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Abstract

Abstract

This dissertation thesis deals with nanocrystalline diamond (NCD) thin films and 2D
layers based on transition metal dichalcogenide (TMD) and carbon for gas sensing applications.
The research focuses on studying these materials and their combination as the active (sensing)
layer in gas conductivity sensors with interdigital structure (IDT). The emphasis of the study is
on improving the response to gases at room temperature. The measured characteristics and
parameters are compared with laboratory and commercially available sensors. The presented
studies range from basic materials to complex heterostructures combining two different materials
to improve the gas response are presented in this work. Each sensing-structure is characterized,
and a gas interaction model is provided to describe the differences in sensing principles for these
conductivity sensors. This work is a commented collection of the author's publications with
a linked text.

The first part of the study focuses on the characterization of hydrogen-terminated NCD
(H-NCD) without modification and its comparison with commercial sensors, specifically
the TGS 826 and the PY2055 at temperatures ranging from 40 °C to 125 °C. The part includes
preparing the structure and H-NCD, describing the measuring apparatus and chambers, and
a model of the material - gas molecule interactions. In addition, it contains a critical discussion
between the gas sensing mechanisms for H NCD and TGS 826

The second part focuses on improving the H-NCD layer by comparing the responses of
NCDs with their different grain sizes, different terminations (hydrogen and oxygen-terminated),
and surface coverage with gold nanoparticles (Au NPs). The Au NPs improved the responses to
both gases by reducing the nominal resistance, thereby increasing the relative response of
the sensor, particularly at 125 °C. The gas-sensing enhancement is explained by reducing
the barrier's resistance between the NCD grains via Au NPs electrically conductive islands.

The third part introduces a novel heterostructure consisting of H-NCD and the TMD
material molybdenum disulfide (MoS;). This material’s combination significantly improves
the gas response at room temperature, attributed to the formed p-n junction sensitive to gas
molecules. This heterostructure operated at room temperature also reduces power consumption
due to the absence of a heating element.

The last fourth part of the study describes a carbon-based heterostructure combining
H-NCD and modified graphene oxide (GO), specifically reduced (rGO) and thiol-functionalized
(SH-GO). The SH-GO / H-NCD heterostructure significantly improves the response to ethanol
vapor at room temperature, achieving a 634 % response at 100 ppm concentration. Even though
both materials exhibit p-type conductivity, the between them seems to be a key factor resulting in
high sensitivity to gas presence.

Keywords

Gas sensors, nanocrystalline diamond, molybdenum disulfide, graphene oxide,
heterostructure sensors

Page ii



Abstrakt

Abstrakt

Diserta¢ni prace se zabyva tenkymi vrstvami nanokrystalického diamantu (NCD)
a 2D vrstvami na bazi dichalkogenidu pfechodnych kovii (TMD) a uhliku pro aplikace v oblasti
detekce plynd. Prace se zaméfuje na vyzkum téchto materialt a jejich kombinace pro pouziti jako
aktivni neboli snimaci vrstvy ve vodivostnich senzorech plynt s interdigitalni strukturou (IDT).
Dtiraz je kladen na zlepSeni citlivosti pti pokojové teploté. Naméfené charakteristiky a parametry
jsou porovnavany s jinymi dostupnymi senzory, komer¢nimi i laboratorn¢ piipravenymi.
Materidlovy vyzkum zahrnuje zdkladni materialy i slozité heterostruktury kombinujici dva rizné
materialy, které maji zlepsit citlivost na plyny. Kazda struktura je charakterizovana. Model
interakce s plynem popisuje rozdily v principech snimani téchto senzort plynt. Prace je Sepsana
jako komentovany soubor autorovych publikaci s dopliujicim textem.

Prvni ¢ast prace je zaméfena na charakterizaci vodikem zakonéenym NCD (H-NCD)
bez modifikace ajeho porovnani s komerénimi senzory TGS 826 a PY2055. Prace obsahuje
ptipravu struktury, popis méfici aparatury, popis komor a model interakce material — molekula
plynu. Dale obsahuje kritickou diskusi mezi mechanismy snimani plynia pro H-NCD a TGS 826.

Druha ¢ast se zamé&fuje na zlepSeni citlivosti H-NCD vrstvy porovnanim reakci NCD
sriznou velikosti zrn, riznym zakon¢enim (H-NCD aO-NCD) apokrytim povrchu
nanocasticemi zlata (Au NPS). Au NPs zlepsily citlivost na oba plyny snizenim jmenovitého
odporu, ¢imz se zvysila relativni odezva senzoru. Zlepseni detekce plyni se vysvétluje snizenim
odporu bariéry mezi zrny NCD prostfednictvim elektricky vodivych ostrivkt Au NPs.

Tteti ¢ast predstavuje novou heterostrukturu kombinujici H-NCD a TMD material
disulfid molybdenu (MoS;). Kombinace téchto dvou materiali vyrazné zlepsuje citlivost na plyn
pii pokojové teploté, zejména vytvofenym p-n prechodem citlivym na molekuly plynu.
Tato heterostruktura také sniZuje spotiebu energie kvili absenci topného prvku.

Posledni ¢tvrta Cast prace popisuje heterostrukturu na bazi uhliku kombinujici H-NCD
a modifikovany oxid grafenu (GO), konkrétné redukovany (rGO) nebo funkcionalizovany
thiolovou skupinou (SH-GO). Heterostruktura SH-GO / H-NCD vyrazné zlepsuje citlivost
na vypary ethanolu pii pokojové teploté a dosahuje az 634 % pro koncentraci 100 ppm. Oba
materialy vykazuji vodivost typu p akliCovym faktorem, ktery vede k vysoké citlivosti
na pfitomnost plynu, je piechodova mezivrstva mezi obéma materialy.

Klidova slova

Senzory plynt, nanokrystalicky diamant, sulfid molybdenicity, grafén oxid, senzory
na bazi heterostruktury
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1. Introduction

1. Introduction

Air cleanliness/quality is crucial for maintaining a high quality of life on Earth. However,
it is essential to note that solutions are available to mitigate these negative impacts. Gas sensors
have become an essential component of both industrial and everyday life due to the increasing
number of harmful substances released into the air, primarily by heavy industry [1-11]. In
the 21% century, industry has become one of the leading sources of air pollution, emitting harsh
inorganic compounds, such as ammonia (NHs), carbon oxides (COx), sulfur oxides (SOx), and
nitrogen oxides (NOx) into the atmosphere. Furthermore, sectors such as polymers, paints,
aerosols, and oil processing, which heavily rely on organic solvents, also contribute to pollution
through volatile organic compounds (VOCs). Ethanol (C2HsOH), one of the most frequently used
solvents in the mentioned industries [12, 13], is a significant component of VOCs. Additionally,
according to the 2018 ERSO report for the European Commission [14], ethanol is a psychoactive
substance associated with 25 % of fatal traffic accidents.

The demand for air quality monitoring and pollutant detection has significantly increased
over the last 20 years. Advanced gas sensing technology enables effective monitoring and
detection of pollutants, facilitating informed decision-making and necessary actions to mitigate
potential harm. Acknowledging the risks associated with these substances and implementing
appropriate measures to ensure the safety and well-being of individuals and the environment is
crucial.

While conductivity-based metal oxide (MOx) sensors, particularly SnO,, are currently
the most commonly used due to their low cost and flexible production, they have limitations.
These sensors require a high operating temperature and cannot be reduced in size too much,
making them unsuitable for use as sensor nodes in 10T applications with Energy-Harvesting
supply. Consequently, there is a high demand for developing new high-accuracy sensors capable
of detecting various gases with excellent reproducibility, sensitivity, and stability. New sensing
materials, surface treatments, or manufacturing processes must be developed to achieve
high-quality, smaller, more accurate, and cost-effective sensors. The main goal is to increase
the sensor's performance while reducing production costs.

In accordance with this objective, great attention is focused on novel materials suitable
for conductivity gas sensors. Gas sensors with wide-bandgap (WBG) semiconductors, such as
diamond thin layers or 2D materials, show great potential for miniaturization and modification
through material science or technological progress. These highly advanced materials have been
extensively researched, making them a reliable choice for gas-sensing applications. It is important
to note that using these materials is still in the experimental stage, but the initial results so far
have been very promising.

1.1 Gas sensors

Gas sensors are designed to detect and measure the concentration of gases or gas
mixtures. Their operation is based on a physical/chemical reaction of a substance, which is then
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1. Introduction

converted into an electrical signal. The output signal is typically analog, such as achange in
resistance or frequency. Gas sensors are characterized by their high sensitivity, selectivity,
excellent time stability, and wide measurement range [1]. It is important to mention that different
gases may require different types of sensors, and consideration should be given to the specific
application and environmental conditions.

The sensitivity indicates the conversion ratio between the change in concentration and
the output signal, often defined as achange in the output signal divided by achange
in concentration.

The selectivity is an essential parameter of gas sensors and indicates a gas's sensitivity
in the mixture. Selectivity means the ability of a sensor to detect a specific gas from multiple
analytes. It can be calculated using multiple times the sensor gives us higher values than
a non-selective gas of the same concentration.

The time stability of the sensor refers to the percentage change in output at a constant gas
concentration. Ideally, the change in output over time is zero.

The measurement range is the range of gas concentration that the sensor detects.
The range is defined as the linear part of the sensor sensitivity curve, with a specific concentration
that can be precisely determined [3].

The following subchapters describe the three most common physical principles employed
in gas sensing.

1.1.1 Conductivity sensors

Conductivity sensors, also known as chemoresistive or solid-state semiconductor gas
sensors, use a change in the active layer's conductivity due to a reaction with gases. These sensors
are the most commonly used. They mostly consist of a substrate or base plate, conductive
electrodes for connecting measuring wires, a heating element ensuring the correct temperature,
and active layers reacting to gases. The active layer is often a chemically stable semiconductor
with suitable parameters, especially with sufficient gas reaction intensity. A suitable and very
often used material is SnO,. Cheap silicon is unsuitable due to its tendency to form
a non-conductive oxide layer. For proper function, it is necessary to ensure direct contact between
gases and the active layer. Gas conductivity sensors use chemisorption, i.e., the binding (sorption)
of gas molecules on a solid's surface by chemical bonding with electron transfer. The transfer of
electrons between substances is called the oxidation-reduction process. The active layer
chemisorbs a gas on its surface, mainly oxygen, and thus draws or receives electrons from
the semiconductor's conduction band [1, 15-20]. Two main types of conductivity sensors exist:
a) tubular type and b) thin films.

An older type of conductivity sensor is the tubular type with marking TGS from Figaro
Engineering. This type was developed in Japan in the second half of the last century. The sensor
consists of active material in a tube with conductive electrodes for measurement and a heating
fiber ensuring the correct temperature (Figure 1-1a). The advantage of this arrangement is
the action of gas from all sides of the active material and the heating of only the active material.
The disadvantage is the larger dimensions [1, 21, 22].
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1. Introduction

A modern conductivity sensor is based on applying thin layers on a substrate (Figure
1-1b). This type uses thin conductive electrodes applied to the substrate, often in an interdigital
structure. An active layer is applied to the electrodes. A heating layer on the other side of
the substrate forms the heating element. The advantages of this type are smaller dimensions and
higher accuracy due to the interdigital structure. The disadvantage is the need to heat the entire
sensor, including the substrate, and the possibility of detecting gas from only one side of
the sensor [1, 15, 23, 24].

Heating
fiber

Electrode Active layer

Substrate

i ,
e 7
IDT structure Substrate

Figure 1-1 Principle schemes of conductivity sensors a) tubular, b) with IDT structure [1]

1.1.2 Optical infrared gas sensors

Infrared (IR) gas sensors use absorption spectrophotometry in the infrared region of
the spectrum. This detection method can determine the composition of a gas mixture or detect
a specific type of gas. These gases are often formed by a more complex or asymmetric molecule,
which changes the molecule's energy state. IR sensors are unsuitable for detecting gases with
a monoatomic or symmetric diatomic molecule that does not absorb radiation in the infrared.
The essential components of the IR gas sensor are schematically shown in Figure 1-2.

Gas inlet
Gas chamber
i
. Detector
/ l [| &=
IR source \ 17\
Window  OpticalFilter

Gas outlet

Figure 1-2 Principle scheme of infrared gas sensors [25]

The sensor consists of a test gas chamber through which the test gas or mixture passes.
The infrared light source generates infrared radiation. IR passes through the window into
the chamber. Some sensors require intermittent radiation, which can be created by periodically
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turning the source on and off or inserting an aperture that reflects or absorbs the beam. A metal
heating coil with a temperature of around 700 °C (based on Planck's distribution law), a heated
MEMS silicon wafer, or a standard light bulb with a suitable filter can be used as an IR source.
A filter is placed in front of the radiation detector, which filters out unwanted wavelengths and
transmits only the wavelength radiation that absorbs the selected gas. The radiation detector
measures the radiation intensity that the gas does not absorb. The most common type is
a pyroelectric crystal. This element heats up due to the incident radiation and creates a charge on
the crystal's sides. This arrangement corresponds to the Non-Dispersive Infrared sensor, i.e., an
arrangement without beam dispersion, where the rays of the spectrum do not decompose, but part
of the spectrum is absorbed. This principle's advantage is the possibility of measuring the active
material without contact with the gas, accuracy, high selectivity using suitable filters, and a wide
range of concentrations from 1 ppm to almost 100 % gas concentration [1, 25, 26].

1.1.3 Mass sensitive gas sensors

Mass sensitive gas sensors use weight gain due to gas interaction, which results in
changes in other physical quantities. Quartz Crystal Microbalances (QCM) in Figure 1-3 is
the most used type, using the resonant measurement principle. An active layer, sensitive to
a given gas, is applied to the piezo crystal surface. Due to surface reactions, molecules stay on
the active layer and change mass, reflected in a resonant frequency change. The sensor usually
consists of a quartz substrate with gold electrodes and an active layer. The resonant frequency is
between 1 and 10 MHz [1]. Another type of mass sensor is the Surface Acoustic Wave sensor,
which uses a surface acoustic wave. The principle is to create a Rayleigh acoustic wave on
the substrate propagating through the sensitive part. The sensitive part absorbs gas molecules,
which changes the acoustic wave's frequency, amplitude, and phase. The sensors include an
acoustic wave transmitter, a wave propagation path, and a receiver. The operating frequency
range is from 1 MHz to 1 GHz [1].
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Figure 1-3 Principle scheme of QCM sensor [1]
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1.2 Objectives of thesis

The primary objective of this work is to generate novel scientific knowledge in
the interaction between sensitive materials (e.g., diamonds and 2D layers) with various gas
molecules and VOCs. The author will become familiar with the basic principles and materials
used in gas sensor applications to achieve this objective.

Conductivity sensors were selected as the primary focus, utilizing the active layer's
conductivity change upon contact with gas molecules. NCD was chosen as the sensitive sensor
layer for the primary material of the research. While previous studies have examined individual
NCD with various terminations, this work aims to enhance its response by combining it with other
materials into a hybrid structure or heterostructure. The study also examines changes in sensor
characteristics at different temperatures and in response to different gases.

By addressing these objectives, this research aims to contribute to the advancement of
gas-sensing technology through the development of novel materials and structures with enhanced
performance characteristics.

This work is a commented collection of the author's publications with a linked text.
The main objectives of the thesis can be summarized as follows:

o Verify the functionality of H-NCD and 2D materials for gas sensing applications
and measure their characteristics for comparison with new materials

e Research of suitable materials for combination with H-NCD to enhance the gas
sensing response

e Research of materials preparation methods and their compatibility for
the preparation of high-quality hybrid structures and heterostructures

o Verify the quality of active layers and refine the procedure and composition of
materials to overcome any identified limitations

e Create agas interaction model to understand new mechanisms
in the hybrid-structure or heterostructure

o Verify gas sensitivity improvement for fabricated sensors with heterostructure
containing diamond and 2D layer
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2. State of The Art

Conductivity gas sensors are the most promising type of gas sensors. Developing new
materials or material combinations for the sensing layer and the possibility of miniaturization and
reduced power consumption makes them highly effective. For this reason, the following section
focuses on conductivity gas sensors with solid-state materials, especially semiconductors.

2.1 Conductivity gas sensors

Sensor parameters are dependent on the properties of materials. The most used materials
in an electronic device are Si and GaAs due to cost-effectiveness and easy ingot preparation.
However, they are not suitable for gas-sensing applications. Conductivity gas sensors, also known
as chemoresistive or solid-state semiconductor gas sensors, are typically based on 3D (MOx or
WBG semiconductors), 2D (TMD or graphene), or 1D (CNT or MOx nanotubes) materials. Many
factors influence the sensitivity and other parameters. Some factors are reflected in production,
such as materials surface, additives, or natural properties of materials (substrate or active layer).
The second category of factors is environmental influences, particularly temperature and
humidity [2, 24].

The conductivity gas sensors use chemisorption, as illustrated in Figure 2-1, for n-type
semiconductors [1, 3]. Figure 2-1 shows the energy band for oxidizing and reducing gasses. In
the case of an oxidation process with oxidation gas (NO-), the energy barrier is increased for
n-type, so the conductivity is reduced. Chemisorption of oxygen causes the transfer of electrons
from the semiconductor to the gas, reduces the n-type semiconductor's conductivity, and
respectively increases the p-type semiconductor's conductivity. In the case of a reduction process
with reducing gas (NHs), the energy barrier is decreasing for the n-type. It reacts with
chemisorbed oxygen from the atmosphere to form new gaseous products. The reaction products
are charge neutral. The excess electrons are transferred from the chemisorbed oxygen to
the semiconductor, increasing the conductivity for the n-type or decreasing for the p-type.
The gas detection is impossible in the case of redox-indifferent gases because no electron transfer
occurs during the reaction. A heating element is used to facilitate the course of the chemical
reactions and overcome the activation energy to overcome the energy barrier[1].

o /Fleducmg gas

E eVs
in the presence of
reducing gas
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Grain boundary Grain boundary
® Electron ¢ Electron

Figure 2-1 Energy band of n-type semiconductor during oxidation and reduction process [1]
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The main limitation of current conductivity gas sensors is the necessary heating to a high
temperature (300 °C for SnO, [21]). Heating consumes alarge amount of energy, and
the dimension cannot be reduced too much because sensor packaging is needed to protect other
components [1]. The sensing properties and parameters depend on the type of thin layer.

2.1.1 3D nanocrystalline sensing layer

The first type is the 3D active material, typically prepared in crystalline form. The tiny
grains (crystals) form the layer where the grain's size modifies the active layer's properties and
responses [27-30]. The layer quality can be observed using a Scanning Electron Microscope
(SEM). Figure 2-2 demonstrates the SEM of a commercial TGS 826 sensor with a SnO. active
layer. The electrical properties of this material can be confidently modified through various
means, such as adjusting doping or layer thickness or controlling the average grain size [16, 31].

_
v N

:IOOOnm) 3

Figure 2-2 SEM image of TGS sensor with SnO; active layer [1]

Gas sensing is enabled by the main physical principle of tunneling through the potential
wall between the grains, as illustrated in Figure 2-3. This quantum mechanical phenomenon
demonstrates wave / particle duality, allowing charge carriers to pass through a potential wall. In
classical mechanics, carriers are particles confined by the potential walls [2]. In quantum
mechanics, the electron can also be described as a wave with a wavefunction. The wave function
(equation 2-1) does not terminate abruptly on a wall with finite potential height. However, it
declines exponentially, where the electron with wave function ¥ tunnel through the potential
wall with width W and potential Vo. Tunneling losses reduce the resulting wave function Ws.
The probability of electron tunneling Pt through the final height and width barrier is none-zero
[2, 28].

The nanocrystalline layer can be easily analyzed using aprimary electrical circuit
consisting of fundamental electrical components. Figure 2-4 shows a series-parallel combination
of a capacitor and a resistor used to analyze the layer. The figure displays three grains on a gold
electrode. In this circuit, Rg represents the resistance of the grains due to the drift and diffusion of
charged particles within the grains. Rgs is the resistance between the surfaces of the grains, while
Rge is the resistance between the grain and the electrode. The capacitance between grains due to
the potential wall and the redistribution of water molecules on the surface is represented by Cgs.
In contrast, Cge represents the capacitance between the grain and electrode. The thin layer and
gold electrode transition region are modeled by Rge and Cge, respectively. Rgsand Cgs are used to
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model the transition region between the grains, which is crucial for gas sensing. In the presence
of oxidation gas and n-type semiconductors, Ry and Cgys increase, leading to a reduction in
conductivity. Reducing gas increases conductivity as Rgs and Cgys decrease [4, 15, 32].
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Figure 2-4 Electrical model representation of a nanocrystalline layer [4]
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2.1.2 2D sensing monolayer

The second type of material is a 2D monolayer. These materials, unlike 3D, enable charge
carriers to move in only two directions while being tightly confined in the third. The confinement
results in quantized energy levels for motion in the third direction, which leads to the appearance
of a 2D sheet embedded in a 3D world [33, 34]. Gas sensing and electrical properties significantly
influence the behavior of charge carriers’ gas. The type of charge carrier in charge carriers’ gas
is determined by the type of material used. Notably, the use of specific materials can result in
the formation of a 2D electron gas (2DEG) or 2D hole gas (2DHG) [29, 35-39].

The thickness of a 2D material is typically only a few atoms. Ideally, the thickness is only
1 atom layer. The structure with only 1 atom thickness of carbon is graphene (the schematic
drawing in Figure 2-5). Graphene is ideally composed of carbon atoms arranged in a honeycomb
structure, a hexagonal lattice extending in a single sheet of atoms [36, 40].
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Figure 2-5 The schematic drawing of the crystal structure of graphene (gray—carbon) [40]

TMD materials, such as MoS; or PtSe;,, are another 2D material used as active material
in gas sensors. TMDs are 2D semiconductors in MX; form, where M is a metal atom, and X is
a chalcogen. Typically, Molybdenum or Tungsten is used as a metal, sandwiched between two
layers of Sulfur or Selenium as the chalcogen. The layers are formed by a homogeneous material
with three atom layers, ensuring consistent and accurate results (the schematic drawing in Figure
2-6) [29, 35].
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Figure 2-6 The schematic drawing of the crystal structure of MoS, (TMD) (blue—molybdenum,
yellow-sulfur) [35]

A simple electrical circuit with essential components can be used to analyze the thin
layer. It should be noted that the model of the thin layer is more complex than that of
the nanocrystalline layer. Figure 2-7 illustrates a model consisting of a parallel combination of
layer capacitance (Ci) and aserial combination of layer resistance (Ri), which represents
the charge transfer resistance and impedance between the electrode and layer (Zei). Zei is a parallel
combination of the resistance between the electrode and layer (Re)) and the capacitance between
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the electrode and layer (Ce). [4, 35]. Researchers can develop more effective and efficient
conductivity gas sensors for various applications by understanding these sensing layers and their
underlying principles.

o—=e{ RI Rel

Figure 2-7 Electrical model representation of TMD monolayer [4]

2.1.3 1D nanowire

The third type is a 1D structure, also called nanotubes. These materials are prepared in
wire or tube form. The charge carriers are tightly confined in two dimensions and can only move
in one direction, making carriers appear as the wire embedded in a 3D world. This structure
exhibits a high surface-to-volume ratio, significantly enhancing the material's and gas's
interaction and improving gas responses [40, 41].

The typical 1D nanowire gas sensor material is carbon nanotubes (CNT) in Figure 2-8 a).
The wall thickness of CNT is only one atom, and the carbon atoms are arranged on a cylindrical
surface with a length more significant than the diameter [40, 42]. However, other materials can
also be used for gas sensing. The SnO; nanotube, the most used material as a 3D sensing layer, is
in Figure 2-8 b). The nanotube comprises SnO, molecules stacked together by Van der Waals
forces. A heterostructure combining SnO, nanowires and MoS; flakes is also shown on the right
[29].

(@) (b)

Figure 2-8 The schematic drawing of the crystal structure of (a) CNT (gray—carbon) [40] and
(b) MoS; / SnO; nanotubes (light grey— SnO,, black — MoS,) [29]
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A straightforward electric circuit can be used to analyze the layer of ananowire.
The model (Figure 2-9) consists of a serial combination of the layer resistance R, representing
the layer resistance, and the impedance between the electrode and layer Ze, which is a parallel
combination of the resistance between the electrode and layer Re, and the capacitance between
the electrode and layer Ce [4].

Cel

o— R Rel

Figure 2-9 Electrical model representation of nanotube [4]

2.2 New approach and materials for conductivity gas

Sensors

Conductivity gas sensors are typically based on MOx (e.g., SnO, or ZnQO), WBG
semiconductors (e.g., diamond), or 2D (e.g., TMDs or GO) active layers [2, 24]. The following
subchapters present a list of materials for conductivity sensors with IDT structure. These novel
materials improve gas responses and selectivity or reduce the operating temperature, thereby
decreasing overall sensor consumption.

2.2.1 Carbon-based materials

Carbon is an element of great importance for all life on Earth and is considered one of
the most significant elements in the periodic table. It is widely available in the Earth's lithosphere,
ranking 17th in abundance, and is also present in the human body as the 2nd most abundant
element. Carbon compounds play a crucial role in the world's energy industry. Fossil fuels,
including natural gas and coal, are predominantly used for electricity generation and heating,
while petroleum products fuel internal combustion engines, facilitating road and rail transport.
Carbon-based chemical industry products, such as plastics, fibers, paints, and pharmaceuticals,
are widely used daily [43, 44].

The diverse structure of carbon allows for a wide range of scientific and technological
applications. The unigue conformation of carbon molecules, type of the hybridization, determines
its suitability for specific applications. For instance, graphene is suitable for superconductivity at
room temperature, diamond is suitable for high thermal conductivity and biocompatibility, and
CNT is suitable for molecular charge transport.

A neutral carbon atom has six electrons: two tightly bound near the nucleus (1s) and four
valence electrons (two in the 2s subshell and two in the 2p subshell) [43, 45]. Carbon can bond in
three different ways (single, double, and triple bonding) with many different elements. As a result,
carbon has many different allotropic forms with entirely different properties [45]. Despite sharing
the same building block, the carbon atom, their crystal structures differ. The sp hybridization
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(linear) involves the hybridization of one s-orbital with one of the p-orbitals to form two
sp-hybridized orbitals. The carbon atom binds to the new orbitals through diagonal symmetry,
oriented at 180° angles. In the case of sp? hybridization (trigonal planar), one s-orbital combines
with two p-orbitals to create three hybridized orbitals with trigonal symmetry and a characteristic
angle of 120° between them. In the case of sp* hybridization, each carbon atom is arranged
tetrahedrally. Four tetrahedra combine to form each tetrahedron, creating a strongly bonded, fully
covalent crystal structure with a face-centered arrangement [17, 45].

Graphene and graphene oxides

Graphene is a carbon allotrope composed of asingle layer of carbon atoms with sp?
hybridization arranged in a hexagonal lattice nanostructure. It is valued for its exceptionally high
tensile strength, high electrical conductivity, transparency, and being the thinnest two-
dimensional material in the world. However, when it comes to use in conductivity sensors, its
high conductivity may not be ideal. Therefore, some researchers have turned to GO, an oxidized
form of graphene, as a potential alternative. Graphene oxide is a monoatomic material that is
formed by the oxidation of graphite. It is highly dispersed in water and other solvents, making it
easy to process. The oxygen present in its lattice results in very high resistivity, which can be
reduced by modification. Graphene oxide can be reducible to reduced graphene oxide (rGO)
through chemical, thermal, or electrochemical methods. As a result, rGO is commonly utilized in
sensor applications due to its ability to maintain the properties of graphene while exhibiting higher
resistance in the ground state [46-53].

There are various methods available for the development of GO. The first method is
chemical vapor deposition (CVD), which requires high temperatures and relatively long
deposition times, making it costly. Moreover, it is limited to substrates that can withstand high
temperatures, challenging deposition on some materials. The second method is solution-based,
such as modified Hummers [54]. This method consisted of several stages. The first stage of
the synthesis was the initial intercalation of powder graphite by grinding with sodium chloride.
Then, the mixture was washed several times with deionized water to remove sodium chloride
[55], filtered on Teflon filters with a pore size of 0.45 um, dried at room temperature and
transferred to the reaction vessel. In the next step, concentrated sulfuric acid was added to
the graphite and stirred using a magnetic stirrer. In the next step, the mixture was heated and
stirred. During this time, an increase in the viscosity of the mixture and a change in its color from
dark green to brownish were observed. The last step was the addition of deionized water and
heating the mixture. The reaction was terminated by adding deionized water and hydrogen
peroxide. The resulting mixture was filtered on Teflon filters with a pore size of 0.45 um and
washed several times with hydrochloric acid to remove unreacted Mn?* ions [55, 56]. The rGO
can be fabricated using ascorbic acid. The aqueous suspension of GO was mixed with an agueous
solution of ascorbic acid. The reaction mixtures were then placed in an ultrasonic bath and heated.
During the reaction, the mixture changed from dark brown to black. After 60 min, an excess of
30 % hydrogen peroxide solution was added. The addition of hydrogen peroxide was intended to
oxidize the unreacted reducing agent. The reaction product was filtered under vacuum through
filters with a pore size of 0.45 um [49]. The SH-GO is also produced from GO by functionalizing
it with thiol groups. The first step was to prepare the GO mixture with toluene and phosphorus
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sulfide. The mixture was refluxed for 7 days. The finished product was filtered on Teflon filters
with a pore size of 0.45 um, washed with toluene until the yellow color of the filtrate disappeared,
and then with deionized water [57].

Diamond

Research has been conducted recently on diamonds and their various structures and uses.
Diamond is the most exciting material from the group of WBG due to its ability to respond to
oxidizing and reducing gases, light illumination, temperature variation, and other surrounding
effects [58]. It comprises carbon with sp* hybridization in the diamond crystal structure [2].
Although it was previously classified as an insulator due to its wide bandgap (5.5 eV) [2],
the diamond's unique properties make it a valuable material. It is necessary to modify the intrinsic
diamond to prepare a quality semiconductor, for example, by doping it with foreign atoms or
suitable termination. Natural diamonds have a lot of foreign atoms (impurities), such as metals,
nitrogen, and others. However, finding the correct doping atoms can be challenging due to
the small lattice constant of only 3.57 A (357-10** m) [58]. Boron is the most used material,
creating a p-type semiconductor, while phosphorus is used for n-type [28, 31]. Hydrogen
terminated surface of the diamond reveals unique properties in induced subsurface p-type
conductivity, also known as 2DHG [16, 17, 27, 59, 60]. Such a 2DHG top-layer is sensitive to
exposed gas or organic molecules [16, 31, 61, 62].

There are various methods available for growing synthetic diamonds (not natural).
The oldest method is the high-pressure / high-temperature (HPHT) process. However, it is worth
noting that this method can produce both diamond particles and thin layers and flakes of diamonds
due to uncontrollable conditions [32, 33]. Another method that can be used is CVD. Currently,
the most used method is low-pressure plasma-enhanced CVD (PECVD). This method involves
ionizing a mixture of gases using microwave radiation to ignite low-pressure plasma. The correct
procedure produces adiamond phase near the surface of the substrate, which binds to
the substrate with the nucleation center and eventually grows into a continuous diamond layer
[13, 34]. Hydrogen terminated diamond layers are sensitive to various physical and material
variables, including gases. As with most conductivity sensors, the parameters of the active layer
can be adjusted by factors during fabrication, such as the preparation technology, layer thickness,
type, or dopant [17, 63].

2.2.2 TMD materials

TMD monolayers are atomically thin semiconductors of the MX; type. These 2D
materials comprise a layer of transition metal M (Mo or W) and two layers of chalcogen X (S, Se,
or Te). TMD bulk crystals are formed by monolayers bonded to each other by van der Waals
attraction, like graphite. Furthermore, it should be noted that TMD has properties that differ
significantly from graphene. With their 2D nature and high spin-orbit coupling, TMD layers have
been identified as promising materials for spintronic applications. Additionally, certain TMD
monolayers have a direct band gap, making them potentially suitable for electronics as transistors
and optics as emitters and detectors. One representative of TMD is MoS..
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MoS., comprises a single layer of molybdenum and two layers of sulfur, with a total
thickness of only 6.5 A (65-10"** m). The MoS; layer typically acts as an n-type semiconductor,
with defects in the MoS; grains layer (grain edges or sulfur vacancies) serving as active sites for
gas molecules [64]. It can be modified or doped with other materials, such as ZnO quantum dots
or Ag-doped, to improve its sensing performance [36, 65, 66]. Gas sensing properties depend on
the charge transfer between gas molecules and defects present in the layer [29, 35, 67].

Similar to previous materials, several methods for growing a MoS; layer exist. The oldest
method is preparation from the liquid phase. A suspension is created by dissolving appropriate
materials in deionized water and stirring. The particles are then mixed ultrasonically. Finally,
the suspension is heated at 200°C. After cooling the autoclave to room temperature, separate
the black precipitates [35]. The second method to synthesize TMD is CVD. It is one of the most
used methods for synthesizing different TMDs due to its high adaptability. The process involves
placing transition metal oxide (molybdenum oxide, etc.) and individual chalcogen (sulfur, etc.)
precursors in a furnace with the substrate and heating them to high temperatures with inert gas.
A special case of CVD synthesis is the carbide-free one-zone sulfurization method. In this
method, a thin molybdenum layer is sputtered on the sample and then annealed in sulfur vapor at
higher temperatures (500 - 800 °C) in nitrous ambient at standard pressure. In the first step, a thin
Mo layer was deposited using DC magnetron sputtering in an Ar atmosphere at room temperature.
Next, the predeposited Mo layers were sulfurized in a CVD chamber. The Mo layer was annealed
in sulfur vapors at a high temperature of 800 °C in an N atmosphere at ambient pressure.
The substrate was placed together with the sulfur powder in the center of the furnace so that
the temperature of the substrate and the powder were the same during the growth, unlike
the standard CVD method, which uses atwo-zone furnace with different temperatures for
the sulfur powder and the Mo substrate [68-73].

2.2.3 Heterostructures and composites

Heterostructures are an exciting prospect for gas sensing applications, as they combine
the sensing mechanisms of two materials, resulting in enhanced sensor responses and selectivity.
Based on two components, the active layer can increase the sensitivity to gases than the materials
themselves due to the synergic effect between both materials. In most cases, details about
the synergistic effect are still unknown because of the complicated effects between the two
materials [29, 74]. Current research explores the potential benefits of combining multiple
materials and technology steps to enhance sensor response and lower operating temperature [12,
13, 30, 32, 35, 65, 75-96]. These studies investigate combining different materials to improve
the responses to various gases and vapors. Heterostructures are primarily utilized to enable
operation at room temperature, enhance response and reproducibility, and facilitate
miniaturization. It is important to note that certain material combinations may not be suitable for
gas response, as some heterostructures and composites may not respond to gases or could
potentially impair the response. The example of heterostructure is shown in Figure 2-10.
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Graphene

Figure 2-10 Graphene / MoS; heterostructure: (a) schematic drawing and (b) SEM images [75]

Furthermore, the production of the heterostructure may present certain challenges during
manufacturing. Two materials can form a high-quality (hetero-) junction if their lattice constants
are similar. Alternatively, a high-quality junction can still be grown even if the lattice constants
differ significantly, if the epitaxial layer thickness is small enough. It is important to note that
the size of the lattice constant mismatch is directly related to the maximum allowable height of
the epitaxial layer. For instance, Figure 2-11 illustrates an example of a junction between two
different materials. Picture a) displays isolation materials with different lattice constants a. and as
prior to the junction. Picture b) displays the junction with a dislocation due to the material with
lattice constant a. being too high. Picture c) displays strained epitaxial material, which changes
its lattice constant from a. to as because of its small thickness. This phenomenon utilizes strained
silicon technology, which alters the electron mobility and resistivity of the material [2, 28].
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Figure 2-11 Junction of two materials with slightly inconsistent lattice constants [2]
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2.3 Comparison of gas sensors

Research on air quality and gas sensors has been ongoing for a considerable period. In
recent decades, there has been a notable rise in the need for air quality monitoring and pollutant
detection, which has increased interest in this field of research. Table 2-1 below presents
a comparison of several sensors that have been laboratory fabricated and operate at room
temperature. The table also includes two commercial sensors: the TGS826, which utilizes
standard SnO, material working at around 300 °C, and the PY2055 IR sensor, which employs IR
absorption by a particular gas.

Different concentrations of ethanol vapors C;HsOH, ammonia NHs, and nitrogen
dioxide NO, were utilized to measure the sensors at room temperature, except the commercial
TGS826, employed for comparison with the commercial sensors. It is worth noting that
the PY2055 sensor operates at room temperature, but it necessitates an IR source of
the appropriate wavelength. According to the table, the V,Os material exhibits the highest
response to ethanol at 60 % [97], while the PANI / CNT heterostructure demonstrates the best
response to ammonia at 452 % [88]. Additionally, the oxidized SWCNT achieves the best
response to nitrogen dioxide at 32 % [98]. It should be noted that sensors with low response at
room temperature can improve their response when the temperature is raised or when other
catalysts, such as UV radiation [59], are used. However, these catalysts typically increase power
consumption, enlarge the system, and prevent miniaturization. Therefore, it is recommended that
research efforts be concentrated on developing composite materials that exhibit adequate response
at room temperature without additional catalysts.
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Table 2-1 Comparison of responses of various sensors for gas sensing at room temperature

Reagent corff:ee??;:tgon Material system Rei%nse Lit.

700 ppm MoS; 27.3 [99]

g-CsN4 / Au 27.3 [12]

g-CN 6 [13]

g-CN/Ag 16 [13]

V205 60 [97]

100 ppm TiO2 / Au 16 [100]

Ethanol ZIF-8/CNT 2 [91]

vapor GO 20 [55]

AA-PRGO 35 [55]

SH-PRGO 35 [55]

50 ppm TiO2 / Au 4 [100]

CNT 1.2 [101]

5 ppm CNT/ TiO; 3.6 [101]

rGO after lO\Zvl ce)?seirgr{slj)r;nt?]g;m reduction 19 [56]

V205 45 [97]

ZIF-8/CNT 20 [91]

PANI 13.8 | [102]

100 ppm S and N co-doped quantum dots / PANI 39.4 [102]

NHs rGO / PANI 10 [46]

Figaro TGS_826 (Sn0y) 16.9 [103]
commercial sensor

70 ppm PANI/CNT 452 [88]

50 ppm Oxidized SWCNT 5 [98]

H-diamond 5 [17]

MoS; / H-NCD 15.7 | [104]

100 ppm Figaro TGS 826 _(SnOZ at 300 °C) 478 [103]
commercial sensor

NO. Pyreos PY205_5 (IR Sensor) 16 [103]
commercial sensor

50 ppm Oxidized SWCNT 32 [98]

5 ppm rGO after IO\?/1 (e)?seirgzsi;)r;rggfm reduction 29 [56]
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3. Experimental part

The section presents the author’s experimental work, including publications, conference
papers, and related proceedings. The research involved fabricating various conductivity sensors
with active layers and designing a new computer-controlled apparatus for sensor measurements.

3.1 Experimental apparatus for gas sensor measurement

The electrical parameters of the gas sensors are measured with a computer-controlled
apparatus. It includes mass flow controllers (MFCs), bubblers, T-connectors, manual valves,
a 4-input selection valve, test chambers, a source measure unit (SMU), temperature regulation,
and data acquisition through a PC using a LabVIEW programming environment. Figure 3-1
illustrates the 3D model of the gas mixture preparation, and Figure 3-2 shows a photograph.

T-connectors +

’ ﬂ_ manual valves

Figure 3-1 3D design of an experimental apparatus for gas sensor measurement

The apparatus part for preparing gas mixtures consists of seven MFCs, two bubblers,
seven mixture T-connectors, four manual valves, and a 4-input selection valve. The Bronkhorst
FG-201CV MFCs operate on the principle of using gas flow to cool the heating element [105].
The MFCs communicate and receive electrical power through the FLOWBUS, based on
the RS-485 bus. The MFCs are followed by a T-connector mixer system that uses turbulent
mixing of gases. Bubblers are used to humidify the air and alter the humidity of the testing
mixture. One bubbler evaporates ethanol or other chemicals and creates a compound with
chemical vapors at a specific concentration. Synthetic air is used to flush the chamber. The Valco
EUTA 4VLSC4AMWE2 valve, which has four inlets and two outlets (for selecting inlets and
exhaust), is used to select the test mixture [106]. This valve can maintain constant flow rates for
all gases.
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g
)
| Chamber

Figure 3-2 Photograph of an experimental apparatus for gas sensor measurement

The measured part of the apparatus involves the IDT-compatible measurement chamber,
SMU Keithley 2401, and temperature regulation. Two different chambers were designed and
fabricated for this purpose. The first chamber is designed specifically for IDT sensors with
a substrate dimension of 6x10 mm and has a small volume (approximately 0.2 cm®). The 3D
model of this chamber is shown in Figure 3-3, and the photograph is shown in Figure 3-4.
The measuring chamber comprises a base, a rear part with flexible measuring contacts, and
a front part with the gas chamber. The front part of the sensor includes a small measuring
chamber with a volume of approximately 0.2 cm?®, which covers only the active part of the sensor.
The chamber also includes a temperature control assembly with a heating element and a Pt1000
temperature sensor. The chamber parts are fixed using neodymium magnets and cut-outs,
allowing easy assembly during sensor replacement.

Gas sensor

Pt1000

Heater

Figure 3-3 3D design of testing chamber for IDT 6x10 mm sensors
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The second chamber type is a universal chamber with two 22 cm? cells and a partition
between them (see Figure 3-5). Its larger size enables the installation and measurement of larger
commercial sensors and necessary components, such as the radiation source for the IR sensor.

Gas fittings

Partition
between
chambers

Two chambers

Figure 3-5 Photograph of a testing chamber for larger sensors

The SMU Keithley 2401 is utilized to measure the sensor's electrical resistance. It enables
both two-wire (Ohm) and four-wire (Kelvin) DC resistance measurements and allows for
selecting the energy source, current or voltage, and its value. The temperature regulation system
comprises a heater element and a Pt1000 temperature sensor. The temperature can be adjusted
from room temperature to 125 °C in the testing chamber.

3.2 Measurement and results

The gas responses of the sensors were measured at voltage 0.1 V and for two different
temperatures, high temperature (125 °C) and room temperature (approximately 22 °C), for three
testing gases: ethanol vapor, NHs, and NO,, each concentrated at 100 ppm. The gas-sensitive
layer responses by achange in resistance measured at 0.1V from steady state R, to actual
resistance Rg in the presence of the tested gas. The resistance changes AR in the presence of
active gas were calculated using equation (3-1).

A = (—6—1)-100 = (RGR_RO)-wo (%) (3-1)

The acquired data are categorized into two groups based on working temperatures: higher
working temperature (around 125 °C) and room temperature (around 22 °C). Compared to
individual materials, their combination in heterostructure significantly enhanced the gas
responses. The responses are summarized and compared in Table 3-1 for 125 °C and Table 3-2
for 22 °C.
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3.2.1 Measurement at 125 °C

At 125°C, thetemperature acts as acatalyst in the chemical reaction between
gases / vapors and active materials. This catalyst improves the responses to gases, enhances
sorption and chemical reactions between gases and active materials, and accelerates desorption,
resulting in afaster sensor reset to steady-state resistance. The high temperature enhanced
the response of almost all sensors. On the other hand, achieving higher temperatures requires
a heating element, which increases the power consumption of sensor devices, making battery
operation impractical or challenging for wearable electronics.

The best response to gases exhibited SH-GO/H-NCD and Au NPs/H-NCD
heterostructures. The Au NPs / H-NCD sensor exposed to 100 ppm ethanol achieved the most
significant response of 587 %. The second-best ethanol sensor is a heterostructure of
SH-GO / H-NCD with a response of 554 %. All sensors demonstrate exceptional selectivity for
oxidizing and reducing gases, displaying an inverse resistance change for oxidizing / reducing
gas type, i.e., the sensors responded with the opposite sign of the change in resistance.
The individual materials revealed low responses.

Table 3-1 Responses of sensors at 125 °C / 0.1 V exposed to 100 ppm ethanol vapor, 100 ppm
NHs and 100 ppm NO2. The table highlights the best and the second-best values in dark green and light
green.

No response 98

Unmeasured

148 -11 17 254

46 8 -5

No response
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Graph 3-1 Responses of measured sensors to 100 ppm ethanol C;HsOH at 125 °C
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Graph 3-2 Responses of measured sensors to 100 ppm ammonia NH; at 125 °C
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Graph 3-3 Responses of measured sensors to 100 ppm nitrogen dioxide NO- at 125 °C

3.2.2 Measurement at 22°C (room temperature)

Operating at room temperature allows for a more straightforward sensor design and lower
power consumption. However, lower operating temperatures increase response and reset times.
At 22 °C, the SH-GO / H-NCD heterostructure exhibited the best response to gases. This sensor
achieved a 634 % response when exposed to 100 ppm ethanol. The second-best sensor was
a MoS; / H-NCD heterostructure, although it lost the selectivity recognition for the oxidizing and
reducing gases. The individual materials revealed low responses at room temperature.

Table 3-2 Responses of sensors at 22 °C/ 0.1 V exposed to 100 ppm ethanol vapor, 100 ppm NH3
and 100 ppm NO,. The table highlights the best and the second-best values in dark green and light green.

No response

35 —0.7 1.8
130 -2 1.8
16 0.6 -0.2

No response
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Graph 3-6 Responses of measured sensors to 100 ppm nitrogen dioxide NO- at 22 °C (room
temperature)

3.3 Gas interaction models

3.3.1 SnO:2

The change in conductivity in SnO; is caused by chemisorption, reflecting the binding
(sorption) of oxygen molecules on its solid surface by chemical bonding with electron transfer.
Figure 3-6 depicts a schematic view of the time-sequenced set of interactions. The transfer of
electrons between substances is called the oxidation-reduction process [1, 15, 24, 107].

In the case of the oxidizing gas, NO; (Figure 3-6 left), free electrons are removed; thus,
the conductivity of the n-type semiconductor is reduced. In Figure 3-6a), NO. gas molecules are
adsorbed on the surface of the SnO; bulk; the gas attacks the available Sn sites and removes
electrons from the conduction band, forming NO- ", which increases the barrier between particles
and reduces conductivity. Subsequently, in Figure 3-6b), molecules of NO, desorb as NO,
leaving binding oxygen ions behind [24, 32]. After exposure to a non-oxidizing gas (in Figure
3-6¢)), chemisorbed oxygen molecules with negative charges on the surface are released as O;
with a neutral charge, and electrons are returned to SnO- [32], which returns the conductivity to
its previous value.

Exposing the SnO- surface to the reducing gas NH; (Figure 3-6 right) transfers free
electrons into the material and increases the conductivity of the n-type semiconductor. In Figure
3-6d), molecules are adsorbed, react with binding oxygen ions, and create charge-neutral NO and
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H>O molecules. The excess electrons from the oxygen ions are transferred into semiconductors,
increasing conductivity and reducing the barrier between particles [32]. After exposure to a non-
reducing gas (in Figure 3-6f)), the conductivity returns to the previous value due to the sorption
of two oxygen ions from the neutral O, and the removal of free electrons [32].

2(Sn)-+>2(Sn)

a)

Figure 3-6 Schematic time process of gas interaction between the SnO, material and oxidizing
and reducing gases

3.3.2 H-NCD

H-terminated NCD reveals a similar detection principle to the surface of SnO; but with
the opposite effect on its surface conductivity. Contrary to the electron transfer mechanism for
SnO;, the H-NCD mechanism involves chemical reactions forming counter ions on its surface via
an electron transfer model [17, 62, 108-110]. A widely established H-terminated diamond surface
doping mechanism was used to explain the sensing mechanism. A thin layer of adsorbed water
from the air is formed on the diamond surface [23, 111, 112]. The water molecule dissociates into
the ions H3;O" and OH". The HzO" ions attract electrons from the diamond sub-surface, forming
the p-type surface conductivity on the H-terminated NCD (Figure 3-7a, d)).

If oxidizing gas molecules (NO,) are present (Figure 3-7b)), the concentration of HzO"
ions rises due to aset of chemical reactions of the oxidizing gas with the adsorbed water
monolayer. This causes asuperiority of Hs;O" molecules and creates acharge imbalance.
Electrons are transferred from the diamond's top surface to the direction of positive ions. Next,
the resultant holes increase the 2DHG conductivity [16, 23, 111]. After exposure to anon-
oxidizing (air) gas (Figure 3-7c)), the number of H3;O" ions decreases, and again HzO"
equilibrates with OH™. The electrons return to the diamond, and conductivity reduces to its
original value [23].

+ —
NO2 + 2(Hz0)-» NO3™ + H30™* NH3 +H20 —>NHg " + OH
2(H20) ~»H30" + OH™ | 2(H20)-»H30" + OH™|

2(H20)--»H30™ + OH~ P 2(H20)"'>H30+ + OH-

2(H20)- >H30* +OH~ | 2(H20)-»H30™ + OH~

a) b) c) d) e) f)

Figure 3-7 Schematic time process of gas interaction between the H-terminated NCD and
oxidizing and reducing gases
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In the case of a reducing gas, such as NHs; (Figure 3-7¢)), the concentration of OH™ ions
increases due to the set of chemical reactions of the reducing gas with the adsorbed water
monolayer. Due to the higher number of NH4" ions, the concentration of the ions decreases, and
electrons are shifted to the diamond and partially neutralize the 2DHG, reducing the diamond’s
surface conductivity [23, 113]. After exposure to anon-reducing (air) gas Figure 3-7f),
the number of OH™ ions decreases, and OH™ equilibrates with H3O" again. The electrons return
from the diamond, and the conductivity increases to the original value.

3.3.3 M0oS»

MoS; typically behaves as an n-type semiconductor [36]. MoS; uses the sorption of
oxygen molecules on its solid surface through chemical bonding with electron transfer. Defects
in MoS;, such as flake edges and sulfur vacancies, serve as active sites for the investigated gas
molecules. The gas sensing properties depend on the charge transfer between the gas molecules
and defects in MoS,. Figure 3-8 illustrates the gas sensing mechanism based on previously
published works [36, 77, 79, 89, 90, 92, 114]. The O, molecules from the air chemisorbs to
the surface of the MoS; and form a native oxide, which acts as electron trap centers, extracting
electrons from MoS; and generating O, . This process leads to a decrease in the concentration of
free electrons and asubsequent decrease in conductivity. It is important to note that
the chemisorbed oxygen establishes the baseline resistance of the sensing layer. NO; gas causes
the formation of NO ™ ions, which increases the resistivity of the layer. When synthetic air is
introduced, the NO; ions react with chemisorbed O, to form NO and O,. The two remaining
electrons from the chemical reaction are released back into the conduction band of MoS; or form
new O, ions with O,. Similarly, NH; gas reacts with chemisorbed O, ions and produces H.O
and Np. The reaction releases the remaining electron into MoS,, reducing the sensing layer's
resistivity [29, 114]. Upon recovery, when the reducing gas is replaced with synthetic air, O
chemisorbs onto the surface of MoS; from the atmosphere [29, 79, 89, 90, 104, 115].

NO2™ + 027 — NO2 + O2 + 2e™ 4ANH3 + 3027 —2N2 + 6H20 + e~
A A H A
Op+e~ — 0o~ NOz+e” —NO2™ & 62 +e =0y Op+e” — 0o~ : ‘ O2+e” — 0o~
A A f - A =y i A [y

v i H i ¥ i ¥ i v
037 Oz O Oy Op i 02 ! 0y Oy ‘ Oy
R N v | ] v : \

Figure 3-8 Schematic illustration of the gas sensing mechanism between a layer of MoS;
nanoflakes and (left) oxidizing and (right) reducing gases

3.3.4 GOs

Graphene oxides are generally considered a p-type semiconductor without a bandgap,
particularly in its single-layer form [55]. GO comprises an interlinked network of aromatic rings,
with each ring containing n electrons in constant motion, creating a quasi-hole / electron vortex
in the material. The aromatic structure of graphene is the primary factor behind its conductivity,
serving as the underlying force for all graphene-based materials in terms of their conductive
properties. During synthesizing graphene through chemical reactions, it is typical for the resulting
product to have a damaged structure. Conversely, graphene oxide contains a variety of functional
groups, including sp® and sp? carbon, hydroxyl, carbonyl, or carboxyl, which can interfere with
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the flow of electricity. As a result, this interference can lead to an electrical insulator behavior
[49, 55]. The material displays a favorable affinity for gases and vapors, albeit with weak
conductivity.

It has been observed that rGO, a partially reduced form of graphene oxide with a higher
C/Oratio and an improved conductivity pathway, exhibits a more pronounced core sensing effect
related to the aromatic structure. This results in a higher sensing response, increased sensitivity
to concentration, and improved response / recovery [56]. However, rGO may exhibit weaker
selectivity towards different analytes. The SH-GO sample contains SH groups and is considered
a versatile material similar to GO with OH groups but with a reconstructed sp? carbon backbone.
SH-GO has been found to exhibit excellent conductivity and a significantly higher affinity for
gold electrodes than rGO. The electron cloud formed by the aromatic rings in the graphene
structure can be influenced by external factors, resulting in electron enrichment or depletion and
subsequently leading to the formation of 2DHG. This electron exchange depends on
the compound's impact on the aromatic ring. Ethanol vapor or reducing gas, NHs, can share
electrons with the electron cloud and reduce the number of holes. In contrast, it can be observed
that the oxidizing gas NO, withdraws electrons in Figure 3-9. It is important to note that the main
phenomenon is the physical sorption of NO> molecules onto the graphene structure. The primary
objective of functionalizing graphene-based materials is to improve selectivity and affinity for
specific analytes [55].

NOp + g~ <>

O SH o
OH © sH

Graphene oxide

Figure 3-9 Schematic illustration of the gas sensing mechanism between a GO and NO;

3.3.5 H-NCD with Au NPs

The detection mechanism of H-NCD with Au NPs is based on a gas interaction model
like the one mentioned above. The presence of Au NPs creates local electrically conductive
islands (regions), significantly reducing the steady-state resistance, which allows amore
significant number of free charge carriers to tunnel through the Au NPs instead of the barriers,
resulting in a more efficient detection process, as illustrated in Figure 3-10a). The equivalent
circuit diagram (Figure 3-10b)) demonstrates that the Au NPs are represented by a resistor
connected in parallel to the barrier resistor, resulting in alower final resistance value than
the H-NCD layer alone. The Au NPs / H-NCD hybrid structure effectively utilizes conductive Au
NPs to reduce the steady-state resistance value while maintaining the functionality of the H-NCD
gas sensing layer.

Combining these two parameters results in a higher final percentage value for primary
resistance. Although the presence of Au NPs reduces the total response of the diamond surface
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due to partial overcoating of the H-NCD functional layer, a higher concentration of Au NPs leads
to increased power consumption for sensor measurement, as a higher current is required for
the same measurement voltage. Additionally, determining the ideal size of Au NPs is important.
The nanoparticles should be small enough to avoid covering a large active layer area but large
enough to create a shortcut between the two NCD grains.

NO2 + 2(H20) NH3 + H20
! 1
H3O* +NOg~  2(H20) OH~ + NH4* Rau NPs
— :1
R2pHe RBARRIER
b)

Figure 3-10 a) gas interaction model and b) substitute circuit diagram of the H-NCD layer with
Au NPs

3.3.6 MoS> / H-NCD heterostructure

The MoS, / H-NCD / SiO- / Si heterostructure exhibits dual conductivity, compromising
p-type H-NCD [16] and n-type MoS, [114]. This distinctive material platform enables
differentiation between reactions attributed to the various conductivity types in reducing and
oxidizing gases [74]. Gas interaction is influenced by several factors, such as charge injection
into / out of the depletion region, surface short-cuts from diamond or MoS; layers, modulation of
the p-type diamond subsurface conductivity by MoS; (the gating-like effect), and the gradual
degradation of the p-type diamond subsurface conductivity due to the deposition of MoS..
Although the primary origin is still under investigation, the simplified model should be based on
coupling two conduction paths via H-NCD or MoS; layers. The change in resistance of
the MoS; / H-NCD layer is caused by chemical reactions forming counter ions on H-NCD and
chemisorption of oxygen molecules on the solid surface of MoS; through chemical bonding with
electron transfer. Notably, the gas-sensing properties depend highly on the charge carrier
concentrations for both materials. Figure 3-11 illustrates the gas sensing mechanism for two
parallel-coupled layers. In the presence of oxidizing gas molecules (Figure 3-11), the number of
charge carriers increases for H-NCD and decreases for MoSy, resulting in charge carrier transport
primarily occurring through the diamond rather than the MoS; layer. It is important to note that
the charge carrier transport mainly prevails through the diamond layer rather than the MoS: layer.
In contrast, this charge carrier transport is scattered at the diamond grain boundaries. Conversely,
as shown in Figure 3-11b, the reducing gas decreases the number of charge carriers for H-NCD
and increases it for MoS.. These findings demonstrate the superior conductivity of MoS. over
H-NCD in the presence of reducing gas. This leads to a decrease in the resistance of MoS;
nanoflakes, enabling more charge carriers to flow through them with lower resistance than
through the potential barriers between individual diamond grains. However, the total area
coverage of H-NCD blocks the final charge transport. NH3 has a higher total resistance than NO,
due to the low surface coverage of MoS; nanoflakes and the significant impact of H-NCD on gas
reduction. The MoS, / H-NCD heterostructure exhibits increased resistance in the presence of
both reducing and oxidizing gases. This resistance change is characterized by two mutually
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constrained components: 1) the horizontal component representing the current through
the H-NCD and 2) the vertical component representing the current through the MoS; / H-NCD.
The schematic illustration of this phenomenon is shown in Figure 3-12. The current, flowing
through the p-n junction, tunnels through the space charge region (SCR). When gas is applied,
the width of the SCR (wscr) increases, which in turn increases the resistance.

Equation (3-2) calculates the wscr from the concentrations of free charge carriers injected
into the semiconductors by the gases. As described in the previous models, the concentration of
free charge carriers in H-NCD (Na) increases with oxidizing gas (NO;) and decreases with
reducing gas (NHs). Conversely, for n-type MoS;, the concentration (Np) decreases with NO- and
increases with NHs. Next, these calculations also indicate that the SCR width increases for both
types of gas, leading to a decrease in the number of charge carriers tunneling through the SCR
and an increase in total resistance. Equation (3-3) calculates the current flowing through
the H-NCD, measured by the interdigital electrodes, while the additional resistance accounts for
the distance between adjacent fingers. The presence of oxidizing or reducing gas varies
the dimensions of the 2DHG, causing an increase in the width of the SCR and a decrease in
the cross-sectional area S. Consequently, the total length | increases, leading to an increase in
the total resistance.

_ _ 285VD NA + ND 3.2
Wscr = Xy +Xp = (m) (3-2)
e NyNp
. l
Resistance R = p 'S ) (3-3)
NO2 + 2(H20) —H30" + NO3~ 4NH3 + 302~ —2N2 + 6H20 + e~ Op+e~— 0~
: A H A i
Op+6~ — Oy 'NOg=+ Oy~ — NOg + Op + 26~ R e
A I H A ¥ ; A O — + ¥
C YT NO2 +e” — NOg™ ! ; - 05+ ¢ it INH3 +H20 — OH™ + NHg" ¢ -
o 2 Fi - NO2 | (?2 02+e 0 O ey

o S |

1R

e

Figure 3-11 Schematic illustration of the gas sensing mechanism and charge transport for two
parallel connected layers represented by MoS, nanoflakes and H-NCD exposed to the (left) oxidizing and
(right) reducing gas
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Au electrode

H NCD
® Q C
Au electrode

Current Current through
through NCD PN junction

Figure 3-12 Schematic illustration of two ways (I. and I1.) for the current flow between IDT
electrodes, 1. - horizontal flow through H-NCD, and II. — combined horizontal / vertical flow, horizontal
through H-NCD and MoS; and vertical through MoS, / H-NCD heterostructure

3.3.7 SH-GO / H-NCD heterostructures

The SH-GO / H-NCD heterostructures utilize the gas interaction models, resulting in an
enhanced gas response. Both materials exhibit p-type conductivity (2DHG), providing a unique
material platform where similar conductivity types react analogously to reducing and oxidizing
gases despite their different functional mechanisms. The gases are adsorbed into the water adlayer
of the diamond-based gas sensor and then undergo electrolytic dissociation [16]. The SH-GO
functionality depends on charge transfer between the oxide surface and analyte gas [47, 48, 55,
116].

Several factors may influence gas interaction, such as the surface injection of charge
carriers, surface short-circuits between H-NCD and SH-GO, and modulation of diamond
subsurface conductivity (transistor-like effect). The highly sensitive transition between materials
is likely the primary reason for the high response to gases and vapors.

Near H-NCD, water molecules dissociate into OH and HsO" ions due to electron transfer
from the diamond. This phenomenon leads to the formation of a 2DHG subsurface layer in
the diamond, which exhibits high resistivity. On the other hand, the SH-GO layer demonstrates
p-type conductivity [117], characterized by a high concentration of holes and low resistance.
When these two materials are combined, a thin film of OH™ and H3O" ions remains between
the layers. According to research, the combination of materials appears to achieve the optimal
steady-state resistance value [3], superior to H-NCD's high resistance and SH-GO's low
resistance. Furthermore, this combination produces the most sensitive part of the sensors,
specifically the transition region between layers [47]. This region is susceptible and exhibits non-
linear characteristics in response to the presence of the analyte and changes in free charge
carriers' concentration in both layers. As illustrated in Figure 3-13, this structure appears to
operate similarly to atransistor. The presence of gases can alter the number of holes and
conductivity, which in turn can affect the potential and displacement of H;O" and OH™ and
imbalance near the H-NCD can affect the concentration of holes in 2DHG. This mechanism is
comparable to that of a metal-insulator-semiconductor field-effect transistor (MISFET), where

Page 32



3. Experimental part

the conductivity of atwo-dimensional hole gas (2DHG) is modulated by the potential or
concentration of free charge carriers in the semi-hydrogenated graphene oxide (SH-GO) layer.

Figure 3-13 Gas interactions between the oxidizing gas (NO.;) and SH-GO / H-NCD
heterostructure
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4.1 Hydrogen-Terminated Diamond Surface as a Gas
Sensor: A Comparative Study of its Sensitivities
Authors: Michal Ko¢i, Alexander Kromka, Adam Boufa, Ondrej Szabo, Miroslav Husak
Journal: Sensors (IF 3.85)
DOI: 10.3390/s21165390

4.1.1 Abstract

A nanocrystalline diamond (NCD) layer is used as an active (sensing) part of
a conductivity gas sensor. The properties of the sensor with an NCD with H-termination
(response and time characteristic of resistance change) are measured by the same equipment with
a similar setup and compared with commercial sensors, a conductivity sensor with a metal oxide
(MOx) active material (resistance change), and an infrared pyroelectric sensor (output voltage
change) in this study. The deposited layer structure is characterized and analyzed by Scanning
Electron Microscopy (SEM) and Raman spectroscopy. Electrical properties (resistance change
for conductivity sensors and output voltage change for the IR pyroelectric sensor) are examined
for two types of gases, oxidizing (NO.) and reducing (NHs). The parameters of the tested sensors
are compared and critically evaluated. Subsequently, differences in the gas sensing principles of
these conductivity sensors, namely H-terminated NCD and SnO, are described.

4.1.2 Summary

An NCD layer with H-termination was used as the active layer of the conductivity
sensors. The crystallographic morphology of the prepared sensors with H-terminated NCD thin
layers was confirmed by SEM and Raman spectroscopy. The SEM showed a continuous diamond
layer on the electrode and glass, and the Raman spectra exhibit a sharp diamond peak for both
parts. Fabricated H-terminated NCD sensors revealed sensor characteristics comparable to two
commercial sensors in asimilar testing setup after they were exposed to the reducing and
oxidizing gases. The fabricated sensors have smaller dimensions and require a shorter amount of
time for the first measurement, and thus they require less energy than the commercial TGS 826.
Still, the TGS 826 sensor had a faster response to ammonia, due to a larger active surface area
and a geometrical arrangement that allowed the gas access from all sides [22]. The infrared
PY2055 sensor exhibits the highest selectivity, but it requires an IR source, which increases
the consumption of electrical energy and demands on the size of the sensor system. It reacts only
to nitrogen dioxide (selective gas), as declared in the manufacturer’s datasheet [26]; this was
confirmed by measurements. The lower value of the time response is due to the higher volume of
the test chamber. Overall, it is possible to conclude that hydrogen-terminated diamond expands
the family of wide-bandgap semiconductors, where gas detection is possible even at temperatures
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of 100 °C. Moreover, its surface sensitivity can be enhanced not only by geometrical design (IDT
distance) or surface morphology (nanorods) but also by using diamond-based composites, metal
oxides, or transition metal dichalcogenide monolayers operated at low temperatures, with
a reliable, reproducible response tuned to specific gas sensing applications.

4.1.3 Author’s contribution

In this research, | was responsible for designing and implementing the measuring
apparatus, testing the fabricated sensors with an H-NCD active layer, evaluating the measured
data, comparing them with commercial gas sensors, and summarizing the interaction model
between the gas and the H-NCD active layer, or SnO; (used as a commercial sensor), and writing
and revising the paper. Furthermore, | contributed to the production of the H-NCD active layer.
The co-authors collaborated on various aspects of the research, including in the preparation of
the H-NCD active layer (Szabd), the design of the test apparatus (Boufa) and the discussion of
the measured results and the summarization of the gas interaction model (Kromka and Husék).

4.1.4 Paper’s contributions

This research paper compares a new type of sensor, which uses H-NCD as the active
layer, with commercially available sensors. The main objective of this paper is to demonstrate
the superiority of the diamond-based gas sensor over other types of sensors, particularly metal
oxides that use a similar detection principle. The article describes and compares three types of
sensors: the commercial conductivity TGS 826, the infrared PY 2055, and the laboratory IDT
with the H-NCD layer. This paper compares sensor properties, including the electrical response
and power consumption, and finally presents the H-NCD gas interaction model. Additionally, it
provides a detailed description of the experimental setup, including test chambers specifically
designed for a particular application.
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4.2 Enhanced gas sensing capabilities of diamond layers
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4.2.1 Abstract

The nanocrystalline diamond (NCD) film reveals a unique combination of physical,
chemical, and optoelectronic properties, which makes it a promising material for various sensing
applications. To improve a gas sensor's response, selectivity, or reproducibility, its surface is often
modified with specific terminations, functional groups or (bio)molecules, thin films, etc. In this
work, the NCD surface modification was achieved by a) layer morphology variation using two
different types of chemical vapor deposition (CVD) systems, b) top surface termination (H-NCD
and O-NCD), and ¢) Au nanoparticles (Au NPs). The properties of each structure are measured,
compared and subsequently evaluated. The electrical properties (resistance changes) are
measured for two types of active gas (oxidizing gas NO, and reducing gas NHs) in a temperature
range from 22 °C to 125 °C. Neutral synthetic air (80 % nitrous and 20 % oxygen) was applied
for flushing and resetting the sensors. Thin film fabrication, analysis (scanning electron
microscopy), and measurement of electrical properties are described. Surface morphology greatly
influences gas response because a large active surface area (higher roughness or 3D-like surface)
enhances interaction with gas molecules. While the termination of the NCD with hydrogen is
essential for the functionality of the gas sensor, the Au nanoparticles further enhanced
the dynamic response of the sensor and magnitude.

4.2.2 Summary

The four active layers were designed, prepared and measured at three different
temperatures for two active gases. The H-NCD active layers were prepared by two different
systems (linear and focused plasma systems). A linear plasma system prepared H-NCD, O-NCD,
and H-NCD / Au NPs hybrid structures. The measurements revealed that the hybrid structure
exhibits preferable responses to exposed gas compared with H-NCD without Au NPs at all
measured temperatures. The O-NCD had an almost unmeasurable response to both gases due to
the absence of subsurface conductivity and is not appropriate for gas sensing applications. The H-
NCD prepared in a focused plasma system can be grown quickly due to a high growth rate at
a higher temperature. It was highly conductive, but the planar-like surface morphology revealed
a smaller active area and thus a smaller reaction to gases. The H-NCD prepared in a linear plasma
system produced bottom-up porous-like 3D diamond layers [118], which had sufficient gas
responses. The response of 3D H-NCD was about 40 % for both gases at 125 °C but less than 1 %
for lower temperatures. The Au NPs enhanced the responses at all temperatures by decreasing
the steady-state resistance value. The response was about 50 % at 125 °C and about 5 % at 22 °C
(room temperature). This hybrid structure allows a reduction in the working temperature and thus
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power consumption for heating. Although the current for measuring the structure will increase,
but it is negligible compared to the heating power. Our findings represent a promising alternative
solution to the new class of gas sensors due to miniaturization and low power consumption
compared to commercial MOx gas sensors. Overall, one can conclude that the hybrid Au-NCD
structure enhances the gas responses at high and room temperatures. However, the optimum
concentration of Au NPs for these conditions must be found.

4.2.3 Author’s contribution

In this research, | was responsible for testing the produced sensors with an NCD active
layer with different modifications (O-terminated, H-terminated or with Au NPs), evaluating
the measured data, comparing them with other gas sensors and summarizing the interaction model
between the gas and H-NCD, and writing and revising the paper. | also participated in
the preparation of active layers. Co-authors collaborated on various aspects of the project.
The co-authors participated in preparing the H-NCD active layer (Szabo), discussing
the measured results, and summarizing the gas interaction model (Vanko, Kromka and Husak).

4.2.4 Paper’s contributions

This paper compares the responses of different modifications to H-NCD, including
the decoration of H-NCD with Au NPs, which significantly reduced steady-state resistance.
The article thoroughly investigates and describes four types of gas sensors based on a diamond
active layer. The active layers were prepared using two different systems. The best sample was
identified as H-NCD decorated with Au NPs, which greatly enhance gas sensing capabilities.
A new measurement chamber was designed and fabricated for gas sensor testing, including its
electrical properties and responses to different types of gases (reducing and oxidizing) and
different temperatures. The article compares gas sensors prepared by different systems with
different parameters. Furthermore, the article discusses the decoration of H-NCD with gold
nanoparticles to increase gas responses significantly.
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4.3.1 Abstract

Molybdenum disulfide (MoS;) and nanocrystalline diamond (NCD) have attracted
considerable attention due to their unique electronic structure and extraordinary physical and
chemical properties in many applications, including sensor devices in gas sensing applications.
Combining MoS; and H-terminated NCD (H-NCD) in a heterostructure design can improve
the sensing performance due to their mutual advantages. In this study, the synthesis of MoS; and
H-NCD thin films using appropriate physical / chemical deposition methods and their analysis in
terms of gas sensing properties in their individual and combined forms are demonstrated.
The sensitivity and time domain characteristics of the sensors were investigated for three gases:
oxidizing NO, reducing NHs and neutral synthetic air. It was observed that the MoS, / H-NCD
heterostructure-based gas sensor exhibits improved sensitivity to oxidizing NO2 (0.157 %-ppm )
and reducing NHs (0.188 %-ppm ™) gases compared to individual active materials (individual
MoS; achieves responses of 0.018 %-ppm * for NO, and —0.0072 %-ppm " for NHs, respectively
almost no response for individual H-NCD at room temperature). Different gas interaction model
pathways were developed to describe the current flow mechanism through the sensing area with
/ without heterostructure. The gas interaction model independently considers the influence of
each material (chemisorption for MoS; and surface doping mechanism for H-NCD) as well as
the current flow mechanism through the formed p-n heterojunction.

4.3.2 Summary

MoS; / Si, MoS; / SiO, / Si, H-NCD / SiO, / Si and MoS, / H-NCD / SiO; / Si structures
were used to fabricate conductivity gas sensors and tested at room temperature (22 °C). The active
layers of MoS; and H-NCD were analyzed by SEM, Raman spectroscopy, contact angle and
GIWAXS measurements in their individual and combined forms. In terms of gas sensing
properties, MoS; and H-NCD showed poor responses at room temperature. However, by
combining them into aMoS; / H-NCD heterostructure, the gas sensing parameters were
significantly improved. The formed heterostructure, consisting of the p-type subsurface
conductive H-NCD layer and the n-type conductive MoS; nanoflakes, resulted in a synergistic
effect that enhanced the gas response. While well-established interactions of gas molecules were
experimentally validated for the particular form of MoS; and H-NCD layers, the MoS, / H-NCD
heterostructure did not reveal such aspecific behavior. The presented model pointed out
the influence of the p-n junction, especially the geometrical variation of the space charge region,
after its exposure to the tested gases. Unfortunately, this heterostructure abolishes the selectivity,
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i.e., increased resistance was observed for oxidizing and reducing gases with different responses.
However, the combination of a MoS, / H-NCD heterostructure with a single MoS; layer within
one sensor chip seems to be a promising solution to overcome this limitation. This sensor can
select the gas type on the MoS; according to amark of resistance change and the gas
concentration by the size resistance change of the MoS, / H-NCD. In conclusion, this article
introduces a new class of conductivity gas sensors that can provide miniaturization and reduction
of power consumption compared to commercial sensors. The presented TMD / diamond
heterostructures could be very suitable for portable devices or energy-harvesting applications.

4.3.3 Author’s contribution

In this research, | was responsible for testing the produced sensors combining MoS; and
H-NCD materials, evaluating the measured data, comparing them with other gas sensors and
designing a model of the interaction between the gas and the active layer, especially for a new
heterostructure combining p-type and n-type semiconductor, which use the space charge region
to improve gas response, and writing and revising the paper. Co-authors collaborated on various
aspects of the project. The co-authors prepared a new heterostructure for gas sensors (Izsak,
Sojkova, Hrda, Szab6é and Végso) and discussed the measured results and summarized the gas
interaction model (Izsak, Vanko, Husak, Varga and Kromka).

4.3.4 Paper’s contributions

This research paper investigates and describes an innovative heterostructure for gas
sensors that combines H-NCD and MoS; to enhance gas sensing abilities. The heterostructure is
compared with individual H-NCD and MoS; layers. The electrical properties of these different
materials, including their responses to different concentrations of reducing and oxidizing gases
and time characteristics, are then tested using specialized equipment designed for testing gas
sensors. The text confidently describes the synthesis processes for each active layer, characterizes
the layers, and presents an experimental setup with testing chambers. Additionally, it compares
electrical responses and gas interaction models. The model emphasizes the significant impact of
the p-n junction, specifically highlighting changes in the geometry of the space charge region
when exposed to tested gases. Finally, the results are critically evaluated.
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4.4.1 Abstract

Currently, great emphasis is placed on air quality and the presence of pollutants, whether
on toxic substances (NHs; or CO), substances that reduce the quality of life (CO,) or chemical
vapors from industries (acetone or ethanol). Attention is therefore focused on new gas-sensing
materials enabling detection even at low (up to room) temperatures with sufficient response and
short reaction time.

Here, we investigate the suitability of hydrogen-terminated nanocrystalline diamond
(H-NCD) films and their heterostructures with molybdenum disulfide (MoS.), graphene oxide
(GO), reduced GO (rGO), thiol functionalized GO (SH-GO), or gold nanoparticles (Au NPs) for
gas sensing applications. Electrical properties are measured for oxidizing gas NO», reducing gas
NHs, and chemical vapor of ethanol (C,HsOH), and at temperatures varied from room temperature
to 125 °C. All tested gases were used with a concentration of up to 100 ppm. Synthetic air is used
as the flushing gas. The measured parameters of the tested sensors are compared, both with each
other and with commercial sensors, and subsequently evaluated. In contrast to the individual
forms of employed materials with limited response to the exposed gases, the H-NCD
heterostructures revealed better sensing properties. In particular, the Au NPs / H-NCD
heterostructures revealed a higher response at 125 °C in contrast to H-NCD, MoS; / H-NCD had
quite good response even at room temperature and GO / H-NCD revealed high sensitivity to
chemical vapor, which further improved for the SH-GO / H-NCD.

4.4.2 Summary

The newly introduced heterostructures H-NCD and the second material (MoS,, GO, rGO,
SH-GO or Au NPs) were designed, fabricated, and tested. The measurements revealed that most
heterostructures exhibit preferable responses to exposed gas compared with individual materials
at high and room temperatures. Even, the responses of some heterostructures are comparable with
commercial gas sensors at 22 °C.

At a high temperature of 125 °C, all heterostructures and individual materials respond
very well. At these conditions, the best responses exhibited SH-GO / H-NCD and
Au NPs / H-NCD heterostructures with responses over 47 % for all tested gases, which are well
comparable with commercial sensors. The power consumption for our heater should be still
optimized, but it is much lower than the power needed for commercial sensors. For room
temperature applications, individual materials and some heterostructures have very low, almost
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immeasurable, responses. The best combination of materials with good responses is
SH-GO / H-NCD and MoS; / H-NCD. These sensors have a response of over 15 % for all tested
gases. These high responses are attributed to the optimum steady-state resistance, further
enhanced by the synergistic effect at the interface of active materials.

In conclusion, our findings represent a promising alternative solution as the new class of
gas sensors suitable for portable or energy-harvesting applications due to miniaturization and low
power consumption. For now, however, the reproducibility of sensor production technology
needs to be scaled up and optimized to meet industrial uses.

4.4.3 Author’s contribution

The research effectively summarizes and compares fabricated sensors based on H-NCD,
MoS;, GO, rGO, SH-GO, Au NPs, and their heterostructures. | was responsible for evaluating
and comparing the measured data and proposing further improvements. The co-authors provided
valuable input during the discussion and contributed to developing the subsequent research and
improving gas sensors.

4.4.4 Paper’s contributions

This article presents a comparison of conductive gas sensors based on various materials,
including H-NCD, MoS,, GOs, and heterostructures such as MoS; / H-NCD, GO / H-NCD,
rGO/H-NCD, SH-GO / H-NCD, and Au NPs / H-NCDs. This comparison discusses
the differences in gas sensor responses at different temperatures. The sensors were tested at both
room temperature (22°C) and elevated temperature (125°C). The results show that the fabricated
heterostructures perform better than the individual materials. These findings were used to
compare responses at different temperatures and identify the most appropriate replacement for
commercial conductivity sensors that operate at high temperatures.
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Potocky, Miroslav Huséak, Alexander Kromka

Prepared and submitted article

4.5.1 Abstract

Graphene oxides (GOs) and hydrogen-terminated nanocrystalline diamond (H-NCD)
have attracted considerable attention due to their unique electronic structure and extraordinary
physical and chemical properties in many applications, including gas sensing. At present, much
attention is paid to air quality and the presence of pollutants due to toxicity (NHs, NO, or CO),
harm to the quality of life (CO) or volatile organic compounds (VOC) from industry (acetone or
ethanol). Attention is therefore focused on new gas-sensing materials that can detect at low
temperatures (down to room temperature) with sufficient sensitivity and short response times.
The heterostructure combining GOs and H-NCD improves the sensing performance. In this study,
the synthesis of GOs (graphene oxide (GO), reduced graphene oxide (rGO) and thiol-
functionalized graphene oxide (SH-GO)) and H-NCD thin films using appropriate
physical/chemical deposition methods and their analysis in terms of gas sensing properties in their
individual and combined forms are demonstrated. Responses to the presence of gases are
measured for NO2, NHs, and ethanol vapor at room temperature around 22 °C. All tested gases
were used at concentrations up to 100 ppm. Synthetic air is used as a carrier and purge gas. It was
observed that the SH-GO / H-NCD achieves the best response for ethanol vapor, more than
630 %, in contrast to individual forms of materials that showed limited response to exposed gases.
SH-GO / H-NCD heterostructures exhibited excellent sensing properties. The gas interaction
model considers the effect of each material independently and identifies the probable primary
mechanism within the heterostructure.

4.5.2 Summary

Conductive gas sensors based on carbon structures were fabricated and successfully
tested against oxidizing and reducing gases (NO2 and NHs, resp.) and ethanol vapor in the 10 to
100 ppm range at room temperature (21.5 + 0.5 °C). High selectivity was achieved by proper
selection of the active/sensing layer. Particularly, GO, rGO, SH-GO and their heterostructures
with H-NCD were studied. Regarding gas sensing properties, H-NCD and GOs showed poor to
satisfactory responses at room temperature. However, combining them into a heterostructure
significantly improved the gas sensing parameters, especially for SH-GO and H-NCD
heterostructure. The active layers were also analyzed by SEM and Raman spectroscopy to verify
the morphology and chemical structure of individual materials and their heterostructures.
Regarding gas sensing properties, GO, rGO and SH-GO responded well to ethanol vapor.
The formation of heterostructure with H-NCD improved mild responses to NH; and NO..
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The best results/sensitivity was achieved for the combination of SH-GO and H-NCD. Such
a heterostructure enhanced the response 40 times for ethanol vapor, 82 times for NHs; and
27 times for NO, compared to individual materials. Finally, this article presents an innovative
model explaining the detection mechanism for the SH-GO / H-NCD heterostructure. The formed
heterostructure comprising p-type materials created a synergistic effect that enhanced the sensor
response. The most important part of the heterostructure is the transition interlayer between
the materials, which most affects the presence of the gas. This part is very sensitive with nonlinear
characteristics to the gas's presence and the change in free change carriers' concentration in both
layers. The results are promising for detecting various gases, including those used (NO, NHzand
C,HsOH). In conclusion, the main advantages of this new structure are its small dimensions,
the diameter of the active part of only 3.5 mm, functionality at room temperature, excellent
response to ethanol vapor, and excellent responses to tested and industrially essential gases.
The mentioned characteristics of the sensor can be advantageously used in low-power, portable
and/or sensor-node applications.

4.5.3 Author’s contribution

In this research, | was responsible for the preparation of heterostructures combining GOs
and H-NCD materials using the drop-casting method, testing the manufactured sensors,
evaluating the measured data, comparing them with other gas sensors, and designing an
innovative model of the interaction between the gas and the active layer, especially for the new
heterostructure combining two semiconductors exhibiting p-type conductivity, and writing and
revising the paper. The co-authors prepared the GOs material (Wrobel), the H-NCD material
(Szabod) and discussed the measured results and the gas interaction model (Godzierz, Pusz,
Potocky, Husdk and Kromka).

4.5.4 Paper’s contributions

This paper describes and investigates a new type of heterostructure that combines two
carbon-based materials, H-NCDs and GOs, to improve responses to gases, particularly to
the chemical vapor, ethanol. The electrical properties of these materials, such as their responses
to various concentrations of reducing and oxidizing gases and time characteristics, are
subsequently evaluated using the optimized gas sensor testing setup. The article compares
the designed and manufactured heterostructures and other laboratory-prepared sensors, as well as
individual materials. It provides detailed information on the preparation procedures of individual
materials and heterostructures, focusing on the gas interaction between these materials and gases.
The model highlights the significant impact of the transition region between the two materials,
which results in the modulation of the p-type conductivity. Finally, the results are critically
evaluated.
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5. Conclusion

The increasing demand for gas sensors and air quality monitoring necessitates
the development of novel sensor types and active layer materials. This requirement has led to
rapid improvements in fabrication technology and procedures, with new methods and machinery
being developed for industrial and scientific applications.

This thesis investigated gas sensors and materials suitable for conductivity type. The text
discusses the gas sensors, focusing on carbon-based materials, including diamond and graphene
oxide, and TMD materials, such as MoS,. Diamond layers are often used in biosensors due to
their biocompatibility and non-reactivity with most materials. Recent advancements in diamond
CVD synthesis and exploration of potential applications have been noted. This thesis utilized
three different gas-sensitive materials to fabricate heterostructures, improving gas sensing
parameters. The findings were summarized, published in impacted journals, and presented at
international conferences.

The thesis explored six types of gas sensors:

a. Individual material forms
(a) Diamond-based gas sensor utilizing an H-NCD layer with an IDT structure
(b) TMD-based gas sensor utilizing MoS; with an IDT structure
(c) Graphene oxide (GO)-based sensors utilizing various modifications
b. Novel heterostructures
(@) Hybrid structure utilizing diamond with gold nanoparticles
(b) MoS2/H-NCD heterostructure
(c) GO/H-NCD heterostructures (rGO/H-NCD and SH-GO/H-NCD)

The first fabricated and characterized sensor was the diamond-based gas sensor utilizing
an H-terminated NCD layer with an IDT structure for gas sensing. This sensor demonstrated
the ability to detect and differentiate between oxidizing and reducing gases. The primary
challenge in parameter measurement was the variability in sensor responses due to slight
differences in thin film nucleation, deposition, and film character. A series of sensors were
fabricated and classified into categories based on measured data to address this issue. The higher
power consumption of the heater, necessitated by the sensor's inability to operate at low
temperatures, remains a subject for further research and development. A simplified model based
on the measured results was proposed, and the findings were published in Sensors, 2021.

The second type was a TMD-based gas sensor employing MoS; with IDT structure as its
active material. The MoS; layers were prepared in a two-step process. Firstly, a thin layer of Mo
was deposited at room temperature using DC magnetron sputtering. Next, the pre-deposited Mo
layers were sulfurized in a custom-designed CVD chamber. The Mo layer was annealed in sulfur
vapors at ahigh temperature in an N, atmosphere at ambient pressure. In this method,
the substrate and sulfur powder were placed together in the center of the furnace to ensure equal
temperature during growth. This approach differs from the standard CVD method, which
typically uses atwo-zone furnace with different temperatures for the sulfur powder and Mo
substrate. The sensor exhibited reactions that were opposite to oxidizing and reducing gases
compared to H-NCD, which is attributed to the different semiconductor types (p-type 2DHG of
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NCD and n-type of MoS;). While the sensor revealed full functionality even at room temperature,
the sensor response was low. The results have been published in the journal ACS Applied
Materials and Interfaces, 2023.

The third type of sensor utilized GO with various modifications to enhance gas responses.
GO was prepared using a modified Hummers method from graphite powder. The GO reduction
resulting in rGO was carried out using ascorbic acid. SH-GO was synthesized through
a multi-step process involving phosphorus sulfide treatments. All graphene-based layers (GO,
rGO, and SH-GO) demonstrated favorable responses to ethanol vapors, exhibiting p-type
semiconductor behavior like H-NCD. These sensors can be operated at room temperature, albeit
with potentially lower response rates. The results have been submitted to the journal.

The fourth type was a modified diamond sensor with Au NPs. Au NPs were prepared by
evaporating a thin layer of Au on H-NCD, followed by annealing in hydrogen microwave plasma.
This treatment resulted in the formation of nanoparticles (droplets) with diameters ranging from
5 to 40 nm on the diamond surface. Au NPs were chosen for their chemical stability and minimal
impact on the H-NCD active layer. The Au NPs enhanced the responses at all temperatures by
decreasing the steady-state resistance. This hybrid heterostructure potentially decreases
the working temperature and reduces power consumption for heating. While measurement current
may increase, it is negligible compared to the heating power. The results have been published in
the journal Diamond and Related Materials, 2023.

The fifth type combines TMD and H-NCD materials into MoS; / H-NCD heterostructure.
This combination significantly improved the gas sensing parameters. The p-type subsurface
conductive H-NCD layer and the n-type conductive MoS; nanoflakes resulted in a synergistic
effect that enhanced the gas response. However, the heterostructure abolishes the selectivity to
the reducing and oxidizing gas, i.e., increasing resistance for both gases with different response
magnitudes. However, it is worth noting that the combination of two different sensors has been
found to overcome this limitation. The MoS, / H-NCD heterostructure detects the concentration
by the resistance change, while the second sensor (MoS; or H-NCD) identified the gas type based
on a resistance change marker. The sensor fabrication process involves preparing MoS; on an
H-NCD substrate. The reproducibility of the fabrication technology is sufficient, as demonstrated
by two sensors with similar responses. These results were published in the journal ACS Applied
Materials and Interfaces in 2023.

The last sixth type combines different GOs with H-NCD materials represented by
the rGO / H-NCD and SH-GO / H-NCD heterostructures. These heterostructures significantly
improved the gas sensing parameters, especially for the SH-GO / H-NCD heterostructure. This
heterostructure enhanced the response 40 times for ethanol vapor, 82 times for NHs, and 27 times
for NO,. The p-type materials created a synergistic effect that enhanced the gas response.
The interface of these materials is crucial, affecting the analyte presence and free charge carrier
concentration in both layers. The results have been submitted to the journal.

In conclusion, this thesis contributes to the advancement of gas-sensing technology by
exploring novel materials and heterostructures. The findings provide valuable insights for
developing more efficient and sensitive gas sensors with potential environmental monitoring,
industrial safety, and healthcare applications. Future work should focus on addressing challenges
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such as reproducibility and power consumption while exploring the miniaturization potential of
wide bandgap semiconductors and 2D material-based gas sensors.

5.1 My scientific contribution

My scientific contribution to the presented research activities is the implementation and
characterization of new and unique materials and heterostructures in the field of diamond-based
gas sensors. | have focused my research on developing heterostructure gas sensors based on
utilizing synergistic effects to increase response and reduce operating temperature. This was
achieved by applying the well-known electrical and electromechanical gas sensing principles,
enhanced by the extraordinary properties of thin films. Well-established film preparation
synthesizes were employer to create new heterostructures that revealed improved
room-temperature gas sensing properties and reduced power consumption.

The first three types of sensors, namely H-NCDs, TMDs, and GOs, are well-understood
materials commonly used in various electronic applications, including sensors for environmental
variables such as humidity and light. Based on the gas-sensing measurements, | concluded that
these individual materials are unsuitable for gas sensors operating at room temperature. At
elevated temperatures, they achieved sufficient responses to the testing gases. In this thesis, |
employed them to verify the functionality, gas response, fabrication process tuning and to
measure responses to compare new heterostructures. | also used them to design, implement, and
parameterize the apparatus for testing responses to various gases and chemical vapors.

Based on my knowledge and experience gained from individual materials (H-NCD,
MoS,, rGO and GO-SH), with support from colleagues, | have designed and realized several
innovative heterostructures combining two different materials to improve the responses,
particularly at room temperature. Namely, these include Au NPs / H-NCD, MoS; / H-NCD,
rGO / H-NCD and SH-GO / H-NCD. All studies have proven that the fabricated heterostructures
perform better-sensing properties than the individual materials. These findings indicate future
ways to replace commercial conductivity sensors operating at high temperatures.

In my thesis and already published research articles, | have focused on a detailed
description of the preparation of the material structures, their characterization by various methods
(SEM, Raman, etc.), and mainly on the gas-sensing measurements used for the description and
understanding of the interaction models between gases and active layers. This comprehensive
approach is found as crucial for further development and improvement of these structures for gas
sensing applications. In presenting the interaction models, | have tried not only to describe
everything in the text, but also to illustrate the possible paths graphically and, where appropriate,
with the mathematical equations and calculations.
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5.2 Prospects and future work
During my Ph.D. work, several promising research directions were identified:

e A new electrode structure utilizes 3 electrodes: two for IDT and one as a Gate electrode.
The gate electrode under the IDT and active layer modifies and/or tunes the response to
different gases. This solution may restore selectivity without increasing power
consumption because only an electrical charge is needed, not an electrical current.

e A new sensor platform consisting of two or more heterostructures or hybrid-structures
integrated and miniaturized at one substrate. This sensor platform would exhibit different
responses to the same gases, enabling or offering accurate gas type identification,
concentration determination, or the gas mixture's entire composition using a suitable
evaluation algorithm.

e Implement a hybrid sensor combining different detection methods, such as a conductivity
sensor with an IDT structure and a mass QCM sensor, into one sensor device. This
approach would allow simultaneous evaluation of the conductivity and mass properties
of a gas or gas mixture. Careful design is necessary to ensure the sensor types do not
interfere with each other and potentially enhance each other's properties.
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Abstract: A nanocrystalline diamond (NCD) layer is used as an active (sensing) part of a conductivity
gas sensor. The properties of the sensor with an NCD with H-termination (response and time
characteristic of resistance change) are measured by the same equipment with a similar setup and
compared with commercial sensors, a conductivity sensor with a metal oxide (MOx) active material
(resistance change), and an infrared pyroelectric sensor (output voltage change) in this study. The
deposited layer structure is characterized and analyzed by Scanning Electron Microscopy (SEM) and
Raman spectroscopy. Electrical properties (resistance change for conductivity sensors and output
voltage change for the IR pyroelectric sensor) are examined for two types of gases, oxidizing (NO,)
and reducing (NHj3). The parameters of the tested sensors are compared and critically evaluated.
Subsequently, differences in the gas sensing principles of these conductivity sensors, namely H-
terminated NCD and SnO,, are described.

Keywords: nanocrystalline diamond (NCD); metal oxide (MOx); gas detectors

1. Introduction

At present, great emphasis is placed on air quality and the detection of either toxic
substances (NHj, CO, etc.) or substances that reduce the quality of life (CO;, etc.). Air
quality is one of the significant properties to be monitored. The growing number of
harmful substances released into the air, especially from industry, reduces the quality of
life. Considering this, gas sensors, such as carbon monoxide, carbon dioxide, or nitrogen
dioxide sensors, are almost essential for industry and everyday life. Over the last 20 years,
the demand for quality and detection properties of sensors has increased significantly.
For this reason, high demands are placed on the development of new types of sensors
for the detection of various kinds of gases that achieve high accuracy, reproducibility,
sensitivity, and stability. With the development of new materials and processing, smaller,
more accurate, and cheaper sensors with a lower production cost can be developed. In
order to increase a sensor’s performance, it is necessary to use novel sensing materials,
surface modification, or new fabrication processes. Currently, great attention is paid to
wide-bandgap (WBG) semiconductors. To date, the most used material for gas monitoring
is MOy, especially SnO, [1]. MOx is used due to its low price and flexible production. On
the other hand, these sensors have a very high operating temperature, between 300 and
450 °C [1,2].

Diamond is the most interesting material from the group of WBGs due to its ability to
respond to oxidating and reducing gases, light illumination, temperature variation, and
other surrounding conditions [3]. Diamond is a material that consists of carbon in the
diamond crystal structure [4]. Due to a wide bandgap (5.5 eV), diamond was previously
classified as an insulator. To prepare a quality semiconductor, it is necessary to modify
the intrinsic diamond, for example, by doping it with foreign atoms. Natural diamonds
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have many foreign atoms (impurities) such as metals, nitrogen, etc. It is difficult to
find the correct doping atoms because the diamond lattice constant is very small, only
3.57 A (3.57 x 1071 m) [3]. The most usual material is boron, which creates a p-type
semiconductor [5,6]. There are several ways to prepare a synthetic diamond layer. The
most used method is chemical vapor deposition (CVD) [6-8]. In most cases, hydrogen
(>90%) and methane are present in a vacuum chamber, where they chemically react and
form a thin layer of NCD on the substrate. The most used deposition technique is plasma-
enhanced CVD (PECVD), or plasma-assisted CVD (PACVD), where plasma enhances the
chemical reactions at lower temperatures. This method is not selective, and the layer
grows on the whole substrate. The grown diamond is a hydrogen-terminated surface
that reveals unique properties in induced subsurface p-type conductivity, also known
as 2D hole gas (2DHG) [2,7-9]. Such a 2DHG top layer is sensitive to exposed gas or
organic molecules [2,6]. The gas sensing properties of hydrogen-terminated diamond were
explored thoroughly in previous works [2,6,7,9-12].

However, a comparison of a diamond-based gas sensor’s performance with other
gas sensor types is still missing. The responses of the sensors with an NCD active layer
prepared by PECVD, which can be a suitable alternative for commercial MOx gas sensors,
were measured in this work and compared with two commercial sensors (the conductivity
(MOx) sensor TGS 826 and pyroelectric sensor PY2055). The conductivity sensor TGS
826 uses SnO; as an active material, which is currently the most widely used detection
material due to its low cost, sufficient responsivity, and easy adjustment for a given gas.
The infrared pyroelectric sensor Pyreos PY2055 uses absorption spectrophotometry in the
infrared region of the spectrum, which is very selective and slightly temperature-dependent.
All these sensors were tested in oxidizing and reducing gas mixtures at concentrations up
to 100 ppm.

2. Experimental
2.1. Experimental Setup for Gas Sensor Testing

The electrical parameters of the gas sensors are measured with a computer-controlled
system consisting of mass flow controllers (MFCs), bubblers, a 4-input selection valve, a
test chamber, a source measure unit (SMU), and data acquisition through a PC using the
LabVIEW program, as shown in Figures 1 and 2. Bronkhorst FG-201CV MFCs work on
the principle of cooling the heating element using the gas flow. The FLOWBUS bus, which
is based on the RS-485 bus, is used for communication with the control PC. At the same
time, the bus provides electrical power to the flow meters. The MFCs are followed by a
T-connector mixer system, which uses a turbulent mixing of gases and bubblers to control
the humidity. The manual valves are used to reconfigure the system between two different
mixtures and one mixture with two active gases. This system has the ability to supply
two different mixtures via a Valco EUTA selection valve with 4 inputs and 2 outputs. For
chamber flushing, synthetic air is used. An advantage of the system is its ability to create
two different mixtures with different concentrations and humidity. The sensors with the
H-terminated NCD layer are placed in the testing chamber (Figure 3). This chamber is
designed for interdigital conductivity sensors. The testing chamber consists of a base, a
rear part with flexible measuring contacts, a front part that allows the connection of a test
mixture with a small test chamber with a volume of about 0.2 cm® above the sensitive
part of the sensor, and a temperature control assembly consisting of a heating element
and a Pt1000 temperature sensor. Each part of the chamber is entered and attached by
neodymium magnets and cut-outs in individual parts. This method allows quick and
easy assembly and disassembly in case of a sensor replacement. This chamber and the
Tektronix PWS4602 SMU allow two- or four-wire DC resistance measurements. In our
case, the four-wire DC method was used. The advantage of using this SMU is the ability
to choose the energy source, either current or voltage, and its value. A heating element is
used to regulate the temperature. It heats the entire chamber and the sensor to a maximum
temperature of 125 °C. A Pt1000 thermometer measures the current temperature.
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Figure 1. Schematic diagram of experimental setup for gas sensor testing.

N A / d Selection valve
Bubblers

Figure 2. Photo of experimental setup for gas sensor testing.
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. s Pt1000
Heating element temperature sensor

Figure 3. 3D design of testing chamber for NCD sensors with H-termination.

The commercial sensors are placed in a universal test chamber made out of polycar-
bonate Macrolon (Figure 4) with two identical and separated sections and with the partition
between the sections. The volume of one cell is 22 cm3. Its larger dimension aggravates the
time characteristic, but it allows the installation and measurement of bigger commercial
sensors, including the radiation source for the IR sensor PY2055.

Gas fittings

Partition
between
chambers

. Two
similar
chambers

Figure 4. Photo of testing chamber for commercial sensors (top view).

2.2. Sensor Elements with H-Terminated NCD

The H-terminated NCD is grown using the microwave PECVD technique on the
interdigital (IDT) structure ED-IDE1-Au with 90 pairs of 10/10/0.2 pm electrodes (10 pm
width of the conductive gold-titanium electrodes, 10 um gap between electrodes, and
200 nm thickness of electrodes) from Micrux Technologies. These IDT elements show good
adhesion of gold electrodes to transparent glass substrates, which are thermally stable
during the growth of the diamond layer at temperatures around 500 °C. Photographs and
schematics of the diamond sensor are shown in Figure 5.
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(a)

Figure 5. Photographs of (a) IDT structure on a glass substrate and (b) sensor with NCD active layer, (c) exploded schematic
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(b) (c) (d)

view, and (d) schematic cross-section.

The preparation of the H-terminated NCD layer includes three parts: the preparation
of the adhesive NCD layer, preparation of the final NCD layer, and functionalization of
the layer by termination. In the first part of the deposition, an adhesive layer is optimized
to prevent peeling off due to the different thermal expansion coefficients of diamond
and the substrate. The deposition system, where the adhesive diamond interlayer is first
prepared, is represented by two linear microwave antennas, which induce minimal thermal
stress due to low temperatures (<400°C). This adhesive diamond layer was prepared at
a thickness of 110 nm at low temperatures and a low deposition rate (about 4.4 nm/h).
The process parameters of the system with linear antennas are the following: the power
of the microwave (MW) generators = 1.7 kW, working pressure = 0.15 mbar of the gas
mixture (150 sccm (standard cubic centimeters per minute) Hp, 5 scem CHy, 20 sccm CO»),
deposition time = 25 h, and substrate temperature during deposition = 290 °C. In the
second part, a final diamond layer is prepared in a focused plasma system. This system
is characterized by a high diamond growth rate at higher temperatures (>500 °C). The
diamond layer is prepared at a thickness of 150 nm (a deposition rate of about 50 nm/h).
The process parameters of the focused plasma system are the following: the power of
the MW generators = 1.5 kW, working pressure = 30 mbar of the gas mixture (300 sccm
H; and 3 sccm CHy), deposition time = 3 h, and maximal substrate temperature during
deposition = 520 °C. After deposition, it is necessary to functionalize the diamond layer
by termination. The NCD layers are plasma-activated in hydrogen microwave plasma
immediately after the deposition in a focused plasma system for 20 min (the power of
the MW generators = 1.5 kW, working pressure = 30 mbar at 500 °C). Both sensors were
technologically processed at the same time.

The surface morphologies of the H-terminated NCD layer found using an SEM are
shown in Figure 6. Figure 6b shows the surface of NCD on Au-Ti electrodes and glass
(a gap between the electrodes). Figure 6a,c show enlarged surfaces of the sensor’s active
layer. The figure on the left is the NCD layer above the electrode, and the NCD layer above
the glass (a gap between the electrodes) is on the right. On both substrate material parts
(glass and electrode), continuous thin films, revealing nanosized crystal features, are grown.
Raman spectra from both of these parts (Figure 7) exhibit a narrow peak at 1332 cm ™!
attributed to diamond, and two broad bands labelled D and G at 1350 and 1595 cm !
are recognizable as disordered sp? carbon phases and graphitic phases; a fingerprint of
trans-polyacetylene segments located at the grain boundaries of the NCD films is visible at
1150 and 1500 cm~! [13]. The quality of the hydrogen termination is indirectly verified by
the measurement of the water contact angle. The H-terminated NCD is hydrophobic. A
higher contact angle means more terminated hydrogen on the surface and thus a better
response to the exposed gas. The minimal contact angle for good sensing properties is
about 90° [8]. The fabricated layers revealed similar contact angles over 100° (104° for
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sensor No. 1 and 101° for sensor No. 2). However, the contact angle does not reflect the
electronic quality of the induced p-type channel; therefore, both H-terminated NCD layers
were tested, too.

1 pm

(a)

(b) (c)

Figure 6. SEM images of (a) NCD on electrode, (b) NCD on IDT structure, and (c¢) NCD on glass.

Raman spectra of the H-terminated NCD

/G-band NCD on electrode

—_

Diamond-peak
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—NCD on glass
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Raman shift (em™1)

Figure 7. Raman spectra of the NCD layers.

2.3. Figaro TGS 826 Commercial Sensor

The commercially available conductivity sensor TGS 826 from Figaro (Figure 8) is
designed for the detection of ammonia (reducing gas) with a concentration from 30 ppm
to 300 ppm [14]. A larger test chamber with approximately 110 times the volume of the
previously described test chamber is used, because the TGS 826 is larger than the diamond
sensor. This sensor uses SnO, as an active material; it is currently the most widely used
detection material due to its low cost, sufficient responsivity, and easy adjustment for
a given gas [1,15]. According to the manufacturer’s datasheet, the conductivity of the
active material increases with increasing ammonia concentration. This conductivity sensor
monitors a change in the conductivity of the active layer due to chemisorption, i.e., the
binding (sorption) of gas molecules on a solid’s surface by chemical bonding with electron
transfer [15]. This sensor’s advantages are reproducibility and a manufacturer-defined
response. It is the most common type of gas sensor for ammonia.
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Figure 8. Photograph of conductivity sensor TGS 826 in test chamber.

2.4. Pyreos PY2055 Commercial Sensor

The infrared pyroelectric sensor PY2055 from Pyreos (Figure 9) is used to detect
nitrogen dioxide (oxidizing gas) in the mixture [16]. For this sensor type, it is necessary
to use a source of mid-wavelength infrared light. In this test, a tungsten filament lamp is
used to cover wavelengths from 3.9 to 6.2 pm. A pulse voltage at 10 Hz powers the bulb.
For this reason, a large testing chamber is used for measurement. The sensor consists of
two pyroelectric elements. A special optical filter is placed in front of each element; there is
one filter for the gas absorption spectrum (6.2 pm) and one for the reference measurement
(3.9 um). Infrared gas sensors use absorption spectrophotometry in the infrared region
of the spectrum. This detection method can determine the composition of a gas mixture
or detect a specific type of gas [15]. The sensor’s output signals are represented by an
alternating component of the output voltage modulated to half the supply voltage. The
gas concentration is calculated as the AC component of Ch2 voltage divided by the AC
component of Ch1l (REF) voltage [16]. The advantages of this sensor are the ability to take
measurements without the active material coming into contact with the gas, accuracy, high
selectivity using suitable filters, and a wide range of concentrations including up to almost
100% gas concentration.

PY2055

Gas
inlet

Gas
outlet

Partition
between
chambers

Tungsten
filament T
lamp

Figure 9. Photograph of infrared sensor PY2055 in test chamber.

3. Results

The responses of two H-terminated NCD conductivity sensors and two commer-
cial sensors (TGS 826 and PY2055) are tested for sensitivity to ammonia and nitrogen
dioxide gases.

3.1. H-Terminated NCD Conductivity Sensors

In the first measurement, the response of the H-terminated NCD conductivity sensor
to two active gases, oxidizing and reducing, is measured in a test chamber at a tempera-
ture of 125 °C. Ammonia with a concentration of 96.6 ppm and nitrogen dioxide with a
concentration of 99.6 ppm in a synthetic air mixture are used for testing. Figure 10 shows
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the percentual dependence of the steady-state resistance on time. Changing the gas to
nitrogen dioxide, the resistance decreases by 41% from a steady value resistance Ry of
216 k) to 127 k() with a maximum speed of —0.998 k(}/s. Changing the gas to ammonia
caused an increase in the resistance of 39% from 216 k(2 to 302 k(}, with a maximum speed
of 0.908 kQ)/s. During the change of the gas from oxidizing to reducing, the resistance
increases by 138%, from 127 k() to 303 k(). The maximum rate of change in resistance
reaches 1.8 k(}/s. The measurements show that the sample’s responses to both gases
are almost identical, with opposite changes in the conductivity in accordance with the
theoretical expectation. The influence of the chamber’s volume on the reaction time can be
neglected because of its tiny volume and high gas flow of 100 sccm.

R/R, response to type of gas (air /99.6 ppm NO, / 96.6 ppm NH,)

Air  NO,  Ar  NH, Ar NO, NH, Air NO,  Air NH, Air NO, NH,
=4 o I
0 250 500 750 1000 1250 1500 1750 2000

Time (s)

Figure 10. Time dependence of H-terminated NCD sensor’s response to three types of gases (ammonia, nitrogen dioxide,

and synthetic air) at 125 °C with a gas flow rate of 100 sccm.

Next, the response of the sensor to the reduction of the gas concentration at 125 °C is
measured for ammonia concentrations of 96.6 ppm, 48.3 ppm, and 0 ppm (only synthetic
air). Figure 11 shows the percentual dependence of the steady-state resistance on time. At a
concentration of 96.6 ppm, the resistance increases by 38.5% from a steady value of 223 k()
to 323 k(), in agreement with the first test. Ata concentration of 48.3 ppm, the resistance
decreases by 26% from a steady value of 224 k() to 294 k(). The difference of only 26% is
caused by the non-linear sensitivity of NCD at a low concentration below 5 ppm. From
these values, the calculated sensitivity is 0.26%/ppm, i.e., increasing the concentration
by 1 ppm increases the resistance by 0.26%. The maximum rates of resistance change are
very similar for repeated changes in the gas concentration (the sensor shows the repeatable
dynamics of the response).

The response of the second sensor with an H-terminated NCD is measured with the
same setup under the same conditions. The results are shown in Table 1. Subsequently, both
sensors’ responses are measured at temperatures of 75 °C and 40 °C using the same setup.
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R/R, response to concentration of ammonia

(96.6 ppm / 48.3 ppm / 0 ppm)
97 ppm Air 48 ppm Air 97 ppm Air 48 ppm Air 98 ppm Air 48ppm

(R/Ry 1) (%)

0 250 500 750 1000 1250 1500 1750 2000

Time (s)

Figure 11. Time dependence of H-terminated NCD sensor’s response to three concentrations of ammonia (96.6 ppm,
48.3 ppm, and 0 ppm (synthetic air)) at 125 °C with a gas flow rate of 100 sccm.

Table 1. Comparison of the responses and properties of the H-terminated NCD sensors with the TGS
826 and PY2055 commercial sensors.

IDT Sensors with H-Terminated .
Commercial Sensors

Diamond
. Pyreos
Temp. (°C) Sensor No.1  Sensor No. 2 Igzg;:g Tg ? PY2055
2 (IR Sensor)
125 216 111
Ro (k€2) 75 223 107 52.9 0.12 (V)
40 219 113
(R-Rp)/Ro 125 39 13
response to N.A.
75 4 5 —
96.6 ppm 169 ((U-Up)/Uo)
NH; (%) 40 N.A. 25
(R-Ro)/Ro 125 —41 -11
response to —46
99.6 ppm 7 i -7 478 ((U-Up)/Uo)
NO; (%) 40 N.A. -5
Time 125 908 183
response
t0 96.6 ppm 75 84 123 ~2238 N.A.
NH; (©)/s) 40 N.A. 83
Time 125 —998 —375
response to o
99.6 ppm & =75 —214 297 1.7 (%/s)
NO; (Q/s) 40 N.A. —102
Sensitivity to
NH; 125 0.259 0.092 —0.135 N.A.
(%/ppm)
Sensitivity to
NO; 125 —0.161 —0.058 0.482 —0.315

(%/ppm)
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3.2. TGS 826 SnO, Conductivity Sensor

In this test, the response of the TGS 826 commercial sensor is measured for both gas
types, oxidizing and reducing. This sensor is one of the most used commercial sensors for
detecting and sensing ammonia. The sensor responds to both testing gases by changing
the conductivity. Figure 12 shows the percentual dependence of the steady-state resistance
on time. The action of the reducing gas decreases the resistance of the active layer, and the
oxidizing gas increases the resistance. The sensor responds faster to ammonia (the primary
gas that the sensor should detect) than to the oxidizing gas. The values for this test range
from —16.9% to 47.8%. For nitrogen dioxide, the maximum measured rate of change of the
resistance is 0.297 kQ}/s. The lower value is probably due to the higher volume of the test
chamber. For ammonia, this value reaches —2.238 k()/s.

R/R, response of TGS 826 to type of gas
(air /99.6 ppm NO, / 96.6 ppm NH,)
Air NH,  Air NO, NH, Air NO, Air

250 500 750 1000 1250 1500 1750 2000

Time (s)

Figure 12. Response of TGS 826 sensor to three types of gases (ammonia, nitrogen dioxide, and synthetic air) at a gas flow

rate of 100 sccm.

3.3. PY2055 Infrared Sensor

Ammonia and nitrogen dioxide with maximum concentrations of 99.6 ppm are used
to test the infrared sensor’s response. Figure 13 shows the percentual dependence of the
output voltage’s root mean square (RMS) value on the reference signal. Nitrogen dioxide
(oxidizing gas) absorbs the IR radiation and decreases the effective value of the output
signal. The ratio does not change under the action of ammonia. The range of response
values is from 0% to —46%. At 99.6 ppm nitrogen dioxide, the ratio decreases by 46%, and
at a concentration of 49.8 ppm, it decreases by 23%. The sensitivity is —0.3146%/ppm. For
nitrogen dioxide, the rate of change is only 1.7%/s. The lower value of this rate is mostly
due to the higher volume of the test chamber.

3.4. Comparison of Sensors

The electronic properties and responses of the sensors are summarized in Table 1.
The table includes the measured data for two commercial sensors and two conductivity
interdigital sensors with H-terminated diamond active layers, which were heated to three
different temperatures, 125, 75, and 40 °C. Bold values indicate the best value from each row.
The time necessary to reach the operating temperature of H-terminated diamond
active layers is one minute, and the power consumption for the first measurement (the
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Air

energy to heat up to operating temperature) is 125 W-s for 125 °C, 45 W-s for 75 °C, and
only 20 W-s for 40 °C. Both sensor layers are created by the same technological process,
but they exhibit different gas and temperature responses. These differences are most
likely due to small differences in nucleation, deposition, and the structure of the thin layer
(barriers between particles, etc.). The second sensor shows lower response to the gas at the
temperature of 125 °C, but it can also be used at a low temperature of 40 °C, as shown in
Table 1.

Ugas /U, response of PY2055 to type of gas
(air / 99.6 ppm NO, / 49.8 ppm NO, / 96.6 ppm NH,)
50 ppm NO, 97 ppm NH, 100 ppm NO, Air 50 ppm NO,

50

100 150 200 250 300 350 400 450 500 550 600 650 700 750

Time (s)

Figure 13. Response of PY2055 sensor to three types of gases (ammonia, nitrogen dioxide, and synthetic air) at a gas flow

rate of 100 sccm.

The first commercial sensor is the Figaro TGS 826, which uses SnO, on the ceramic tube
as an active material and a complementary principle similar to that of the diamond layer.
The sensor consists of a 0.8 W heating element in the ceramic tube [14]. The total power
consumption for one measurement is 240 W-s due to the 5 min of preheating necessary to
reach the operating temperature of 300 °C [17]. The second sensor is the Pyreos PY2055: it
uses absorption spectrophotometry in the infrared region of the spectrum, which is very
selective. The total power consumption of this type of sensor depends on the IR radiation
source used. A 1.2 W bulb with a 50% duty cycle was used in this case, and the total
consumption is only 3 W-s.

4. Discussion

The designed and realized system is fully functional and suitable for testing sensors
on two gas types, unlike most systems, which use only one active gas [6,9]. The selection
valve allows fast switching between gases while keeping the flows constant, which allows a
sufficiently continuous and defined measurement, minimizing peak-like events, in contrast
to a system without a selection valve [6].

Experimental results show that the H-terminated NCD sensors are fully functional,
with similar electrical characteristics to those of commercial sensors. However, the SnO,-
based sensor has a faster response than the diamond-based sensors. The differences in
sensor characteristics may be due to differences in the active material volume and the
sensing material’s properties (i.e., surface morphology, etc.) [1,10]. The TGS 826 sensor
consists of a ceramic tube with SnO; on the surface, conductive electrodes, and a heating
element ensuring the correct temperature, which is almost 200 °C higher (300 °C total) than
the temperature of the H-terminated NCD sensors [17]. This arrangement allows gas access
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from all sides, unlike an interdigital structure with a thin layer. The other commercial
sensor, PY2055, uses a different principle than the conductivity sensors. Infrared gas sensors
use absorption spectrophotometry in the infrared region of the spectrum. This principle is
suitable for gases formed by a more complex or asymmetric molecule; it shows a change
in the molecule’s energy state [15]. IR sensors are not suitable for detecting gases with a
monoatomic or symmetric diatomic molecule, as these gases do not absorb radiation in the
infrared [15]. This sensor also needs an IR source and evaluation electronic components to
compare it to conductivity sensors, which require only an ohmmeter or SMU. However,
this sensor is highly selective, as shown in experimental measurements [15].

Both sensors with an H-terminated NCD layer were prepared using the same tech-
nological process. At such a low film thickness, the polycrystalline film is dominated by
grain boundaries and defects localized at these boundaries. As a result, it is still com-
plicated to create two almost identical diamond samples. We propose that the observed
response differences should be assigned to inhomogeneities in the diamond crystals and
traps localized at the diamond sub-surface. Using larger IDT dimensions, such differences
should be suppressed but at lowered sensitivity. The fabrication reproducibility can be
improved by better controlling the fabrication steps, such as by ensuring a more densely
packed nucleation density, the exact cooling of layers during switching off, etc. Similarly,
commercial production also faces some reproducibility issues; for example, the TGS 826
conductivity sensors are produced in series and are subsequently tested and sorted into
eighteen groups [14] by nominal resistance and sensitivity to ammonia.

In addition to the exposed gas type, the sensor conductivities are sensitive to other
physical and material parameters, which can further increase or reduce the sensitivity of
the sensors to the gas. Among the physical quantities by which the impedance sensor
characteristics are determined, light, humidity, and temperature are the most important
factors [7,18]. The H-terminated diamond gas sensor’s temperature is crucial to its reaction
dynamic because higher temperatures increase the reactivity with the gas and reduce the
response to the intensity of light [18].

4.1. SnO; Surface Gas Interaction Model

The change in conductivity in SnO; is caused by chemisorption, reflecting the binding
(sorption) of oxygen molecules on its solid surface by chemical bonding with electron
transfer. Figure 14 depicts a schematic view of the time-sequenced set of interactions. The
transfer of electrons between substances is called the oxidation-reduction process [1,15,19].
In the case of the oxidizing gas, NO, (Figure 14 left), free electrons are removed; thus, the
conductivity of the n-type semiconductor is reduced. In Figure 14a, NO, gas molecules
are adsorbed on the surface of the SnO; bulk; the gas attacks the available Sn sites and
removes electrons from the conduction band, forming NO, ™. This increases the barrier
between particles and reduces conductivity. Subsequently, in Figure 14b, molecules of
NO,~ desorb as NO, leaving binding oxygen ions behind [19,20]. After exposure to a
non-oxidizing gas (in Figure 14c), chemisorbed oxygen molecules with negative charges
on the surface are released as O, with a neutral charge, and electrons are returned to
SnO; [20]. This returns the conductivity to its previous value. Exposing the SnO, surface
to the reducing gas NHj3 (Figure 14 right) transfers free electrons into the material and
increases the conductivity of the n-type semiconductor. In Figure 14d, molecules of NHy
are adsorbed, react with binding oxygen ions, and create charge-neutral NO and H,O
(air humidity) molecules. The excess electrons from the oxygen ions are transferred into
semiconductors (in Figure 14e). This increases the conductivity and reduces the barrier
between particles [20]. After exposure to a non-reducing (i.e., air) gas (in Figure 14f), the
conductivity returns to the previous value due to the sorption of two oxygen ions from the
neutral O, and the removal of free electrons [20].
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Figure 14. Schematic time process of gas interaction between the SnO, material and oxidizing and reducing gases.
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4.2. H-Terminated NCD Surface Gas Interaction Model

H-terminated NCD reveals a similar detection principle to the surface of SnO; but with
the opposite effect on its surface conductivity. The change in the NCD surface conductivity
does not work on the gas sorption principle: it involves chemical reactions forming counter
ions on its surface via an electron transfer model [7]. A widely established H-terminated
diamond surface doping mechanism was used to explain the sensing mechanism. A thin
layer of adsorbed water from the air is formed on the diamond surface [11]. The water
molecule dissociates the ions H3O" and OH~. The H3O" ions attract electrons from the
diamond surface, so the p-type surface conductivity is formed on the H-terminated NCD
(Figure 15a,d)). If oxidizing gas molecules (NO,) are present (Figure 15b), the concentration
of H30™ ions rises due to a set of chemical reactions of the oxidizing gas with the adsorbed
water monolayer. This causes a superiority of H3O" molecules and creates a charge
imbalance. Electrons are transferred from the diamond top surface to the direction of
positive ions. Next, the resultant holes increase the 2DHG conductivity [2,10,11]. After
exposure to a non-oxidizing (air) gas (Figure 15c), the number of H30O* ions decreases and
again H3O" equilibrates with OH™. The electrons return to the diamond, and conductivity
reduces to its original value [10]. In the case of a reducing gas, such as NH3 (Figure 15e),
the concentration of OH™ ions increases due to the set of chemical reactions of the reducing
gas with the adsorbed water monolayer. Due to the higher number of NH," ions, the
concentration of the ions decreases, and electrons are shifted to the diamond and partially
neutralize the 2DHG, which finally reduces the diamond’s surface conductivity [10,12].
After exposure to a non-reducing (air) gas (Figure 15f), the number of OH™ ions decreases
and OH™ equilibrates with H3O" again. The electrons return from the diamond, and the
conductivity increases to the original value.

2(H20)-»H30" + OH™

+ - i 2(Hp0)-»H30* -
| 2(Hp0) ->Hz30* + OH- 2120 ’HSEO +C?H v v M2 )’HS? + OH
v ; ; -

) H g v
—H v v H H
e H oy H H'y F'l H H oy
p,+
NCD
b) c) d) : e) f)

Figure 15. Schematic time process of gas interaction between the H-terminated NCD and oxidizing and reducing gases.



Sensors 2021, 21, 5390

14 0f 15

References

5. Conclusions

An NCD layer with H-termination was used as the active layer of the conductivity
sensors. The crystallographic morphology of the prepared sensors with H-terminated NCD
thin layers was confirmed by SEM and Raman spectroscopy. The SEM showed a continuous
diamond layer on the electrode and glass, and the Raman spectra exhibit a sharp diamond
peak for both parts. Fabricated H-terminated NCD sensors revealed sensor characteristics
comparable to two commercial sensors in a similar testing setup after they were exposed
to the reducing and oxidizing gases. The fabricated sensors have smaller dimensions and
require a shorter amount of time for the first measurement, and thus they require less
energy than the commercial TGS 826. Still, the TGS 826 sensor had a faster response to
ammonia, due to a larger active surface area and a geometrical arrangement that allowed
the gas access from all sides [17]. The infrared PY2055 sensor exhibits the highest selectivity,
but it requires an IR source, which increases the consumption of electrical energy and
demands on the size of the sensor system. It reacts only to nitrogen dioxide (selective gas),
as declared in the manufacturer’s datasheet [16]; this was confirmed by measurements. The
lower value of the time response is due to the higher volume of the test chamber. Overall,
it is possible to conclude that hydrogen-terminated diamond expands the family of wide-
bandgap semiconductors, where gas detection is possible even at temperatures of 100 °C.
Moreover, its surface sensitivity can be enhanced not only by geometrical design (IDT
distance) or surface morphology (nanorods) but also by using diamond-based composites,
metal oxides, or transition metal dichalcogenide monolayers operated at low temperatures,
with a reliable, reproducible response tuned to specific gas sensing applications.
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ARTICLE INFO ABSTRACT

Keywords:

Gas sensors

H-terminated NCD (H-NCD)
O-terminated NCD (O-NCD)
Gold nanoparticles (Au NPs)

The nanocrystalline diamond (NCD) film reveals a unique combination of physical, chemical, and optoelectronic
properties, which makes it a promising material for various sensing applications. To improve a gas sensor's
response, selectivity, or reproducibility, its surface is often modified with specific terminations, functional groups
or (bio)molecules, thin films, etc. In this work, the NCD surface modification was achieved by a) layer
morphology variation using two different types of chemical vapor deposition (CVD) systems, b) top surface
termination (H-NCD and O-NCD), and c¢) Au nanoparticles (Au NPs). The properties of each structure are
measured, compared and subsequently evaluated. The electrical properties (resistance changes) are measured for
two types of active gas (oxidizing gas NO; and reducing gas NH3) in a temperature range from 22 °C to 125 °C.
Neutral synthetic air (80 % nitrogen and 20 % oxygen) was applied for flushing and resetting the sensors. Thin
film fabrication, surface analysis (scanning electron microscopy and Raman spectroscopy), and measurement of
electrical properties are described. Surface morphology greatly influences gas response because a large active
surface area (higher roughness or 3D-like surface) enhances interaction with gas molecules. While the termi-
nation of the NCD with hydrogen is essential for the functionality of the gas sensor, the Au NPs further enhanced

the dynamic response of the sensor and magnitude.

1. Introduction

The growing number of dangerous substances released into the air
(mainly by heavy industry) reduces the overall quality of life. A strong
emphasis is placed on monitoring the concentration of toxic pollutants
(NH;s or NOy) with a significant impact on human health. Therefore, gas
sensors are almost an integral part of industry and everyday life. In the
last 20 years, one can observe an increasing interest in air quality
monitoring with a focus on harmful pollutant detection [1].

Currently, the most used gas sensors use the conductivity principle
and metal oxide (MOy) material, especially SnO,. MOy is used for its low
price and flexible production [1,2]. On the other hand, the high oper-
ating temperature (over 300 °C) and the relatively large dimensions are
limiting factors that prevent applications as sensor nodes for Internet-of-
Things with integrated energy harvesting supply [1,2]. The main re-
quirements are related to the optimized battery capacity and energy
transfer to enhance sensor nodes with the long-life operation. The
development of sensors working at a lower temperature (100 °C and
lower) is very important due to reducing consumption and reducing
dimensions. Among the carbon-based gas sensors, reduced graphene

oxide (rGO) with sensitivity 0.004 %opprn_1 [3] and carbon nanotubes
(CNT) [4] are mainly considered for gas sensors operating at room
temperature. Considering that the electronic properties of CNTs are
highly sensitive toward any change in their chemical environment,
several exciting works on pristine CNTs as chemoresistive sensors have
been widely explored, where their sensitivity is affected by the number
of walls, i.e., SWCNT-based sensors have higher sensitivity than
MWCNTs for NO; sensing even at a low operating temperature. In this
case, Naje et al. [5] investigated SWCNTs and MWCNTs for sensing 3 %
NO, gas and observed 79.81 % and 59.61 % sensitivity, respectively.
Due to the lower sensitivity of pristine CNTs, functionalized CNTs have
also been studied to enhance the selectivity toward specific analytes. In
addition, various metallic nanoparticles and metal oxides have been
incorporated into CNTs to achieve specificity to different analytes. In
this case, ZnO-doped SWCNTs [6] and ZnO-doped MWCNTs [7] were
investigated for NO sensing, which exhibited the highest sensitivity at
operating temperatures of 150 °C and 300 °C, respectively. The NOy
sensing mechanism of monolayer, bilayer and multilayer graphene gas
sensors has been presented in [8]. They have measured gas response
(Agr/R) of layered graphene gas sensors as a function of NO;
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concentration up to 35 % with a considerable selectivity to various gases
at room temperature. Further, for bendable NO, sensors, various CNT-
polymer hybrids have been explored. In 2019, Kumar et al. [9] re-
ported NO2 sensing using a polyethyleneimine (PEI)-functionalized
SWCNT sensor. The as-made sensor showed high sensitivity (37 %) for
50 ppm NO, at room temperature with recovery time (240 s). A com-
parison of NO; sensing at room temperature is given in Table 3 within
the reference [10].

For those reasons, high demands are placed on developing new high-
accuracy sensors for detecting various kinds of gases, which must show
excellent reproducibility, sensitivity, and stability. Smaller, more accu-
rate, and cheaper sensors with a lower production cost are being
developed utilizing new materials and processing. It needs to use novel
sensing materials, surface modification, or new fabrication processes to
increase the sensor's performance [11-17]. In accordance with that,
great attention is focused on new materials suitable for conductivity gas
sensors. Gas sensors with Wide BandGap semiconductors (exceptionally
diamond thin layers) have immense potential due to possible minia-
turization and modification, e.g., material science or technology prog-
ress [16-19].

The method of improving gas response by reducing the resistance
with a more conductive material is well-known and used. This principle
is used for carbon-based gas sensors [20-22] or MOx gas sensors
[23-25], which is a more common material for gas sensing applications
[1,25]. These pristine materials exhibit unsatisfactory responses to gases
and high working temperatures, which might limit their applications.
Samples treated with this method, adding more conductive material,
show a better response to gases than pure materials, especially at room
temperature [20,21,23]. But the response is still low at room tempera-
ture [20], or layer preparation is very complex (nanotubes, etc.)
[22,23].

This work presents an NCD film decorated with Au as the active layer
for gas sensing applications. Microwave plasma-enhanced CVD formed
the NCD film, and the gas-sensitive conductive layer was induced by the
hydrogen termination (H-NCD). The H-NCD films with the best
morphology for sensors were also coated with Au NPs. Then the gas
sensing capabilities of the H-NCD + Au NPs hybrid system in oxidizing
and reducing gas mixtures were studied, and results were compared and
discussed.

2. Experimental
2.1. H-NCD and H-NCD + Au NPs layers preparation

The fabrication and measuring of four types of sensors with NCD
active layer are described in the following chapter. The interdigital
(IDT) structures from Micrux Technologies with 90 pairs of 10/10/0.2
pm Au electrodes (10 pm width and 10 pm gap between electrodes with
thickness of 200 nm) were used as a substrate for diamond growth. This
structure shows very good adhesion of the diamond layer and good
stability during deposition. The NCD layers were prepared by micro-
wave plasma-enhanced chemical vapor deposition (MWPECVD). After

b)

,c)
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separating technological steps, the fabricated sensor is depicted in Fig. 1.

First, the IDT Au electrodes were ultrasonic cleaned in acetone,
isopropylalcohol, deionized water for 10 min and dried by nitrogen
flow.

In all cases, the diamond nucleation layer was prepared by the sub-
strate treatment in the ultrasound bath in water-based nanodiamond
powder suspension (NanoAmando, with nominal particle size 5 nm) for
40 min.

The first prepared layer was made in a focused MW plasma system
(Aixtron P6 deposition device). This system is characterized by a high-
density plasma resulting in high diamond growth rates at higher tem-
peratures (>450 °C). During the diamond layer growth on glass sub-
strates with IDT electrodes, a technological limitation in layer
inhomogeneity and peeling due to high temperature in the focused
plasma system was observed. The reduced adhesion of diamond layers
on glass substrates with IDT electrodes was probably due to the stress
between the crystallographic structure of the diamond and substrate and
the different thermal expansion of the different materials. The
improvement of the homogeneity and adhesion of diamond on IDT
electrodes was achieved by using an adhesive interlayer, also diamond,
but deposited in a different deposition system with linear antennas. The
deposition system where the adhesive diamond layer was prepared is
characterized by two linear microwave antennas (Roth&Rau AK 400
deposition device) where diamond deposition takes place under low-
temperature loading of the substrates (temperatures <350 °C), leading
to low growth rates. The process parameters of the system with linear
antennas are as follows: power of MW generators 1700 W, working
pressure 0.15 mbar of gas mixture 150 sccm Hj, 5 sccm CHy4 (3.3 %), 20
scem CO2 (13.3 %), deposition time 20 h, heating of the substrate holder
to 300 °C (during deposition did not exceed 325 °C). The diamond layer
was prepared at a thickness of 100 nm (a deposition rate of about 5 nm/
h). The H-NCD diamond layer was realized in the focused plasma system
Aixtron P6. The process parameters of the system with focused plasma
are as follows: power of MW generators 1500 W, working pressure 30
mbar of gas mixture 300 sccm Hy, 3 scem CHy4 (1 %), deposition time 3 h,
during the deposition the temperature did not exceed 520 °C. The dia-
mond layer was prepared at a thickness of 120 nm (a deposition rate of
about 40 nm/h). It was necessary to functionalize the diamond layer by
H-termination in hydrogen MW plasma. Immediately after the diamond
deposition, the CH4 flow was turned off and the surface was terminated
with hydrogen for 10 min under the same power, temperature, and
hydrogen flow conditions.

The second prepared layer was made in the same system as the ad-
hesive diamond layer at the same conditions. Similar to the previous
sensor, the H-termination was necessary for the diamond surface con-
ductivity. Immediately after the diamond deposition, the CH4 and CO4
flow was turned off and the surface was terminated with hydrogen for
10 min under the same power, temperature, and hydrogen flow
conditions.

The third type of sensor was the O-termination (O-NCD) prepared
using the same procedure as the second sample, but instead of hydrogen
plasma, oxygen plasma was used for O-NCD. First, the sample was

e)

Fig. 1. Photographs of a) Au IDT structure on a glass substrate, b) H-NCD from focused plasma system, ¢) H-NCD from linear plasma system, d) O-NCD from linear

plasma system, and e) H-NCD + Au NPs from linear plasma system.
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placed in the chamber of the Tesla VT 214 followed by pumping until the
air pressure in the chamber was about 22 Pa. Next, the chamber was
filled with oxygen (50 sccm), and the pressure in the chamber increased
to 60 Pa. After that, the plasma modification process was initiated. The
plasma was generated by a radio frequency source with 100 W input
power for 1 min. Finally, after the plasma modification process, the
chamber was filled with air to atmospheric pressure and the sample was
removed.

The fourth type of sensor was prepared as the second sample, and its
surface was additionally coated with Au NPs. The Au NPs were prepared
by evaporating a thin Au layer (thickness 3 nm) on the H-NCD, which
was further annealed in hydrogen microwave plasma (Hz, 500 °C for 10
min). This treatment resulted in the formation of nano-sized particles
(droplets) on the diamond surface. The Au NPs were chosen due to
chemical stability and preparation that hardly affects the active H-NCD
layer.

The evolution process and the applied layers are schematically
shown in Fig. 2. After sample preparation, all were let to stabilize for 48
h before gas characterization.

2.2. Surface characterization

The surface morphology of prepared samples was measured by a
scanning electron microscope (SEM) Tescan MAIA 3. The first sample
prepared by a focused plasma system (Fig. 3a) had the same morphology
on the whole substrate (on the gold and glass areas). The second sample
prepared by linear plasma system (Fig. 3b) revealed different mor-
phologies on gold and glass, as seen in SEM. The NCD had higher
roughness on the glass, further enhancing the contact area between gas
and NCD and increasing the response size. In the case of the third sample
(Fig. 3c), the surface morphology did not change compared to the sec-
ond sample because the termination had no impact. The last sample with
Au NPs has similar morphology of NCD to the previous two samples. The
morphology of the Au NPs layer is shown in Fig. 3d, and their size and
concentration were measured and calculated. The chemical composition
of the prepared samples was measured with a Renishaw inVia Reflex
Confocal Raman microscope with a 442 nm laser. Raman spectra of
samples are illustrated in Fig. 4. The samples exhibit a typical Raman
spectrum for NCD. In this spectrum, there is a representative narrow
peak at 1331 cm ™! attributed to the first-order diamond peak and two
broad bands labeled as D and G at 1362 cm ™! and 1595 cm ™! recognized
as disordered sp? carbon phases and graphitic phases [12,16].

Using an SEM image, the diameters and density of Au NPs were
analyzed from backscattered electrons (BSE) (Fig. 5a). BSE showed a
contrast between diverse materials (carbon and gold) used for computer
post-processing (Fig. 5b). Fig. 5c plots the calculated probability density
as a function of particle diameter from the program ImageJ. ImageJ is a
public-domain Java image processing and analysis program inspired by
NIH Image. It can calculate the statistics of user-defined selections based
on area and pixel values and can measure distances and angles to create
density histograms and line profile plots. It supports standard image
processing functions such as contrast manipulation, sharpening,
smoothing, edge detection, and median filtering.
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The diameter of Au NPs was found to vary between 7.5 and 40 nm
with Log-normal distribution with the modus dy 17.5 nm. It has been
previously shown that by using a linear antenna system with CO; in the
feed gas, the formation of nanoparticles from the underlying Au layer
can occur, and need to be suppressed [26]. Contrary to this work, we
provided experiment at different parameters (MW power, gas compo-
sition, different adhesion layer - Ti instead of Cr) which did not result in
the formation of Au NPs from IDT metallization. In addition, we mainly
focused on the formation and use of Au NPs formed on the diamond
layer.

2.3. Experimental setup for gas sensors testing

A homemade computer-controlled system was used to measure the
responses of prepared sensors. The system prepared two independent
gas mixtures of oxidizing NO, and reducing NH3 gases with concentra-
tions of 100 ppm. Synthetic air (80 % of N5 and 20 % of O») is used for
flushing and resetting the sensors. The resistance changes are measured
using a source measure unit (SMU) Keithley SourceMeter 2401 with
four-wire DC resistance measurement (Kelvin resistance measurement).
The fabricated sensors were measured with a nominal voltage value of
0.1 V. The temperature sensor PT1000 measures the temperature in the
chamber via a standard Ohmmeter. The sensors were placed in a gas
chamber with a total volume of 20 mm?®, allowing a quick ambient
change around the sensors.

3. Results

The responses and properties were measured at three selected values
of temperature (125 °C, 75 °C, and room temperature about 22 °C) for
two types of active gas with the same concentration of 100 ppm:
reducing (NH3) and oxidizing (NO3) gas. First, the steady-state resis-
tance Ry values of the active layers on the different sensors were
measured (Fig. 6a). The gas-sensitive layer changed the resistance from
steady-state Ry to actual resistance Rg in the presence of the tested gas.
The resistance changes Ay in the presence of active gas were calculated
by Eq. (1). The calculated responses are shown in Fig. 6b and c for NH3
and NOg, respectively. The steady-state resistance decreased slightly
with increasing temperature, but the change was <5 % for a temperature
change above 100 °C. The main reason for the small change is sub-
surface 2DHG. The bulk resistance is very high and the 2DHG has very
little change in resistance with increasing temperature [27].

Ag = <%—1>-100: (RGR_ R°>~100 (%) @

0 0

Fig. 7 shows the percentage change dependence over time of all
tested samples. The sequence of the gases was as follows: NO; for 3 min,
followed by synthetic air (+3 min), then the gas was switched to NH3 for
another 3 min followed by synthetic air and synthetic air with 90 %
humidity (43 min), finished by synthetic air again.

The H-NCD prepared in a focused plasma system (the first type) had
the lowest resistance value and gas response smaller than 5 %. The small
response was probably due to the a) high-temperature deposition system
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Fig. 2. Exploded schematic views of prepared sensors a) without and b) with Au NPs.
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(i.e., lower quality of termination) and b) the same surface morphology
over the entire surface of the NCD layer. The higher temperature during
deposition causes a lower quality of hydrogen termination in compari-
son with a low-temperature system [15,27,28]. The same non-porous
surface on both parts of the sensor (on glass and gold electrodes) does
not increase the effective area (the total area of the surface with which
the gas is in direct contact and where reactions between the sensor and
the gas occur) between active material and gases [1,2,28]. The second
sensor type (H-NCD prepared in the linear plasma system at a lower
temperature) initially revealed higher resistance and good response,

about 40 % at 125 °C, for both testing gas types. This response
improvement should be attributed to the specific surface morphology on
the glass, which reveals not only higher surface roughness, and thus
larger effective active area, but also the compact 3D-like active surface
area. For the first and second sample types, the sensor response to the
exposed gases is attributed to the modulation of 2D hole gas (2DHG)
induced by the hydrogen termination on the intrinsic diamond layer (i.
e., high bulk resistivity). The 2DHG top layer is known to be sensitive to
exposed gas or organic molecules [12,15,16,27], which also agrees with
our observation. Moreover, the trend of response change reflects the
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Fig. 6. Measured data depending on the temperature (125 °C, 75 °C, and room temperature 22 °C) of a) steady-state resistance, b) response to 100 ppm NH3, and c)

response to 100 ppm NOs.

type of tested gas, i.e., it is negative/positive for oxidizing/reducing gas
atmosphere, respectively. The third type (O-NCD prepared in a linear
plasma system) had the highest resistance due to the oxygen termina-
tion, which didn't induce subsurface conductivity. The diamond layer
remained highly resistive (about 200 MQ), and the gas sensing response
was almost unmeasurable (lower than 0.01 %). For these reasons, the
calculated value of the response is equal to noise. The fourth sample
with Au NPs reduced the resistance value by 98.3 % compared to the
second sample (from 250 kQ to 4.15 kQ). Moreover, this surface coated
with Au NPs achieved the best gas response for all sensor types and all
temperatures tested (about 50 % for 125 °C and about 5 % for room
temperature) while still keeping gas sensing selectivity to oxidizing/
reducing gas type. The Au NPs also improved the time characteristic, as
shown in Fig. 7. The response to gases and recovery time is fast, and in
the case of H-NCD + Au NPs, there is no shift in the steady-state resis-
tance due to the permanent absorption of molecules on the surface. H-
NCD + Au NPs at 125 °C has a response time of 60 s for NH3 and only 15
s for recovery. The measured properties and responses are shown in
following Table 1. Time stability (in the order of months) is the subject
of further research and measurement.

4. Discussion

Gas sensing experimental measurements showed that Au NPs
enhanced the gas sensing characteristic of H-NCD at room temperature.
The linear plasma system synthesized a rougher surface on the glass and
thus increased the active contact area between the gas and sensing layer.
A smaller diamond crystal size and higher roughness also increase the
steady-state resistance of the sensors and thereby reduce the percentual
gas response, as shown in Eq. (1). The Au NPs decrease the steady-state
resistance and increase the percentual responses to oxidizing and

reducing gases. The Au NPs were used for several reasons. The first
reason is the chemical stability of Au NPs compared to other materials
(does not oxidize, does not react with other materials used in produc-
tion, etc.). Furthermore, Au has very good adhesion for preparing Au
NPs. The last reason is the simple preparation of Au NPs, which hardly
affect the H-NCD layer.

The increasing temperature increases the response to both gases for
all sensors, except the O-NCD, which has no response to these gases. The
increasing temperature enhances chemical reactions and thus the size of
the responses [1,17,19]. On the other hand, a higher temperature re-
quires heating and increases energy consumption. For this reason, room
temperature gas sensors are more required and used. The H-NCD with
Au NPs achieves the best response at room temperature (22 °C), but the
response is still about 5 % for both gases. This value is more than twice
higher than standard H-NCD. The higher temperature enhances all H-
NCD samples' responses, especially 3D H-NCD. The 3D H-NCD samples
achieve a response of around 40 % for H-NCD, respectively 50 % for H-
NCD with Au NPs.

4.1. Surface gas interaction model

The surface of NCD behaves as the p-type semiconductor due to p-
type induced subsurface conductivity, also known as 2DHG [16,17,27].
This subsurface layer is sensitive to the environment, such as humidity,
temperature, or organic/inorganic molecules. The change in the resis-
tance of the H-NCD subsurface layer is caused by chemical reactions in
which counter ions are formed on its surface and explained by the
electron transfer model [17]. The gas interaction with the H-NCD sur-
face has been described and explained in previous work [27]. Only
briefly, the air humidity molecules H,O dissociate to H30™ and OH™
above the surface (Fig. 8a). The H3O" ions react with the surface and
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Fig. 7. Measured gas responses at 125 °C for NO2, NH3 and 90 % humidity of all tested samples.

Table 1
Comparison of the steady-state resistance and responses of the NCD samples at three temperatures®.
Temperature (°C) | Ro (kQ) | NHsresponse (%) NO. rg/sog)onse
H-NCD 125 0.228 4.8 -3.9
Focused plasma 75 0.247 4.5 -3.4
system (RT) 22 0.262 2.1 1.5
H-NCD 125 216 39 -41
Linear plasma 75 227 4 -4.5
system (RT) 22 250 05 -0.4
O-NCD 125 | 204 692 0.02 0.01
Linear plasma 75| 198 354 0.02 0.02
system (RT)22 | 177 594 0.01 0.01
H-NCD + Au 125 4 48 -47
Lioes 75 4.1 23 -20
inear plasma
system (RT) 22 4.15 4.8 -4.7

@ Highlighted values show the best achieved values

attract the electron from the diamond bulk, which creates the p-type
subsurface conductivity channel 2DHG. The presence of gasses near the
surface causes an imbalance in the number of ions. The imbalance of
ions changes the number of free charge carriers and, thus, the resistance.
The substitute electrical circuit diagram is shown in Fig. 8b and is rep-
resented by the total electric resistance divided into two resistors: the
resistance of 2DHG and the barrier resistance. The barrier resistance
includes several factors. The most crucial is a) the resistance between

diamond (nano) particles or b) the resistance between 2DHG conductive
areas (i.e., not ideally terminated diamond surface).

The detection principle of H-NCD with Au NPs is based on the same
gas interaction model mentioned above. The H-NCD reacts with gas
molecules and changes the resistance. However, the Au NPs represent
local electrically conductive islands (shortcuts) for the resistive barrier
and decrease the steady-state resistance to 4.15 kQ. More free charge
carriers tunnel through the Au NPs instead of the barriers, as is shown in
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Fig. 8. a) Gas interaction model and b) substitute circuit diagram of the H-NCD layer.
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Fig. 9. a) Gas interaction model and b) substitute circuit diagram of the H-NCD layer with Au NPs.

Fig. 9a. In the substitute circuit diagram (Fig. 9b), the Au NPs are rep-
resented by a resistor parallelly connected to the barrier resistor. Thus,
the final resistance has a lower value than the NCD layer. In this
meaning, the H-NCD + Au NPs hybrid structure reduces the steady-state
resistance value by utilizing conductive Au NPs and preserving the
functionality of the H-NCD gas sensing layer. If these two parameters are
well combined, the final percentage value, calculated by Eq. (1), relative
to primary resistance, is higher. However, the Au NPs reduce the total
response of the diamond surface due to the partial overcoating of the H-
NCD functional layer. Finally, the higher concentration of Au NPs also
increases power consumption for sensor measurement because a higher
current is required for the same voltage. Therefore, the optimal con-
centration on NPs has to be experimentally determined to achieve the
best possible gas sensing result by compromising response vs. power
consumption. Similar to concentration, the ideal size of NPs can be
found. This size should be small enough to not cover a large area of the
active layer and thus decrease the response to gases. But it must be large
enough to cause a shortcut between the two NCD grains.

5. Conclusion

The four active layers were designed, prepared and measured at
three different temperatures for two active gases. The H-NCD active
layers were prepared by two different systems (linear and focused
plasma systems). A linear plasma system prepared H-NCD, O-NCD, and
H-NCD + Au NPs hybrid structures. The measurements revealed that the

hybrid structure exhibits preferable responses to exposed gas compared
with H-NCD without Au NPs at all measured temperatures. The O-NCD
had an almost unmeasurable response to both gases due to the absence
of subsurface conductivity and is not appropriate for gas sensing appli-
cations. The H-NCD prepared in a focused plasma system can be grown
quickly due to a high growth rate at a higher temperature. It was highly
conductive, but the planar-like surface morphology revealed a smaller
active area and thus a smaller reaction to gases. The H-NCD prepared in
a linear plasma system produced bottom-up porous-like 3D diamond
layers [29], which had sufficient gas responses. The response of 3D H-
NCD was about 40 % for both gases at 125 °C but <1 % for lower
temperatures. The Au NPs enhanced the responses at all temperatures by
decreasing the steady-state resistance value. The response was about 50
% at 125 °C and about 5 % at 22 °C (room temperature). This hybrid
structure allows a reduction in the working temperature and thus power
consumption for heating. Although the current for measuring the
structure will increase, but it is negligible compared to the heating
power. Our findings represent a promising alternative solution to the
new class of gas sensors due to miniaturization and low power con-
sumption compared to commercial MOy gas sensors. Overall, one can
conclude that the H-NCD + Au NPs hybrid structure enhances the gas
responses at high and room temperatures. However, the optimum con-
centration of Au NPs for these conditions has to be found.
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ABSTRACT: Molybdenum disulfide (MoS,) and nanocrystalline

diamond (NCD) have attracted considerable attention due to their °. . . ob‘o ' . . ‘p

unique electronic structure and extraordinary physical and chemical '

properties in many applications, including sensor devices in gas ‘ » ')

sensing applications. Combining MoS, and H-terminated NCD (H-

NCD) in a heterostructure design can improve the sensing MoSz/Dlamond

performance due to their mutual advantages. In this study, the 0. ‘ ."
s o ¥ u

synthesis of MoS, and H-NCD thin films using appropriate physical/ ‘ g

chemical deposition methods and their analysis in terms of gas "‘ 'o /g

sensing properties in their individual and combined forms are

demonstrated. The sensitivity and time domain characteristics of the
sensors were investigated for three gases: oxidizing NO,, reducing
NH;, and neutral synthetic air. It was observed that the
MoS,/H-NCD heterostructure-based gas sensor exhibits improved sensitivity to oxidizing NO, (0.157%-ppm™') and reducing
NH; (0.188%ppm™") gases compared to pure active materials (pure MoS, achieves responses of 0.018%-ppm™" for NO, and
—0.0072%-ppm™" for NH;, respectively, and almost no response for pure H-NCD at room temperature). Different gas interaction
model pathways were developed to describe the current flow mechanism through the sensing area with/without the heterostructure.
The gas interaction model independently considers the influence of each material (chemisorption for MoS, and surface doping
mechanism for H-NCD) as well as the current flow mechanism through the formed P—N heterojunction.

KEYWORDS: gas sensors, H-terminated diamond, MoS,, MoS,/H-NCD heterostructure, room temperature, P—N junction, sensitivity,
gas interaction model

MosS, Dlamond

1. INTRODUCTION layer; e.g., the band gap of MoS, changes its value and type
from direct (~1.8 eV) to indirect (~1.2 eV) as the number of
layers increases.”'"'* Therefore, TMDs could be bulk types,
such as MoS, grains or a film of nanoflakes. TMDs have several
sensing applications.'' "> Although TMDs have excellent
sensitivity at high temperatures (above 100 °C), bare layers
have poor sensing properties at room temperature.” Increasing
temperature, UV illumination, or combination with other
materials can improve these limitations as reported in the
literature.”'* For example, carbon-based materials,"> ™7
graphene,'® reduced graphene oxide,” or metal oxides
(Zn0,," $n0,,*>*! or Ti0,**), have been proven to improve
sensing characteristics. The NCD surface consists of sp’-
hybridized carbon bonds that are chemically and mechanically

Gas sensors are essential for industry, healthcare, and almost
everyday life, with an increasing emphasis on detecting
hazardous substances and improving air quality." The develop-
ment of sensors based on new materials with high sensitivity,
stability, and reproducibility for the detection of various gases
is therefore subject to high demands.”™® Researchers are
currently focusing on emerging two-dimensional (2D)
materials, such as transition-metal dichalcogenides (TMDs),
for use as active layers in gas sensing applications.

TMDs are a group of compounds with the chemical formula
MX,, where M is a transition-metal atom and X is a chalcogen
atom. Their structure consists of an atomic layer of transition
metals sandwiched between two chalcogen layers.” TMDs
exhibit unique electronic structures and extraordinary physical j
and chemical properties for many applications.”” For example, Received: ~ March 28, 2023 lmjl
TMDs are featured by a thickness-dependent electronic band Accepted:  June 20, 2023
structure,” high charge carrier mobility,9 and in general a high Published: July 3, 2023 ? L ﬁé
surface-to-volume ratio, which is a natural asset for applications
such as chemical sensors.'” Their properties, especially
semiconductor properties, depend on the thickness of the
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Figure 1. Schematic top (a) and cross-sectional views of MoS,/H-NCD/SiO,/Si (b), cross-sectional view of H-NCD/SiO,/Si (c) sensors, and
schematic illustration of the combination of both materials in a heterostructure (d). In the case of the MoS,/SiO,/Si sensor, the MoS, layer was
prepared directly on the SiO,/Si substrate, and no diamond deposition was performed (not illustrated in this figure).

stable. Surface-grafting specific atoms and functional chemical
groups, such as oxygen, hydrogen, and amine groups, can tailor
the wettability and influence the surface energy of NCD films,
making the surface properties hydrophobic for hydrogen-
terminated and hydrophilic for oxygen-terminated surfaces.”®
It has already been shown that hydrogen-terminated nano-
crystalline diamond (H-NCD) films, which exhibit P-type
subsurface conductivity, reliably detect oxidizing and reducing
gase:s.24_26

The solid-state resistive gas sensors can be manufactured
from any material that reacts to the presence of gases." This
type of sensor is most commonly used to detect oxidizing or
reducing gases. Nowadays, gas sensors based on MOy
materials, which are heated to higher temperatures, are being
studied intensively.”” The development of sensors working at
room temperature is very demanding from the point of
reduced consumption, reduced dimensions, and the possibility
of use in hazardous areas. Among the carbon-based gas
sensors, reduced graphene oxide (rGO)*® with a sensitivity of
0.004%-ppm™"*" and carbon nanotubes (CNTs)*>*" are
mainly considered for gas sensors operating at room
temperature. The second group that is intensively researched
is represented by 2D materials. From this group, TMDs
(MoS,, PtSe,, etc.)””” with a sensitivity of 0.3%-ppm~' for
MoS, nanoworm films after 90 days at 150 °C* and 2D MOy’
were presented. Furthermore, to improve the performance of
the gas sensors, several strategies can be used. For example, in
the case of carbon-based gas sensors, the performance was
improved by fabricating heterostructures that consisted of
carbon nanostructures with polymers,””** ceramic nano-
particles,” or other suitable materials.

Similarly, mesoporous In,O; nanocrystals for the detection
of NOy at room temperature have been recently published by
Gao et al’* Due to the synergistic effect between its
mesoporous and highly crystalline nature, the detection limit
from 1000 ppb to 100 ppm was achieved.”® Shaik et al.*® have
introduced a NO, sensor with a detection limit of 5 ppm at
room temperature by using N-doped reduced graphene oxide
(rGO). Moreover, the composites of carbon nanotubes
combined with hexagonal WO; are shown to detect low
concentrations (100 ppb) of NO, at room temperature.37

Here, we present a novel MoS,/H-NCD heterostructure as a
prospective gas sensor with improved gas sensing parameters
(response and recovery time) even at room temperature due to
the synergistic effect of both materials. This improvement is
compared and described within the proposed gas interaction
model of the sensing principles of individual MoS, and H-
NCD materials and their heterostructure. The sensitivity and

time domain characteristics of the sensors were investigated for
two active gases: oxidizing NO, and reducing NH;. They were
chosen as representative gases largely produced by industries,
worsening the air quality in the environment and hazardous to
health in higher concentrations."”’

2. EXPERIMENTAL SECTION

2.1. Active Layer Preparation. Thin MoS, layers were prepared
on three substrates—bare Si, SiO,/Si, and diamond-coated SiO,/Si
(H-NCD/SiO,/Si). First, 4 in. SiO,/Si and Si wafers were
ultrasonically cleaned in acetone, isopropyl alcohol, and deionized
water for 10 min and dried by nitrogen flow. Subsequently, the MoS,
layers were prepared in a two-step process. In the first step, a 4 nm
thin Mo layer was deposited using DC magnetron sputtering in an Ar
atmosphere (107> mbar) from a Mo target at room temperature
(about 22 °C). The DC power and emission current were 460 W and
0.3 A, respectively. The rotation speed of the sample holder
controlled the thickness of the prepared Mo films. Next, the
predeposited Mo layers were sulfurized in a custom-designed CVD
chamber. The Mo layer was annealed in sulfur vapors at a high
temperature of 800 °C in a N, atmosphere at ambient pressure. The
substrate was placed together with the sulfur powder in the center of
the furnace so that the temperature of the substrate and the powder
were the same during the growth,’gg’39 unlike the standard CVD
method, which uses a two-zone furnace with different temperatures
for the sulfur powder and the Mo substrate.

In the case of NCD film growth, a clean SiO,/Si wafer was first
treated by applying ultrasonic agitation in a water-based diamond
powder suspension (~S nm particles) for 40 min, followed by the
growth in a linear antenna microwave plasma CVD system
(Roth&Rau AK400) consisting of two linear antennas. The NCD
was grown at a low deposition rate (about 15 nm/h) to a thickness of
450 nm (evaluated from the interference fringes of the reflectance
spectra measured in the vis—NIR region). The process parameters of
the linear antenna system are as follows: the power of the microwave
generators was 2 kW, the pressure of the gas mixture was 0.15 mbar
(200 sccm H,, S sccm CH,, and 20 sccm CO,), the deposition time
was 30 h, and the substrate temperature was 550 °C. The surface of
the as-grown NCD films was treated in hydrogen plasma to obtain
hydrophobic properties. Surface functionalization by hydrogen was
performed in a focused MW plasma CVD chamber (Aixtron P6
system, 1500 W, 30 mbar, 300 sccm of H,, 20 min, S00 °C). These
layers are further referred to as H-NCD.

Finally, the deposited MoS,, H-NCD layers, and their hetero-
structure MoS,/H-NCD were coated with a 120 nm-thick Ti/Au (20
nm of Ti and 100 nm of Au) interdigitated electrode (IDT) structure
for electrical connection on the top layer (Figure 1). The IDT was
connected with measurement pins using a wire bonding technique for
better electrical contact and handling. Metal contact pads were
fabricated by a combination of electron beam evaporation and a
consequent lift-off technique.

2.2. Characterization of MoS, and Diamond Films. The
surface morphology of the prepared samples was measured using a
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Figure 2. (a) Top-view SEM images of samples MoS,/SiO,/Si, H-NCD/SiO,/Si, and MoS,/H-NCD/SiO,/Si and (b) corresponding Raman
spectra of samples taken at a 442 nm excitation wavelength; (c) GIWAXS reciprocal space maps of the MoS,/SiO,/Si and MoS,/H-NCD/SiO,/Si

samples.

Tescan MAITA 3 scanning electron microscope at a 10 keV electron
gun energy. The surface morphology of the samples is shown in
Figure 2a. As shown in Figure 2a, the SiO,/Si substrate was covered
with a completely closed H-NCD film. In contrast to SiO,, the surface
coverage by Mo$S, nanoflakes (flake size in the range of S0—100 nm)
was lower for MoS,/H-NCD, probably due to the higher surface
roughness. The MoS, layer was also prepared on the reference Si
substrate (the SEM image is shown in Figure S1 in the Supporting
Information).

The chemical composition of the prepared samples was measured
using a Renishaw inVia Reflex Confocal Raman microscope with a
442 nm excitation wavelength. As shown in Figure 2b, the H-NCD/
SiO,/Si sample exhibits a typical Raman spectrum for NCD. In this
spectrum, there is a representative peak of the Si substrate at 520
ecm™!, a narrow peak at 1331 cm™' attributed to the first-order
diamond peak, and two broad bands labeled as D and G at 1350 and
1595 cm™ and recognized as disordered sp® carbon and graphitic
phases, respectively.“’26 The MoS,/Si0,/Si sample is characterized
by a Si peak at 520 cm™ and two narrow peaks at 381 and 406 cm™!
attributed to MoS,.”** The Raman spectrum of MoS,/H-NCD/
SiO,/Si combines all the peaks described above.
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Grazing-incidence wide-angle X-ray scattering (GIWAXS) meas-
urements were performed with a home-built system based on a
microfocus X-ray source (Cu Ka, IuS, Incoatec) and a 2D X-ray
detector (Pilatus 100K, Dectris). The angle of incidence on the
sample was set to 0.2°. The sample—detector distance was 90 mm, as
validated by a calibration standard (corundum). The collected
GIWAXS patterns provided structural information about the prepared
samples. Figure 2c shows reciprocal space maps of the as-prepared
MoS, films on the SiO, and NCD films, respectively. The GIWAXS of
the MoS, film prepared on the reference Si substrate is shown in the
Supporting Information (Figure S2a). The appearance of two
symmetrical 002 diffraction spots at g, ~ 1 A™" for Si and SiO,/
Si substrate means the vertical alignment of MoS,. It means that the c-
axis is parallel to the substrate surface. Horizontal alignment was
observed with the c-axis perpendicular to H-NCD/SiO,/Si, as
confirmed by the position of the 002 diffractions at q, ~ 1 A™".

The wetting properties of the diamond film surfaces (H-
termination and O-termination) were determined by contact angle
measurements at room temperature using a static method in a
material—water droplet system. The contact angle (wetting angle) was
obtained by dropwise addition of a liquid onto the surface of a
material. The surface tension of the liquid causes the drop to form a
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dome shape. 3 pL-volume water was added dropwise onto the
diamond surface and captured by a digital CCD camera. The contact
angles were calculated by a multipoint fitting of the drop profile using
Surface Energy Evaluation software (Advex Instruments, Czechia).
The H-terminated NCD is hydrophobic. A higher contact angle
means more terminated hydrogen on the surface and thus a better
response to the exposed gas. It should be noted that the optimal
contact angle for a good H-termination is at least 90°.%***" The
contact angle of the prepared H-NCD/SiO,/Si samples was evaluated
to be greater than 100°. The photographs of the measured contact
angles are given in the Supporting Information (Table S1).

2.3. Experimental Setup for Gas Sensor Testing. A custom-
built computer-controlled system was used for the characterization of
the gas sensors. The creation of two independent gas mixtures (NH;
and NO,) with different concentrations and humidity is a major
advantage of this experimental setup. The accuracy of this system is
less than 1 ppm (measured by commercial gas sensors). However, the
accuracy also depends on the purity of the delivered gases in the
cylinder (the accuracy of the gas concentration in bottles is less than
0.1 ppm). The electrical characteristic (resistance change) was
measured using a sensor holder with spring pins (Figure S3) and a
source measure unit (SMU) Keithley SourceMeter 2401 with four-
wire DC resistance measurement (Kelvin resistance measurement).
The prepared sensors were measured with a voltage source with a
nominal value of 0.1 V. A PC with a LabVIEW program was used to
acquire the data from the SMU and ohmmeter. The four-input
selection valve selects one input to the first output and three others to
the second output (exhaust). The gas sensors were placed in the
polycarbonate test chamber with two sections in series. The volume of
one section was 22 cm®. The sensors were measured in the first
section to minimize the time delay due to the gas exchanges in the
chamber. The PT1000 sensor measures the temperature in the
chamber throughout the measurement of the gas sensors. A photo of
the experimental setup is shown in Figure S3.

3. MEASUREMENTS AND RESULTS

Characterization of materials using SEM, Raman spectroscopy,
and GIWAXS measurements is described in the previous
chapter. In this part of the paper, we focus on the detailed
characterization of the sensing properties of the prepared
samples. First, the time-relative responses (i.e, response
curves) of the fabricated conductivity gas sensors were
measured for NH; and NO, gases at room temperature. The
measured temperature was relatively stable, fluctuating
between 21.8 and 22.5 °C, with an average of 22 °C. Active
gases were used directly from gas bottles with the
concentration and humidity defined and verified by the
manufacturer (99.6 ppm in synthetic air (80% of N, and
20% of O,) and <5% humidity for NO, and 96.6 ppm in
synthetic air and <5% humidity for NH;). In addition, 90%
humid synthetic air without active gas was used at the end of
the cycle to verify the effect of humidity on the sensors. The
impact of increased humidity on the sensor’s response
properties for NO, and NH; was not investigated. Gas
humidity was measured with a commercial hydrometer at the
same temperature as in the gas sensor measurements. Mixtures
of active gases and synthetic dry air for measuring the response
to different concentrations were used to create the appropriate
concentration. The resistance change Ay was calculated by eq
1, where R represents resistance measured for selected gas and
R, is the initial resistance.

R R-R
Ap =|— — 1| x 100 = [ —2| x 100 (%)
R R,

0

1

Four sensing layers were tested: reference H-NCD/SiO,/Si,
reference MoS,/Si, MoS,/Si0O,/Si, and heterostructure MoS,/
H-NCD/SiO,/Si. The measured responses of the H-NCD/
SiO,/Si reference sample are given in the Supporting
Information (Chapter 3).

3.1. Gas Response of MoS, on SiO,. The first type of

structure combines thin layers of MoS, and SiO,. Figure 3a
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Figure 3. Time response of the sensor with MoS,/SiO,/Si (a),
MoS,/H-NCD/SiO,/Si after fabrication (b), and MoS,/H-NCD/
SiO,/Si after 10 months (c) to three gases (ammonia, nitrogen
dioxide, and 90% humidity).

shows the absolute and relative change in resistance over time.
The initial resistance (R,) is 19.6 k€2, increasing by 1.8% to 20
kQ for NO,. For NH; the resistance decreases from 19.9 to
19.7 kQ (—0.7%). From the measured gas responses, the
calculated sensitivity of the MoS,/SiO,/Si sample is 0.018%-
ppm~" (3.53 Q-ppm™) for NO, and —0.0072%-ppm ™" (1.41
Q-ppm™') for NH;.

3.2. Gas Response of MoS, on Diamond. The time
response of the MoS,/H-NCD heterostructure on the SiO,/Si
substrate to three gases was measured at room temperature (22
°C) as in the previous measurement. Figure 3b shows the
absolute and relative change in resistance over time. The
resistance increases by 17.8% from 25.5 to 30 kQ for NH;.
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Figure 4. Relative resistance change of sensors with MoS,/H-NCD/SiO,/Si, MoS,/Si0,/Si, MoS,/Si, and H-NCD/SiO,/Si to six different

concentrations of ammonia (a) and nitrogen dioxide (b).

Table 1. Comparison of Response and Characteristics of Different Sensor Types

MoS, on Si diamond on SiO, MoS, on SiO, MoS, on diamond
at 0 day after 10 months
Ry (kQ) (source: 0.1 V) 0.006 17.8 19.6 258.5 25.8
(R — Ry)-Ry™" response to 96.6 ppm NH; (%) <0.01 <0.01 -0.7 17.8 15.2
(R — Ry)-Ry™" response to 99.6 ppm NO, (%) <0.01 <0.01 1.8 15.7 10.5
time response to 96.6 ppm NH; (Q-s™") 0 0 —-3.18 179 103
time response to 99.6 ppm NO, (Q-s™") 0 0 9.26 181 63
sensitivity to NH; (%-ppm™") <0.0001 <0.0001 —0.0072 0.1884 0.1573
sensitivity to NO, (%-ppm™) <0.0001 <0.0001 0.0180 0.1572 0.1054
NOAZ_ + 92_ — NO2 + ?2 + 25e_ 4NH3 + 392_ —2N2 + 6H20 + e
Oz + g7~ Q" NO2* "= NO2™ &, Op+e —02" O2+g =07 o O2rgoor
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Figure 5. Schematic illustration of the gas sensing mechanism between a layer of MoS, nanoflakes and (a) oxidizing and (b) reducing gases.

This value is more than 25 times higher than that for MoS,/
SiO,/Si. After this, NO, is released into the test chamber. The
resistance changes the value to 29.5 k€, and the percentual
change is 15.7%. This value is approximately 9 times higher
than that of the MoS,/SiO,/Si sample. The calculated
sensitivity is 0.1884%-ppm™' (48 Q-ppm™") for NH; and
0.1572%-ppm™" (40 Q-ppm™) for NO,.

Figure 3c shows the absolute and relative change in
resistance over time measured after 10 months of sample
storage in air. This measurement examined the time stability
(ie, aging) of the heterostructure to NH; and NO,. The
response decreases by only 2.6% for NH; and by 5.2% for
NO,. The average monthly fluctuations of the gas responses
are 0.26%-months™ for NH; and 0.52%-months™" for NO,.

3.3. Comparison of Sensors. A comparison of the relative
changes in resistance of all sensor types is plotted in Figure 4a
for different NH; concentrations and in Figure 4b for NO, at
room temperature (22 °C). The Ag value (i.e., the response)
increases/decreases linearly with an active gas concentration in
all cases. The values have a small deviation (max. 1.8%) from
linear interpolation.

The electronic characteristics and responses for all sensors
are summarized in Table 1. The table includes the measured
data for all sensors. It can be concluded that the MoS,/Si and
H-NCD/SiO,/Si samples are not suitable for gas sensing at
room temperature. The MoS,/SiO,/Si sample slightly
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increased the gas response and the initial resistance. However,
the resistance change of the active layer is still low. The MoS,/
H-NCD/SiO,/Si structure does not increase the initial
resistance but improves the gas response on the active layer.
Compared to previous types of sensors, MoS,/H-NCD/SiO,/
Si exhibited improved resistance change for both oxidizing and
reducing gases. Unfortunately, this heterostructure has lost its
selectivity for the recognition of oxidizing and reducing gases
as it increases resistance to both types of gas. For the MoS,/H-
NCD/SiO,/Si heterostructure, the minimal detection concen-
tration for the change of 1% is 7 ppm and 5 ppm for NO, and
NH;, respectively.

4. DISCUSSION

Experimental gas sensing measurements show that the MoS,/
H-NCD/SiO,/Si heterostructure is fully functional and
enhances the gas sensing characteristics at room temperature.
Both materials exhibit different types of conductivity. The
MoS, nanoflakes represent an N-type semiconductor (excess
negative charge carriers), and the H-NCD forms a two-
dimensional subsurface hole gas (2DHG) with P-type
conductivity (excess positive charge carriers). Different
conductivity types cause opposite responses (and reactions)
when exposed to reducing and oxidizing gases. The following
subsections describe the interaction of gas molecules at the
active layers of the fabricated sensors.
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Figure 6. Schematic illustration of the gas sensing mechanism and charge transport for two parallel connected layers represented by MoS,
nanoflakes and H-NCD exposed to the (a) oxidizing and (b) reducing gas.

4.1. Gas Interaction Model. MoS, generally behaves as an
N-type semiconductor.” The change in resistance in MoS,
nanoflakes is caused by chemisorption, reflecting the sorption
of oxygen molecules on its solid surface by chemical bonding
with electron transfer. Defects in MoS,, such as flake edges and
sulfur vacancies, serve as active sites for the gas molecules
under investigation. Gas sensing properties depend on the
charge transfer between the gas molecules and defects in
MoS,.>** Figure 5 shows a schematic illustration of the gas
sensing mechanism based on already published works.”™> First,
the O, molecule from the air chemisorbs to the surface of
MoS, and forms a native oxide. These molecules act as
electron trap centers, extracting electrons from MoS, and
generating O,~.>° As a result, the concentration of free
electrons decreases, and consequently, the conductivity
decreases too. The chemisorbed oxygen sets the baseline
resistance of the sensing layer. For the oxidizing gas NO,
(Figure Sa), the gas molecules form NO,~ ions,”~* which
increase the resistivity of the layer. After switching the
oxidizing gas to synthetic air, NO,” ions react with
chemisorbed O,~ to form NO, and O,. The two remaining
electrons from the chemical reaction are released back into the
conduction band of MoS, or form new O,  ions with
0,.7%9*%% On the other hand, the reducing gas NH; (Figure
Sb) reacts with chemisorbed O, ions and creates H,O and
N,.” The remaining electron from the reaction is released into
MoS, and reduces the resistivity of the sensing layer.”*’
During the recovery process, ie., after the change of the
reducing gas to synthetic air, O, is chemisorbed from the
atmosphere onto the surface of MoS,.>%" %%

On the other hand, H-NCD reveals unique properties of P-
type induced subsurface conductivity, also known as 2DHG,
which is sensitive to exposed gas or organic molecules.”>*® The
change in resistance of H-NCD is caused by chemical reactions
forming_ counterions on its surface via the electron transfer
model.” The gas interaction model with the widely established
H-NCD subsurface doping mechanism is described in ref.*!
The water molecule from the air humidity dissociates the ions
H;0" and OH™. The H;0" ions attract electrons from the
diamond surface, leading to P-type subsurface conductivity.

Thus, the MoS,/H-NCD/SiO,/Si heterostructure shows
two types of conductivity: P-type H-NCD”® and N-type
MoS,.” This combination provides a unique material platform
in which different conductivity types react oppositely to
reducing and oxidizing gases.'” The gas interaction could be
influenced by several factors, such as surface-controlled charge
injection into/out of the depletion region, surface shortcuts
from diamond or MoS, layers, modulation of the P-type
diamond subsurface conductivity by MoS, (the gating-like
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effect), and the gradual degradation of the P-type diamond
subsurface conductivity due to the deposition of MoS, and
others. Although the primary origin is still under investigation,
the simplified model should be based on the coupling of two
conduction paths via H-NCD or MoS, layers. The change in
resistance of the MoS,/H-NCD sensor is caused by (1)
chemical reactions forming counterions on H-NCD and (2)
chemisorption of oxygen molecules on the solid surface of
MoS, by chemical bonding with electron transfer. Its gas-
sensing properties further depend on the charge carrier
concentrations for both materials. Figure 6 gives a schematic
illustration of the gas sensing mechanism for two layers
coupled in parallel. Suppose there are oxidizing gas molecules
in their vicinity (Figure 6a). In this case, the number of charge
carriers increases for H-NCD and decreases for MoS,. Thus,
the charge carrier transport mainly prevails through the
diamond layer rather than through the MoS, layer, while this
charge carrier transport is scattered at the diamond grain
boundaries. The reducing gas (Figure 6b) causes a decrease in
the number of charge carriers for H-NCD and an increase for
MoS,. As a result, the resistance of the MoS, nanoflakes
decreases and more charge carriers flow through these
nanoflakes with lower resistance than through the potential
barriers between individual diamond grains. However, H-NCD
blocks the final charge transport due to its total area coverage.
The total resistance is therefore higher for NH; than for NO,
because the surface coverage of the MoS, nanoflakes is low and
H-NCD has a more pronounced effect on the change in
resistance for reducing gases.

Reducing and oxidizing gases contribute to the increased
resistance of the MoS,/H-NCD heterostructure. In addition to
the mechanisms described above, two effects of the resistance
change are also manifested. The current flow and the
subsequent resistance change consist of mutually constrained
components:I. the horizontal one representing the current
through the H-NCD and II. the vertical one representing the
current through the MoS,/H-NCD. The schematic illustration
is shown in Figure 7. The current flowing through the P—N
junction must tunnel through the space charge region (SCR).
When the gas is applied, the width of the SCR (wgcgr)
increases, and thus, the resistance increases too. The wgcr can
be calculated from the concentrations of free charge carriers
injected into the semiconductors by the gases according to
formula 2. The concentration of free charge carriers in H-NCD
(N,) increases for the oxidizing gas (NO,) and decreases for
the reducing gas (NHj), as described in the previous model.
For N-type MoS,, the concentration has the opposite effect.
So, the concentration (Np) decreases for NO, and increases
for NH;. The formula shows that the SCR width increases for
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L Au electrode 1.
Current Current through
through NCD PN junction

Figure 7. Schematic illustration of two ways (I and II) for the current
flow between IDT electrodes, I—horizontal flow through H-NCD
and II—combined horizontal/vertical flow, i.e., horizontal through H-
NCD and MoS, and vertical through the MoS,/H-NCD hetero-
structure.

both types of gas. As the width of the SCR increases, the
number of charge carriers tunneling through the SCR
decreases; thus, the total resistance is increased. In the case
of the current flowing through H-NCD, formula 3 can be
considered. The deposited interdigital electrodes measure this
current component, while the additional resistance includes the
distance between adjacent fingers. In the presence of the
oxidizing or reducing gas, the geometric dimensions of the
2DHG change due to the increase in the width of the SCR,
and thus, the total length [ is increased, and the cross-section S
is reduced. The total resistance therefore increases.

(Mt o),

In addition, to support the importance of our model, we also
investigated the role of H-NCD in the MoS,/H-NCD/SiO,/Si
sensor. The measured responses and contact angles are given
in the Supporting Information (Tables S1 and S2).

4.2. Effect of Oxidizing vs Reducing Gases. As
described above, individual MoS, and hydrogen-terminated
diamonds are capable of recognizing oxidizing/reducing gases
but with opposite signs of resistance change as illustrated in
Figure 8. Here, the Y-axis represents only qualitative
information and not quantitative. Unfortunately, the H-NCD
did not reveal any response to exposed gases at room
temperature, but the illustrative behavior was achieved for
temperatures higher than 40 °C (see SS), which is in good

2e4Vp

e

N, + Np

Wscr = ¥n t Xp = NN

2)

Resistance R = pé(Q)

agreement with our previous work."’ The MoS,/H-NCD
heterostructure has a different response to gases as it increases
resistance to both types of gases (i.e., it loses selectivity to
oxidizing/reducing gas). The magnitude of the change also
depends on the gas type; i.e, it is lower for the oxidizing gas
than for the reducing gas, which can be attributed to the
dominance of H-NCD in the MoS,/H-NCD heterostructure.
However, heterostructures prepared with different ratios of
diamond to MoS, can further tailor the response to oxidizing
and reducing gases.

5. CONCLUSIONS

MoS,/Si, MoS,/Si0,/Si, H-NCD/SiO,/Si, and MoS,/H-
NCD/Si0,/Si structures were used to fabricate conductivity
gas sensors and tested at room temperature (22 °C). The
active layers of MoS, and H-NCD were analyzed by SEM,
Raman spectroscopy, contact angle, and GIWAXS measure-
ments in their individual and combined forms. In terms of gas
sensing properties, MoS, and H-NCD showed poor responses
at room temperature. However, by combining them into a
MoS,/H-NCD heterostructure, the gas sensing parameters
were significantly improved. The formed heterostructure,
consisting of the P-type subsurface conductive H-NCD layer
and the N-type conductive MoS, nanoflakes, resulted in a
synergistic effect that enhanced the gas response. While well-
established interactions of gas molecules were experimentally
validated for the particular form of MoS, and H-NCD layers,
the MoS,/H-NCD heterostructure did not reveal such a
specific behavior. The presented model pointed out the
influence of the P—N junction, especially the geometrical
variation of the SCR, after its exposure to the tested gases.
Unfortunately, this heterostructure abolishes the selectivity;
i.e, increased resistance was observed for oxidizing and
reducing gases with different responses. However, the
combination of a MoS,/H-NCD heterostructure with a single
MoS, layer within one sensor chip seems to be a promising
solution to overcome this limitation. This sensor can select the
gas type on the MoS, according to a mark of resistance change
and the gas concentration by the size resistance change of the
MoS,/H-NCD. In conclusion, this article introduces a new
class of conductivity gas sensors that can provide miniatur-
ization and reduction of power consumption compared to
commercial sensors. The presented TMD/diamond hetero-
structures could be very suitable for portable devices or energy-
harvesting applications.

Resistivity responses to concentration of oxidizing and reducing gases

MoS,/H-NCD

MosS,

Resistivity change (%) sy

H-NCD

<= Oxidizing gas

Concentration (ppm)

Saturation

Reducing gas =i

Figure 8. Qualitative illustration of the relative responses of MoS,, H-NCD, and MoS,/H-NCD sensor devices to different concentrations of

oxidizing and reducing gases based on gas interaction models.
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Abstract

Currently, great emphasis is placed on air quality and the presence of pollutants, whether on toxic substances
(NHs or CO), substances that reduce the quality of life (CO2) or chemical vapors from industries (acetone or
ethanol). Attention is therefore focused on new gas-sensing materials enabling detection even at low (up to
room) temperatures with sufficient response and short reaction time.

Here, we investigate the suitability of hydrogen-terminated nanocrystalline diamond (H-NCD) films and their
heterostructures with molybdenum disulfide (MoS2), graphene oxide (GO), reduced GO (rGO),
thiol-functionalized GO (SH-GO), or gold nanoparticles (Au NPs) for gas sensing applications. Electrical
properties are measured for oxidizing gas NO2, reducing gas NHs, and chemical vapor of ethanol (C2HsOH),
and at temperatures varied from room temperature to 125 °C. All tested gases were used with a concentration
of up to 100 ppm. Synthetic air is used as the flushing gas. The measured parameters of the tested sensors
are compared, both with each other and with commercial sensors, and subsequently evaluated. In contrast to
the individual forms of employed materials with limited response to the exposed gases, the H-NCD
heterostructures revealed better sensing properties. In particular, the Au NPs/H-NCD heterostructures
revealed a higher response at 125 °C in contrast to H-NCD, MoS2/H-NCD had quite good response even at
room temperature and GO/H-NCD revealed high sensitivity to chemical vapor, which further improved for the
SH-GO/H-NCD.

Keywords: Gas sensors, nanocrystalline diamond, heterostructures, air quality monitoring

1. INTRODUCTION

Air quality is essential, especially regarding hazardous substances like ammonia (NHs), as well as those that
reduce our overall quality of life, such as nitrogen dioxide (NOz2) or carbon oxide (COz). The release of an
increasing number of harmful substances into the air, mainly by industry, significantly threatens the quality of
our lives. Nowadays, air quality monitoring and pollutant detection are significant issues. As a result, gas
sensors have become almost indispensable parts of industrial processes and everyday life. Currently, the most
used gas sensor that uses the conductivity principle is metal oxide (MOx) material, especially SnO2 [1, 2]. MOx
sensors are used for their low price and flexible production. On the other hand, these sensors need a very high
operating temperature, and the dimensions cannot be reduced too much [3, 4]. The high energy consumption
and large dimensions prevent applications as sensor nodes in |oT (Internet of Things) applications with Energy
Harvesting supply. Therefore, developing devices that work at room temperature (about 22 °C) with low cost
and high sensitivity is still challenging. For this reason, high demands are placed on developing new types of
sensors [1, 2]. With new materials and processing, smaller, more accurate, and cheaper sensors with lower
power consumption are being developed. Following that, great attention is focused on new materials suitable
for gas sensors. Gas sensors with wide bandgap semiconductors (exceptionally diamond-thin layers) [5, 6, 7]
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or 2D materials (e.g., TMDs [8, 9, 10] or GOs [11, 12]) active layers have great potential due to possible
miniaturization and modification, e.g., material science or technology progress [2]. Here, a miniaturized
conductivity gas sensor is realized with H-NCD films and their heterostructures with MoS2, GOs (GO, rGO,
and SH-GO), and Au NPs, which revealed enhanced gas-sensing parameters.

2. EXPERIMENTAL

The fabrication of active layers for gas sensors (pure materials and heterostructures) is described in the
following chapters. The glass substrate with an interdigital (IDT) structure from Micrux was used instead of
MoS: layers, which were prepared on Si substrate. The IDT structure from Micrux contains 90 pairs of 10 ym
width gold electrodes with 200 nm thickness and 10 um gap between electrodes. The Au/Ti IDT structures
with a 120 nm thick were evaporated on the top of MoS: layers. Then, the substrates were ultrasonically
cleaned in acetone, subsequently in isopropyl alcohol, and finally in deionized water for 10 minutes. All
fabricated sensors, the distinct materials and their heterostructures are depicted in Figure 1.

2.1 H-NCD

The H-NCD layers were grown by microwave plasma-enhanced chemical vapor deposition (MW-PECVD)
technology. A four-step process was used - 1) preparation of a diamond nucleation layer on the substrate by
treatment in an ultrasonic bath in a water-based nanodiamond powder suspension, 2) growth of the adhesion
NCD layer in a linear antenna MW-PECVD system consisting of two linear antennas for better adhesion
between the substrate and functional NCD layer, 3) growth of the functional NCD layer in a focused
MW-PECVD chamber, and 4) surface functionalization of the NCD layer by hydrogen termination (H-NCD)
realized in hydrogen plasma [13].

2.2 MoS;

The MoS: layers were prepared as follows. Firstly, a 4 nm thin Mo layer was deposited using DC magnetron
sputtering in an Ar atmosphere from a Mo target at room temperature (about 22 °C). The rotation speed of the
sample holder controlled the thickness of the prepared Mo films. Next, the pre-deposited Mo layers were
sulfurized in a custom-designed CVD chamber. The Mo layer was annealed in sulfur vapors at a high
temperature of 800 °C in an N2 atmosphere at ambient pressure. The substrate was placed together with the
sulfur powder in the center of the furnace so that the temperature of the substrate and the powder were the
same during the growth, unlike the standard CVD method, which uses a two-zone furnace with different
temperatures for the sulfur powder and the Mo substrate [14].

2.3 GOs

GO was prepared using a modified Hummers method from graphite powder. rGO was made from GO
dispersion, evaporating in a water bath to yield a mud-like residue. The sample was treated in ascorbic acid
solution and sonicated. SH-GO arose from GO. GO was refluxed and stirred in a toluene/P4Sio solution for 7
days. All active layers were prepared by drop-casting of 20 ul acetone suspension (ratio of 1 g in 25 ml).

2.4 Au NPs

The Au NPs were prepared by evaporating a thin Au layer (thickness of about 3 nm), which was further
annealed in hydrogen microwave plasma. This treatment resulted in the formation of nano-sized Au particles
(droplets) on the H-NCD surface. The Au was chosen due to its chemical stability and simple preparation [15].

2.5 Heterostructures

The preparation of heterostructures combined previous technological steps to prepare active layers for gas
sensors. The first layer is, in most cases, H-NCD and the second material is prepared on it. The prepared
heterostructures were kept for a week to stabilize the sensor surface [14, 15].
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Figure 1 Photographs of all fabricated and tested sensors with pure materials and heterostructures

3. RESULTS AND DISCUSSION

The gas responses of these sensors were measured at a high temperature of 125 °C and room temperature
(about 22 °C) for three testing gases concentrated at 100 ppm: ethanol vapor, NHs, and NO2. The
gas-sensitive layer changed the resistance from steady-state Ro to actual resistance Rg in the presence of the
tested gas. The resistance changes Ar in the presence of active gas were calculated using equation (1).
Table 1 and Table 2 show the responses achieved for individual sensors.

Ap = (2—‘;—1)-100 = (RGR—_OR")-NO (%) 1)

Where:
Ar— Resistance change (%)
Re — Resistance in the presence of the tested gas (Q)
Ro — Steady-state resistance (Q)

Table 1 Responses of sensors at 125 °C exposed to 100 ppm ethanol vapor, 100 ppm NHsz and 100 ppm
NO:. In the table, the best and the second-best values are highlighted in dark green and light green.

No response 98

Unmeasured
352 28 -39 498
148 -11 17 254
46 8 -5
Unmeasured
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Table 2 Responses of sensors at 22 °C exposed to 100 ppm ethanol vapor, 100 ppm NHz and 100 ppm NO-.
In the table, the best and the second-best values are highlighted in dark green and light green.

RT Pure H-NCD
(22 °C) 100 ppm 100 ppm 100 ppm 100 ppm 100 ppm 100 ppm
Ethanol NH3 NO2 Ethanol NH3 NO2
Pure [13] No response 3 0.5 -0.7
MoS: [14] 35 -0.7 1.8 248 17.8 15.7
GO 301 5.2 -7.9 153 2.1 -7.2
rGO 130 -2 1.8 195 7.1 -2.2
SH-GO 16 0.6 -0.2
Au NPs [15] Unmeasured 164 4.8 -4.7

The responses are summarized and compared in Figures 2, 3, and 4. Compared to pure materials, their
combination in heterostructure significantly enhanced the gas responses. The best response to gases
exhibited SH-GO/H-NCD and Au NPs/H-NCD heterostructures at 125 °C, respectively SH-GO/H-NCD at room
temperature. The SH-GO/H-NCD sensor exposed to 100 ppm ethanol achieved the most significant response
of 634 % and 554 % at 22 °C and 125 °C, respectively. The second-best ethanol sensor is a heterostructure
of Au NPs/H-NCD with a response of 587 % at 125 °C. The pure materials revealed a low response (<2 %) at
room temperature, except for GO, with very high steady-state resistance. The higher temperature enhanced
the response of almost all sensors. The only exception is the ethanol response of SH-GO/H-NCD. In this case,
the response decreased from 634 % to 554 %.

The measured response to NHzis -16.9 % and 47.8 % to NO:2 [13]. A similar response to NO2z had an IR gas
sensor PY2055 from Pyreos, which is designed to detect NO2 [17]. This sensor uses the absorption of IR light
by gas. The disadvantage is the need to use an IR light source and as long as possible interaction path where
the light will be absorbed. The total response to NO: is -46 %. This sensor had no response to NHz, because
this type has very high selectivity [13]. All prepared heterostructures have comparable responses at 125 °C to
gases with these commercial sensors. In addition, the SH-GO/H-NCD and MoS2/H-NCD have good responses
comparable with commercial sensors at room temperature.
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Figure 2 Responses of fabricated sensors to 100 ppm ethanol vapor
at 125 °C and 22 °C (room temperature)
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Figure 4 Responses of measured sensors to 100 ppm NO2
at 125 °C and 22 °C (room temperature)

4. CONCLUSION

The newly introduced heterostructures H-NCD and the second material (MoS2, GO, rGO, SH-GO or Au NPs)
were designed, fabricated, and tested. The measurements revealed that most heterostructures exhibit
preferable responses to exposed gas compared with pure materials at high and room temperatures. Even, the
responses of some heterostructures are comparable with commercial gas sensors at 22 °C.

At a high temperature of 125 °C, all heterostructures and pure materials respond very well. At these conditions,
the best responses exhibited SH-GO/H-NCD and Au NPs/H-NCD heterostructures with responses over 47 %
for all tested gases, which are well comparable with commercial sensors. The power consumption for our
heater should be still optimized, but it is much lower than the power needed for commercial sensors. For room
temperature applications, pure materials and some heterostructures have very low, almost immeasurable,
responses. The best combination of materials with good responses is SH-GO/H-NCD and MoS2/H-NCD.
These sensors have a response of over 15 % for all tested gases. These high responses are attributed to the
optimum steady-state resistance, further enhanced by the synergistic effect at the interface of active materials.
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In conclusion, our findings represent a promising alternative solution as the new class of gas sensors suitable
for portable or energy-harvesting applications due to miniaturization and low power consumption. For now,
however, the reproducibility of sensor production technology needs to be scaled up and optimized to meet
industrial uses.
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