. ALIGNMENT AND EXPOSURE: Mo catalyst

Processing will be performed on the ASM PAS 5500/80 automatic wafer stepper.
Follow the operating instructions from the manual when using this machine.

Box: Mask Gr ( You can find it in the Tiance cupboard), or you can contact me at this step, then I will show you
where it is placed.
While using the mask aligner, you need to calculate the exposure time according to the 140mJ/cm? energy

Also, expose the edge after this first exposure: ( or you can skip this step). Or we need to talk with Sten regarding this
Box No: 262

Mask: open10x10

Name: Al

Job: Diesize 10mm/gl0al-edge(full),

layer ID: 2

Exposure energy: 140 mJ/cm?,

The reason for the edge exposure is that Mo at the edge will result in more sliplines during graphene growth, which
will give exposure problems.

14. DEVELOPMENT

Location: (Class 100 clean room)

Use the EVG120 system to develop the wafers, and follow the instructions specified for this equipment.

The process consists of a post-exposure bake at 115 °C for 90 seconds, developing with Shipley MF322 with a
single puddle process, and a hard bake at 100 °C for 90 seconds.

Use the program " 1-Dev_SP " on the developer station.

15. MICROSCOPE INSPECTION

Use the microscope for inspection and notice the colour of your sample surface. Also, No resist residues are
allowed.

16. PLASMA ETCHING OF MOLYBDENUM
Use the Trikon Qmega 201 plasma etcher.
Always check the temperature first and change it as per the requirement.

Follow the operating instructions from the manual when using this machine.
The process conditions of the etch program may not be changed!



Use recipe: MO _test8 and set the platen temperature to 40 °C. And always check the etching time in the
recipe and change it if necessary.

The target time for the etching of 500 nm Mo is 150 seconds. The etching time for 50 nm Mo will be
15 seconds according to the calculation. But in the past, I got realized that 15 seconds is not enough to
etch 50 nm Mo. Therefore, the etching time should be a little bit longer.

You can use 25 or 30 seconds to etch the 50 nm Mo.

Note:- Don’t increase the temperature directly from 20 °C to 40 °C. Otherwise, the ceramic chunk can be
cracked.

Try to increase the temperature in two steps.

1. Increase the temperature from 20 °C to 31°C, and then wait for 10 minutes.
2. From 31 °Cto 40 °C and then wait for another 10 minutes.

When you realise the temperature is stabilised (40 °C), then you can run the recipe.
Once you are done, then decrease the temperature in the same manner.

1. 40 °Cto 31 °C and wait for 10 minutes.
2. 31 °Cto 25 °C and wait for another 10 minutes.

Perform a test on one wafer first and check for Mo etching residues and SiO: over-etch. The resist gets
consumed, hence if necessary, we have to reapply it.

Note:- while etching of the Mo, SiO» can be etched a little bit. If you want to be so precise about your SiO, layer, then
you can calculate the SiO; thickness using the RF reflectometer.

17. MICROSCOPE INSPECTION

Use the microscope for inspection and notice the colour change of your sample surface after the etching. If the
colour of your sample is changed after etching, that means you have etched the Mo completely.

18. RESIST STRIPPING USING NI555 CHEMICAL WITH ULTRASONICATION
Location: CR10000
Follow this while cleaning

a) Take the ultrasonicator and set the parameters like this (low frequency: 37 kHz, Time: 30 minutes,
Power: 100 W, and temperature: 40 °C) and fill the water bath till the line of the bath.

b) Take a clean beaker and fill the NI5S55 chemical in it

¢) Keep this beaker in the ultrasonicator’s bath and increase the temperature of the bath to 40 °C.

d) Once you reach the desired temperature, then fit the wafer in the sample holder and keep this sample
holder in the beaker. Finally, start the ultrasonication for 30 minutes

e) Once the process is finished, then rinse in DI water for at least 5 minutes

f) Inthe end, dry the wafers using the non-contaminated chuck.

After this, pour the waste NI555 chemical into the organic waste container.
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19. SEM INSPECTION @ CR100

Only use a non-contaminated sample holder.

Use the Regulus SEM for inspection and see if the fences/residues are there or not. Sometimes, fences are
present on the corners of the structure after metal etching. Before graphene growth, be sure that your sample is
clean.

20. GRAPHENE GROWTH @ CLASS 10000

Use the AIXTRON BlackMagic Pro to grow Graphene using LPCVD around 1000°C.
Use recipe: Mo NEW_915C 20minCH4 preanneal20min

Note:- Use the contaminated tweezers after graphene growth.
21. SEM INSPECTION @ CR100
Only use a contaminated sample holder.
Use the Regulus SEM for inspection.
22. RAMAN INSPECTION
Check if graphene has successfully nucleated by inspecting the wafer in the Raman spectrometer
23. MANUAL COATING AND BAKING

Location: (Class 100 polymer lab)
(You would need the training for this. Kindly contact Hande about this.)



The process consists of treatment with HMDS (hexamethyldisilazane) vapour with nitrogen as a carrier gas for
10 minutes, spin coating with NLOF2020-3.5um negative resist (FOLDER 2020 -> nLOF 2020) using a Cu-
contaminated chuck, and a soft bake at 110 °C for 60 seconds.

24,

25.

26.

27.

28.

ALIGNMENT AND EXPOSURE

Use the mask aligner for this. And for the contaminated wafers, you need to change the carrier wafer
MANUAL DEVELOPMENT

Location: (Class 100 clean room)

e Perform a cross-link bake at 110 °C for a 60-second soft bake using the hotplate for contaminated
wafers.

e Develop the wafers in Shipley MF322 for 60 seconds using Cu glassware. Rinse with DI water and
inspect by microscope.

INSPECTION: LINEWIDTH AND OVERLAY

Location: (Class 100 clean room)

Visually inspect the wafers through a microscope, and check line width and overlay.
CR AND AU DEPOSITION (immediately after the previous STEP)

Location: (CR10000)

Use the CHA for the Cr/Au evaporator to deposit 20 nm Cr and 200 nm Au. (Wait till the pressure is in the
E-7 range)

LIFT-OFF

Location: CR10000 or chemical area

Use an ultrasonic bath and warm NI555@ T = 50 °C (check the water temperature inside the bath using a
thermometer). Put the wafer inside NI555 for (2-3) hours without starting ultrasounds to avoid graphene damage
and/or removal. Or lift off can be done at room temperature overnight. (When you are at this step, pls let me
know.)

Rinse in DI water for 5 min and dry the wafers using the contaminated chuck.

29.

Dicing

Contact with the EKL user for this

30.

MO ETCHING

Location: chemical area or CR10000

1. Wear suitable personal protection equipment like neoprene gloves and safety glasses, and perform the
etching in a fume hood

2. Take a ~20 cm diameter low height (< 10 cm) beaker, place a smaller (~5 cm diameter beaker) upside
down in it

3. Place the wafer horizontally on the smaller beaker such that any overspill from the wafer will fall in the
larger beaker

4. Pour a small quantity (< 50 ml) of H202 into a separate beaker. Also, prepare another beaker with DI
water.

5. Use a pipette to apply the H202 to the wafer till it is fully covered

6. Wait for etching to finish; this usually takes 5-20 minutes. If necessary, add a few drops of H202.



7. Slowly pipette DI water to dilute the etchant. Do this as gently as possible to prevent excess motion in the
liquid

8. After adding a substantial (>100 ml) amount of DI water, check the pH with pH paper if the pH is 7.

9. Break the meniscus of the water and wait for the majority to drain from the wafer.

10. Remove the wafer with your tweezers and let it dry in the fume hood on a blue tissue.

11. Clean up the acids using the water suction of the fume hood. Rinse all beakers and put them in the
dedicated used beaker storage.

ENJOY!!!!!!



Area coverage code

clc; clearvars;

[file_list, path_n] = uigetfile({'*.jpg'}, 'Grab the files you want to
process', 'MultiSelect', 'on')

image_name = {};
min_all = {};

max_all = {};

ave_all = {};
gray_thresh = {};
np_count = {};

np_area = {};
percent_area = {};
mean_np_diameter = {};
median_np_diameter = {};
std_np_diameter = {};
np_size = {};

% make the data file a cell array if it's not already
if iscell(file_list)==

file_list = {file_list};
end

for i = 1l:length(file_list)
filename = file_list{i};
% put the original image in the variable I
I = imread(filename);
I =1IC,:,D);

imshow (I);

sI = size(I);
xsize = sI(1)
ysize = sI(2)*0.7

crop = [];
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crop = imcrop(I,[®, O, xsize,ysize]); %change size of photo here
figure (4)

imshow (I);

hold on

%crop = adapthisteq(crop);

crop = medfilt2(crop, [3 31);

B = reshape(crop,1,[]1);
pixelcount = size(B)
pixelcount = pixelcount (2)

T = tabulate(B);

% Compute histogram
[counts, binLocations] = imhist(crop);

% Smooth histogram to reduce small noise fluctuations
smoothCounts = smoothdata(counts, 'gaussian', 15);

% --- Step 1: Find peaks in the histogram ---
[pks, locs] = findpeaks(smoothCounts);

% Optional: visualize peaks

figure(l);

plot(binLocations, smoothCounts);

hold on;

plot(binLocations(locs), pks, 'r*');
xlabel ('Grayscale Intensity Values');
ylabel ('Frequency');

title('Smoothed Histogram with Peaks');

[~, noisePeakIdx] = min(binLocations(locs));
noisePeakIntensity = binLocations(locs(noisePeakIdx))

allsum = sum(counts)

leftsum = sum(counts(l:noisePeakIntensity))
backgroundSum = leftsum*2 + counts(noisePeakIntensity)
npcov = (allsum-backgroundSum) *100/allsum

third_column = T(:, 3);
third_scan = T(third_column >=0.1, :);
first_column = third_scan(:,1);

bell_curve = third_scan(first_column ~= 255,:);

min_intensity = min(bell_curve(:,1))
max_intensity = max(bell_curve(:,1))
ave_bellcurve = mean(bell_curve(:,1))

%uses Otsu's method to calculate the threshold. If you use this



threshold in Image ] and adjust the brightness and contrast in a
vertical line at this value, you get the same results here
level = graythresh(crop);

level = 104/255;

image_name = [image_name; filename];
min_all = [min_all;min_intensity];
max_all = [max_all; max_intensity];
ave_all = [ave_all; ave_bellcurve];

gray_thresh = [gray_thresh; im2uint8(level)];
bw = imbinarize(crop,level); %use this as basis
%bw = imfill (bw, 'holes');

%imshowpair (crop,bw, 'montage') %before and after thresholding picture
%figure (1)

%imshow (crop)

%figure (2)

%imshow (bw)

figure (2)
imshowpair (crop,bw, 'montage"')

%figure (3)

%imhist (crop)

%hold all

%xlabel ('Grayscale Intensity Values')
%ylabel ('Frequency ')

total_np_area = sum(bw,'all') %total ara of white pixels in pixels

[labeledImage, numberOfRegions] = bwlabel (bw);
% Call regionprops

s = regionprops(bw, 'Area', 'Orientation',

'MajorAxisLength', 'MinorAxisLength',

'Eccentricity', 'Centroid');

% --- Nanoparticle size calculation ---

areas = [s.Areal]; % Area of each NP in pixels
valid = areas >= 10;

areas = areas(valid);

equiv_diameter = 2 * sqrt(areas/pi); % Equivalent circular diameter (
pixels)

mean_d = mean(equiv_diameter);
median_d = median(equiv_diameter);
std_d = std(equiv_diameter);

%figure (5)
%histogram(equiv_diameter)
%hold all



88

%xlabel ('AreaSize')
%ylabel ('Frequency ')

hold on
phi = linspace(0,2%pi,50);

cosphi cos(phi);
sinphi = sin(phi);

hold off
[numRows ,numCols] = size(areas)

p_area = (total_np_area*100)/(xsize*ysize);

np_count = [np_count; numCols];
np_area =[np_area;total_np_areal];

percent_area = [percent_area; p_area] %change size of photo here 1280%*

%np_area = [np_area; pixelcount-backgroundSum];
%percent_area = [percent_area; npcovl];
mean_np_diameter = [mean_np_diameter; mean_d];
median_np_diameter = [median_np_diameter; median_d];
std_np_diameter = [std_np_diameter; std_d];

np_size = [np_size; p_area/numCols];

end

if isfile('pixel_breakdown.xlsx"')
delete('pixel_breakdown.xlsx');
end

summary = table(image_name, min_all

%0verwrites existing exel every run

, max_all, ave_all, gray_thresh,

np_count, percent_area, np_size)
writetable (summary, 'pixel_breakdown.xlsx', 'Sheet',1); %saves data into

excel.
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