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ABSTRACT

The attractive properties of low-dimensional materials and structures pave the way
toward producing highly sensitive and selective sensing devices for efficient detection of traces
of analytes. Effective sensing of low concentrations of gases is applicable in indoor and outdoor
environmental monitoring, food freshness assessment, explosives detection, and medical
diagnosing. The high surface-to-volume ratio with increased surface activity of two-dimensional
structures offers enhanced detection at a molecular level. To improve the sensing performance,
light activation of sensing surfaces can induce the optoelectronic effect (increased photocurrent
and, thus, charge transfer during molecular adsorption) and photocatalytic effect (when ultraviolet
irradiation carries energy sufficient to accelerate surface processes). Selectivity of the gas
sensors based on low-scale materials is another relevant figure of merit that can be improved by
either modification of the material on the fabrication level or implementing a specific methodology
of measurements and data analysis. Understanding mechanisms of gas detection by different
low-dimensional materials enhanced by irradiation and comparing their performance is crucial for

optimizing the fabrication of sensitive layers and the production of efficient gas sensors.

This thesis discusses light-assisted (visible light, UV irradiation) chemiresistive gas
sensing by low-dimensional structures, focusing on graphene and metal chalcogenides as two-
dimensional representatives. The prototype graphene-based sensors exhibited different sensing
properties dependent on the configuration of the device and the used substrate. Field-effect
transistors with silicon/silicon dioxide substrate and graphene channel exhibited at least a few
times higher resistive responses to organic gases than transistors with graphene acting as a gate
with gallium nitride substrate. The same magnitude of resistive responses was obtained when
graphene was deposited directly on silicon, forming a Schottky junction. In this case, the voltage
bias required to observe high responsivity was reduced at least ten times compared to graphene
transistors. This indicates the possibility of adjusting sensor fabrication toward low-power
consumption devices. The subsequent studies on semiconducting two-dimensional molybdenum
disulfide and zirconium trisulfide showed that light-enhanced molecular detection is potentially
driven by similar mechanisms in the family of low-dimensional metal sulfides. Furthermore, the
simple procedure of solution-based printing of gas-sensitive layers from two-dimensional flakes
was demonstrated to be an alternative fabrication process to more complex deposition

techniques.

Overall, the thesis demonstrates the possibilities of employing various two-dimensional
structures as gas-sensitive layers in electrical devices of different configurations. Comparing the
sensing performance of the investigated materials constitutes a step toward optimizing detection
systems and understanding the microscopic mechanisms driving processes responsible for

macroscopic observations.
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STRESZCZENIE

Niskowymiarowe materiaty i struktury posiadajg niezwykle atrakcyjne wtasciwosci dla
produkcji czujnikéw oraz wydajnej detekcji sladowych ilosci substancji analitycznych. Efektywna
detekcja niskich stezen gazéw moze znalezé zastosowanie w monitorowaniu srodowiskowym,
ocenie swiezosci produktow spozywczych, detekcji materiatdbw wybuchowych czy diagnostyce
medycznej. Duzy stosunek powierzchni do objetosci oraz zwiekszona aktywnos¢ powierzchniowa
struktur dwuwymiarowych oferuje lepszg detekcje na poziomie czasteczkowym. W celu
zwiekszenia czutosci, powierzchnia materialu moze zosta¢ oswietlona zeby uzyskac¢ efekt
optoelektryczny (zwiekszenie fotopradu i transferu tadunku podczas adsorpcji molekularnej) oraz
efekt fotokatalityczny (kiedy promieniowanie ultrafioletowe posiada energie wystarczajgcg do
aktywacji proceséw powierzchniowych). Z kolei selektywnosé, ktéra jest kolejng wazng cechg
wydajnego czujnika moze zostaé poprawiona albo poprzez modyfikacje materiatowe na etapie
wytwarzania albo poprzez wykorzystanie odpowiedniej metodologii w pomiarach i analizie
danych. Zrozumienie mechanizméw stojgcych za detekcjg gazdéw przez roézne materiaty
niskowymiarowe oraz porownanie ich dziatania jest kluczowe do optymalizacji procesu

wytwarzania warstw gazoczutych.

W niniejszej rozprawie przedstawiono detekcje gazéw wspomagang promieniowaniem
widzialnym lub UV wykorzystujaca niskowymiarowe struktury, w szczegdlnosci grafen oraz
chalkogenki metali, ktére wystepujg w postaci dwuwymiarowej. Prototypowe czujniki grafenowe
wykazaty wiasciwosci gazoczute zalezne od zastosowanej konfiguracji urzgdzenia oraz podtoza.
Tranzystory polowe z kanatem grafenowym i podiozem krzem/ditlenek krzemu osiggnety co
najmniej kilkukrotnie wiekszg odpowiedz rezystancyjng na gazy organiczne niz tranzystory
z grafenowg bramkg i podtozem z azotku galu. Podobne zmiany rezystancyjne osiggnieto, gdy
grafen zostat osadzony bezposrednio na krzemie tworzgc z poditozem zigcze Schottky’ego.
W tym przypadku napiecie polaryzujgce czujnik, przy ktérym zaobserwowano wysokg czutosé,
bytlo co najmniej dziesieciokrotnie mniejsze w poréwnaniu do konfiguracji tranzystora. To
wskazuje na mozliwos¢é dostosowania procesu wytwarzania czujnikéw tak, aby produkowaé
urzgdzenia o niskiej konsumpcji energii. Badania nad dwuwymiarowym disiarczkiem molibdenu
oraz trisiarczkiem cyrkonu pokazaty, ze mechanizmy detekcji molekularnej mogag by¢ uniwersalne
dla réznych materiatdw potprzewodnikowych o podobnej strukturze. Dodatkowo, technika
drukowania warstw gazoczutych z roztworu dwuwymiarowych pfatkbw moze stanowic

alternatywe dla bardziej skomplikowanych metod.

W ogodlnosci, rozprawa przedstawia mozliwosci wykorzystania réznych struktur
dwuwymiarowych jako warstw gazoczutych w urzadzeniach elektrycznych o réznych
konfiguracjach. Poréwnanie wiasciwosci gazoczutych kilku badanych materiatéw stanowi krok
w kierunku optymalizacji systeméw detekcji, jak rowniez zrozumienia mechanizméw w skali

mikroskopowej, ktére wptywajg na procesy obserwowane w skali makro.
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1. INTRODUCTION AND OBJECTIVES OF THE THESIS

With rapid technological development, new solutions requiring novel materials and
methodologies are constantly being introduced in science sectors to facilitate human activities in
various fields. Among these, different kinds of sensing devices are necessary to secure the safety
of people and the environment, providing the possibility of instant in situ monitoring of changes in
physical and chemical parameters in the system. In the field of gas sensing devices, sensitivity,
selectivity, fast operation, stability in time, and low cost are only a few requirements set for novel
sensors that are still in the scope of today's research. The importance of gas detection and
sensors reaching ultra-low detection limits down to single molecule levels is dictated by
environmental, safety, and health monitoring needs [1]. Traces of toxic gases and pollutants are
produced daily, either during large-scale industrial processes or people's daily activities, such as
driving, air conditioning, and heating systems [2]. Detection of specific volatile species may also
play a significant role in food freshness assessment, medical diagnosing, and exhaled breath
sample analysis when volatile species remain biomarkers of diseases such as diabetes, halitosis,
respiratory system disorders, or cancers [3-5]. In this regard, the urgency of producing highly
effective and reliable sensing devices with low-concentration detection requires adjusting

methodologies and novel materials.

In conjunction with charge carrier transport, surface science plays a crucial role in gas
detection by structures and materials from the micro-, nano-, and atomic scales. Low-dimensional
structures offer attractive properties, including high surface activity and effective charge carrier
transport, which are crucial in accelerating surface processes and leading to more effective
detection. Various nanomaterials and nanostructures have been investigated as sensors for
small-molecule gases such as NO2z, NO, SOz, CO2, CO, NHs, H2S, Hz, Oz, Os, H20, and different
volatile organic compounds (VOCs) such as ethanol, acetone, formaldehyde, methane, methanol,
tetrahydrofuran, acetonitrile, and others [2,6-9]. Metal oxide (MOx) nanostructures [2,10-15],
graphene and its derivatives — graphene oxide (GO) and reduced graphene oxide (rGO) [16-19],
carbon nanotubes [20], two-dimensional (2D) transition metal di- or trichalcogenides (TMDCs or
TMTCs) [21-23], polymer nanostructures [24], and their hybrids [25—-29] can be listed as potential

candidates for gas detection.

This thesis focuses on employing low-scale structures (focusing on two-dimensional
materials) as gas-sensitive components in detection systems and studying possible ways to
improve sensors performance. The high surface-to-volume ratio of nanostructures may lead to
enhanced sensing; however, gas molecules usually require additional energy to overcome
chemical barriers and adsorb effectively at the surface. Elevated temperature is one of the
methods for providing the energy necessary for efficient gas detection, and this approach has
been used for conventional gas sensors based on metal oxides. Thermal energy delivered during

the heating process stabilizes the sensors response and accelerates the surface processes,
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improving the detection limit and performance at low gas concentrations. However, the working
temperature for nanocrystalline MOx sensors often reaches 200-500 °C [30,31]. Therefore, it
limits the detection of flammable and explosive gases, leads to high energy consumption, or even
degrades the sensing material [32,33]. The aforementioned shortcomings of heated sensors
ushered in the exploration of other possibilities for enhancing the surface activity of gas-sensitive

materials and structures, including light enhancement.

Irradiation in the ultraviolet (UV) spectral range has been proven to be the alternative for
high-temperature sensing, offering a promising tool for room-temperature gas detection [32,34].
Room-temperature sensing remains attractive from a practical point of view, specifically for
portable, wearable sensing devices. The UV Light Emitting Diode (LED) power supply, usually of
several microwatts or less, allows a much lower energy consumption than traditional heaters
employed in gas detection setups. Experimental studies showing the advantages of UV-induced
gas sensing were presented for nanocrystalline metal oxides, carbon nanotubes, graphene, and
other 2D materials [22,35-37]. UV irradiation enhances surface activity by increasing the charge
carrier density, inducing photocurrent, and providing more active sites. Furthermore, adjusting the
optical properties of UV LEDs proved crucial for detection process optimization and improvement
[38]. Therefore, light enhancement, a less invasive method of detection acceleration than
annealing, may lead to low-power sensing devices of high stability and less degradability. UV light
sources characterized by different optical parameters can affect the surface processes differently,
especially if other environmental parameters, such as temperature or humidity, constitute
variables in the system. Moreover, UV-induced detection mechanisms may vary for
semiconductors with specific band gaps and carbon nanomaterials of metal-like electron
conductivity. The dimensions of the sensing area could also play an essential role in the detection

process, as smaller surfaces can be susceptible to specific gaseous species [39].

As mentioned before, nanoscale materials and atomically thin layers (2D semiconductors
or carbon-based structures) are, by nature, beneficial for high-performance and low-power
electronics. Their intact structures at the nanoscale and optoelectronic properties provide a solid
base for highly sensitive devices. Simultaneously, the selectivity of gas sensors based on
individual materials still poses a challenge for practical applications. Thus, various routes of
selectivity improvement need to be considered. Combining resistive measurements with low-
frequency noise studies is one of the methods for selectivity enhancement by providing distinct
noise spectra for surface reactions at the sensing material-gas interface. Along with
chemiresistive measurements, distinguishable low-frequency noise signals can be collected for
specific gases. This way, both the DC resistance and its fluctuations carry the information about
the molecular processes. The abovementioned considerations motivate me to study low-
dimensional materials-based sensing devices for molecular detection enhanced by irradiation
with a focus on sensing mechanisms. An optimized system for high-performance gas sensing can

be provided, potentially being used as a low-power consumption sensor for real-life applications.

8
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The research presented in this thesis aims to propose a system of gas detection
using two-dimensional materials as active layers and to investigate, evaluate, and
compare the gas-sensing performance of selected low-scale structures. The research
includes studying and proposing possible mechanisms of gas detection connected with
the physicochemical reactions occurring at the sensing surface and inducing low-

frequency noise during light-assisted gas sensing.

The main objectives of the thesis include:

- astudy of sensing properties of different low-scale materials fabricated by either vacuum
deposition techniques or printing methods;

- investigation of the structural and electrical properties of the proposed sensing platforms,
a study of the light modulation (UV or visible) effect on gas sensor properties, and
analysis of electrical and low-frequency noise responses of the proposed sensors under
selected ambient gases;

- assessment of possibilities of using gas sensors based on two-dimensional materials for

real-environment gas sensing and explaining mechanisms of light-assisted gas detection.

To achieve the research aim, three main hypotheses were formulated in the dissertation:

1. Low-frequency noise utilized for gas detection by back-gated graphene can be

scaled up to larger surfaces, facilitating simpler gas sensor production.

1. The sensitivity and stability of the gas sensors based on two-dimensional materials

can be improved by substrate selection.

1. Low-cost ink-printed molybdenum disulfide (MoS,) flakes can detect selected

gases at ppb level.

The dissertation is divided into ten main sections, the first being the introduction to the
thesis. The second chapter focuses on chemiresistive gas sensing by 2D materials in devices of
selected configurations and the theoretical background for light-assisted gas sensing. The third
chapter presents the method of fluctuation-enhanced sensing in graphene and 2D
semiconductors. The fourth section is devoted to research methodology, which summarizes
fabrication methods of gas sensors and structural, electrical, and noise characterization of the
structures investigated within the research. The fifth chapter guides through the most significant
results obtained as part of the doctoral thesis. It discusses selected two-dimensional materials for
gas detection systems proposed within the dissertation. The sixth section of the thesis is devoted
to conclusions and prospects of the topic undertaken for doctoral research. A bibliography, list of

figures, tables, and papers published as a part of the dissertation are provided in the last chapters.
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2. CHEMIRESISTIVE GAS SENSING BY 2D MATERIALS

2.1 2D materials for gas sensing applications

A broad group of low-dimensional structures can be potentially used for gas sensing.
Figure 2.1 shows that metal oxides, carbon nanotubes, conductive polymers, and 2D structures
represent semiconducting materials for gas sensors. The wide class of 2D materials includes
graphene as the representative of carbon nanomaterials, as well as a broad range of 2D
semiconductors with a high diversity in structural and optoelectronic properties. Metal
chalcogenides (e.g., WSe2 monolayers as depicted in Figure 2.1 as an example), MXenes (metal
carbides and nitrides), phosphorene, silicene, tellurene, germanene, and resembling structures
possess highly active surfaces for gas sensing. However, not all are stable in real-environment
conditions [40,41]. Among this vast class of materials, three types of 2D structures were selected
for experimental studies for the doctoral research: carbon nanomaterials (graphene and carbon
nanotubes), transition-metal dichalcogenides (molybdenum disulfide, MoSz2), and transition-metal

trichalcogenides (zirconium trisulfide, ZrSs).
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Figure 2.1 Examples of low-dimensional materials used in gas sensing devices. The class of 2D materials
includes graphene, transition metal di- or trichalcogenides (TMDCs or TMTCs), and their combinations as
an example [42].

Pristine graphene is formed by a honeycomb structure consisting of only carbon atoms
(Figure 2.2a — left panel). This 2D material possesses excellent carrier transport properties with
electron mobility much greater than values for Si or GaAs and a high surface-to-volume ratio with

a specific surface area of ~2600 m?2/g, making it extremely sensitive to molecular events [18].
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Graphene is considered a semiconductor with zero band gap, characterized by linear dispersion
relation as an ideal monolayer (Figure 2.2a — right panel). At the same time, its conductivity
reaches values typical for conventional metals. Moreover, it displays an ambipolar electric field
effect and can act as a conductor for electrons and holes depending on the voltage bias. Charge
carriers can be tuned continuously between electrons and holes in concentrations as high as
10"3 cm~2, with mobilities of up to 15 000 cm?2V-'s™! at room temperature [43]. Due to its high
carrier mobility and low intrinsic noise, graphene surfaces can react to and detect single
molecules [7]. Interestingly, the rolled-up graphene possesses significantly different properties
than the original 2D surface. Thus, devices based on carbon nanotubes being a 1D structural
derivative of graphene might have different operating parameters. Relevantly, the conductivity
type for carbon nanomaterials may be related to the ambient atmosphere, doping, defects, or

geometry of single- or multi-walled nanotubes and direct the sensing response [32,44].

Transition metal dichalcogenides (TMDCs) belong to 2D materials that also could be used
as effective sensing probes in gas detection systems. In general, TMDCs are materials
characterized by the chemical formula MX2, where M refers to a transition metal (Mo, W, Hf, Ti,
Zr, V, Nb, Ta, Re, efc.) and X represents a chalcogen atom (S, Se or Te) [45]. Among these,
TMDCs that exhibit semiconducting properties include MoS2, WSz, MoSe2, WSe2 and many more.
Molybdenum disulfide (MoSz) is the primary representative of this group. The bulky MoS: consists
of 2D S-Mo-S layers attracted to each other by weak van der Waals forces. Such an analogous
structure to graphite that can be exfoliated to atomically thin graphene makes MoS2 a material
that can be easily exfoliated to its 2D form as well, either chemically or mechanically (Figure 2.2b
— left panel). Usually, 2D MoS: is an n-type semiconductor in ambient conditions; however, its
conductivity can be shifted toward p-type depending on the synthesis process or when forming
a junction with other materials [46,47]. Interestingly, the electronic band gap of MoS2 changes
with several layers (between 1.2 eV in bulk and 1.9 eV for a monolayer — Figure 2.2b — right

panel), creating a possibility of tuning its optoelectronic properties on a fabrication level [48].

The relatively new class of transition-metal trichalcogenides (TMTCs) is characterized by
the MXs formula composed of transition metal (M) and chalcogen atoms (X). Similarly to graphene
and TMDCs, bulky trichalcogenides can be exfoliated to 2D form due to weak van der Waals
interlayer interactions (Figure 2.2c — left panel). However, 2D layers of TMTCs exhibit in-plane
solid anisotropy, resulting in quasi-one-dimensional (quasi-1D) electronic properties [23,49].
Theoretical investigations of the optical properties of TMTCs reveal that their bulky counterparts
exhibit band gaps Ec between 0.21-2.13 eV, suggesting the possibility of effective absorption in
the visible and infrared spectral range [50]. For instance, TiS3 with ~1 eV band gap constitutes an
alternative to silicon in miniaturized electronics (Eg of Siis ~1.17 eV) [51,52]. Among other less-
studied TMTCs, zirconium trisulfide (ZrSs) is an n-type semiconductor in the nanoscale. It
possesses a wide direct band gap of 2.13 eV and an indirect band gap of 1.83 eV as a monolayer,

offering the potential for effective visible light absorption (Figure 2.2c — right panel) [53].
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Figure 2.2 Top-view atomic structure and electronic band structure of 2D pristine (a) graphene,
(b) molybdenum disulfide (MoSz), and (c) zirconium trisulfide (ZrSs). CB, VB, and Ec denote the

conduction band, valence band, and band gap energy, respectively. Ec values marked on the scheme

refer to direct optical band gaps. Grey, yellow, teal, and purple atoms represent carbon, sulfur,

molybdenum, and zirconium.

In general, the detection mechanisms of low-scale structures depend on the properties of
the sensing material and the target gas. In the case of the active material, its dimensions,
structure, conducting properties, and configuration of the whole device may cause distinct
responses during detection processes. In the case of analytic species, their physicochemical
properties, such as structural configuration, polarity, and affinity to the active material, play
a critical part. Additionally, specific defects in the low-scale structures influence the surface
processes of gas detection. A 2D plane without a considerable number of dangling bonds is less
energetically favorable for gas molecules to adsorb than edges of the same structure [54].

Moreover, controlling the density of specific defects in the 2D structure by target assembly or
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alignment, doping, or decoration with nanoparticles can enhance the surface activity and
sensitivity toward selected gases [55-57]. Thus, the complexity of detection systems based on
low-scale structures imposes in-depth investigations on processes driving the gas sensing.
Theoretical computations proved that small inorganic molecules such as NO2, NH3, or H2S exhibit
distinct adsorption energies, leading to differences in adsorption mechanisms on graphene or
metal oxide nanostructures [32—34]. Other first-principles studies compared mechanisms of
interaction between organic molecules (acetone, chloroform, toluene, ethanol, methanol,
acetonitrile, hexane, tetrahydrofuran, and others) and graphene, MoS2, or conventional
semiconductors (Si, Ge) [35-40]. From both theoretical and experimental studies, we learn that
charge transfer and charge rearrangement between target molecules and the sensing surface
directly impact the electrical properties of the 2D material. The change in electrical properties can
be easily observed by controlling the sensor resistance or changes in current-voltage
characteristics if the sensing device operates in the Schottky diode or field-effect transistor (FET)
configurations. In chemiresistive gas sensors, the surface processes of adsorption and desorption
directly affect the electrical properties of the active layer, and the charge transfer properties are
strictly connected with the arrangement of nanostructures and material mobility. Environmental
conditions such as temperature, humidity, light irradiation, and optical properties of the light
sources are other variables that alter sensor responses.

Chemiresistive gas sensors rely on a simple principle of operation utilizing the change in
electrical properties of the sensing material induced by surface reactions. The adsorption
processes at the interface may be purely physical when the molecules bond to the surface through
weak van der Waals interactions with low adsorption energies. On the other hand, when chemical
reactions start between gas molecules and the sensitive material, chemisorption with high
adsorption energies occurs. Intermolecular interactions have a broad adsorption energy spectrum
depending on their binding strength guided by various forces. Among volatile organic compounds
(VOCs), some species adsorb via weak van der Waals forces. However, other stronger
interactions exist, including dipole-dipole, hydrogen bonding, charge transfer, -1 stacking, acid-

base, ion-ion, or donor-acceptor (Lewis pairs) formation [58].

The charge transfer and specific charge rearrangement at the interface change the carrier
concentration and, hence, conductivity. The charge transfer direction guides the changes in the
material resistance, depending on whether the target molecules have oxidizing or reducing
properties. For instance, Oz, NO2, NO, and SO: are oxidizing gases, whereas NHs, Hz, and most
VOCs are reducing agents. Depending on the conductivity profile of the sensing material,
molecular adsorption can shift its resistance in a particular direction. As an example, the change
in the type of graphene conductivity may be schematically depicted in Figure 2.3 with the
dispersion relation of pristine and p-doped graphene along with the lowest unoccupied molecular
orbital (LUMO) of an exemplary oxidizing molecule (NOz). The NO2 energy level is significantly

lower than the Fermi level in graphene; hence, the transport of electrons from higher to lower
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energy levels is highly favorable [59]. Change of electron concentration in graphene leads to
increased conductivity in p-doped material but would decrease it for n-doped graphene. Similar

changes can be introduced by molecular adsorption on other 2D materials.

Pristine P-doped

far

Figure 2.3 Schematic representation of linear dispersion relation for pristine and p-doped graphene. The
lower energy level of NOz leads to electron transfer from graphene Fermi level (Er) to LUMO of NOg,

causing a change in material resistance R.

As mentioned in the Introduction, reliable, effective gas sensors must fulfill specific
requirements. These include the 4S requirements: sensitivity, selectivity, stability, and speed of
operation. Other significant factors are the simplicity of manufacturing, the possibility of
miniaturization, low power consumption, and low cost. Specific figures of merit have been
introduced to evaluate the sensors performance and compare their potential. Table 2.1 presents
the most critical parameters useful for sensor performance evaluation with their symbols and short

descriptions.

The configuration of the sensing device can significantly enhance gas sensing
performance by tuning the electrical properties of the sensor. A resistor is the most straightforward
configuration for a gas sensor to monitor changes in the resistance of the sensing layer. 2D
material is then deposited between two electrodes (usually metal), enabling contact with the gas-
sensitive layer. The substrate does not have to be conductive, so glass or flexible polymers can
be used. On the other hand, 2D structures can be employed as active materials in more complex
configurations, such as field-effect transistors or Schottky diodes. In these cases, the type of
substrate and junction that 2D material forms with it play a critical part in directing the electrical

properties of the whole device.
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Table 2.1 Key parameters for chemiresistive gas sensors.

Parameter Symbol/formula Description

The relative change in the sensor resistance due to the
Response (resistive) S = (Rs—Ro)/Ro* introduction of target gas in reference to baseline

resistance (usually in air or inert ambiance)

The time when the sensor reaches 90% of its overall

Response time Tres
saturated response to the target gas
. The time when the sensor recovers in 90% back to its
Recovery time Trec )
baseline
A theoretical minimum gas concentration that the
Detection limit DL sensor can detect, determined by the signal-to-noise

ratio (S/N) for a particular material (usually S/N = 3)

*Rs and Ro denote sensor resistance in the target gas and reference atmosphere.

2.2 FET configuration sensing devices

What distinguishes a field-effect transistor (FET) from a resistor is that the FET-
configuration device has three electrodes (source, drain, gate) and enables additional gate
voltage modulation. The channel is primarily polarized with the voltage applied between the
source and drain. Additionally, the voltage between the gate and source significantly affects the
electric field around the channel. Usually, the 2D material deposited between two contacts serves
as a channel in a FET gas sensor, and the gate voltage is applied between the substrate (usually
silicon/silicon oxide, Si/SiO2) and one of the metal contacts (source). However, there are reports
of graphene being used as one of the electrodes (source or gate) in more complex sensing
devices [60,61]. Among 2D materials, graphene has the most distinct properties when used in
FET devices and is biased with gate voltage due to its conducting profile. Compared to
conventional n- or p-type semiconducting materials, the FET device with a pristine graphene
channel is characterized by its unique ambipolar behavior resulting in transfer characteristics
(drain-source current Ibs vs. gate voltage Vi), as depicted schematically in Figure 2.4. |deal
monolayered graphene exhibits the point of minimum current or maximum resistance at Ve =0 V
with a hole regime for negative Vs and an electron regime for positive V. At this point, the Fermi
level lies between the conduction and valence bands. In other words, the extremum point on the
transfer characteristic corresponds to the Dirac point (charge neutrality point). Due to its high
conductivity, the graphene FET device is always in the normally ON state. The concentration of
holes and electrons is almost equal at the Dirac point, and the more ideal the layer, the sharper
extremum should be observed. Modulation of Vs influences the Fermi level position. Positive gate
voltages shift Er to the conduction band, whereas negative Vs shifts Er to the hole region. Such
modulation results in different graphene-FET (GFET) operating principles exposed to various
gases. Additionally, unless graphene operates in an inert atmosphere, the material is already of

p-type conductivity in atmospheric air due to the adsorption of oxygen species, so its charge
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neutrality point moves toward the right side of the graph. In this case, the hole regime dominates
at 0 V, so higher positive gate voltages are required to observe both branches of the graphene
conductivity profile. Such uniqueness of graphene-FET devices holds great promise for highly
sensitive gas sensors. For instance, N. Harada et al. demonstrated that graphene-based
transistors could exhibit more than one order of magnitude greater sensitivity than graphene

resistors or commercial gas sensors [60].

Resistance
juasng

Gate voltage

Figure 2.4 Schematic of the transfer characteristic of graphene-based FET with Dirac pointat Ve =0V
and changes in Fermi level position for hole and electron regime. A negative Vi range indicates p-type

conductivity and a positive Vs range corresponds to the n-type conductivity of graphene.

To provide a more detailed explanation of surface processes, T. Hayasaka et al. divided
the changes in graphene conductivity profile (corresponding to Ib vs. Ve profile) into four types,
proposing the physical phenomena behind the interactions of GFET with gas molecules, as
depicted in Figure 2.5 [62]. Figure 2.5a illustrates a lateral shift of the conductivity profile
corresponding to the charge transfer between a gas molecule and graphene. Figures 2.5b and
2.5c depict the change in the slope of the hole branch or electron branch due to the Coulomb
interactions between molecules and holes or electrons. Lastly, the height of the charge neutrality
point is altered due to the modulated residual carrier concentration in graphene (Figure 2.5d).
Thus, the surface processes during the interaction of gas with 2D material can be complex, and

various gases can distinctly produce characteristic changes in DC profiles.
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Figure 2.5 Schematic illustrations of the conductivity o vs. applied gate voltage Vi and the corresponding
physical phenomena for a GFET: (a) the lateral shift of charge neutrality point due to the charge transfer
between a gas molecule and graphene, (b) the change in hole branch due to Coulomb interactions of the
gas molecule with holes, (c) the change in electron branch due to Coulomb interactions of the gas
molecule with electrons, (d) the vertical change in charge neutrality point position due to the modulated
residual carrier concentration by gas molecule. Reprinted with permission from [62]. Copyright 2020

T. Hayasaka et al.

In contrast to graphene, other 2D semiconductors do not exhibit the constant ON state
as transistors. Depending on their structure, the type of their conductivity, and potential light
activation, they can exhibit an ON/OFF ratio of a few orders of magnitude and high
transconductance. For n-type MoSa, its active region (saturation region) is the electron regime at
positive gate voltages. In this case, modulation with gate voltage can shift between different
modes of operation for the MoS:2 sensor — low currents region, slope of the transfer curve, or
saturation (high current) regime. Interestingly, H. Tabata et al. suggested that shifts in the transfer
curve and changes in its slope decide whether the detection mechanism falls within the charge-
transfer or carrier-mobility models [63]. The authors described changes induced by NO:
molecules under visible light irradiation in two ways (Figure 2.6). The vertical shift of the current-
voltage (I-V) characteristic indicates a shift in threshold voltage and charge transfer between gas
molecules and MoS:. The change in transconductance equal to the change in the slope of the
I-V curve suggests the impact on carriers mobility caused by the scattering of carriers on adsorbed
NO:2 molecules. In this regard, the authors suggest that the transitional region of the
|-V characteristic for MoS2 FET can be highly informative about mechanisms of light-assisted gas

sensing.
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Figure 2.6 Theoretical graphs describing the changes in the transfer curve during NO2 exposure under
different irradiances: (a) charge-transfer and (b) carrier-mobility modulation model. PL1 and PL2 denote
different irradiances (PL1 < PL2). The solid and dashed lines represent the characteristics before and after
NOz2 detection. lo12) and Al12) are the initial current and change in current under an irradiance of PL12). Vin
and gm represent threshold voltage and transconductance. (¢) Experimental characteristics measured
before, during, and after exposure to 100 ppb NO2, and (d) the same transfer curves normalized for easier
comparison. The solid and dotted curves are forward and reverse sweeps, respectively. Reprinted with

permission from [63]. Copyright 2021 American Chemical Society.
2.3 Schottky diode configuration sensing devices

Since FETs based on 2D materials were observed to produce higher sensing responses
(at particular VG bias) than regular resistive sensors, other types of junctions utilizing 2D materials
as the main part started to attract greater attention, including the Schottky diode. The contact
between two materials often leads to Schottky junction formation due to differences in their work
functions and concentration of surface states. For instance, junctions can be formed between two
metals, two semiconductors of the same or opposite type of conductivity (e.g., p-n junction), or
between a metal and semiconductor. The last one can be a Schottky junction with rectifying
behavior when the interface barrier (Schottky barrier) is larger than ks T, where kg is the Boltzmann
constant equal to 8.62:10° eV/K and T is the absolute temperature expressed in Kelvin [64].

Otherwise, the formed contact is ohmic (non-rectifying). The difference in work functions of both
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materials determines the Schottky barrier height (SBH). Work function is the minimum energy
required to transfer the electron from the solid to the point in the vacuum (outside the solid
surface). For n-type semiconductors, the Schottky junction is formed when it has a lower work
function than the metal. Then, after contacting both materials, the electrons are transferred from
the semiconductor to the metal, forming the depletion region. On the contrary, to produce
a depletion region leading to the Schottky contact between a p-type semiconductor and a metal,

the work function of the semiconductor must be higher than that of the metal.

Due to the high conductivity of graphene, the properties of the graphene-semiconductor
interface are close to the metal-semiconductor contact; thus, graphene can form the Schottky
junction with selected semiconducting materials. One of the most straightforward configurations
for graphene-based Schottky diodes is when the 2D material is deposited directly onto a doped
Si substrate. Here, the difference between a Schottky junction and a GFET is the lack of SiO2
insulating layer between Si and graphene. This detail changes the properties of the whole
junction, influencing the gas-sensing properties of the device. Figure 2.7 illustrates the difference
between the FET and Schottky diode configurations based on graphene. The high sensitivity of
graphene-Si Schottky diodes relates to the exponential changes in their /-V characteristics that,
in correlation with the conductivity of graphene, can be altered by the changes in the surrounding
atmosphere. The I-V characteristic of the Schottky diode can be divided into forward and reverse
regions. Usually, in the forward bias, the diode series resistance (originating mainly from
graphene) dominates the overall resistance of the diode-configuration sensor. This region of the
I-V characteristic can be highly affected by the surrounding gases since it reflects the changes in
the conductivity of graphene, being a sensitive detection platform. The same region moderately
depends on the SBH, especially for high positive voltage bias. However, an exponential current
change can be observed due to changes in the SBH in the reverse region of the /-V curve [65].
For exemplary junctions based on reduced graphene oxide, it was reported that even minor
changes in SBH (1.4-2.4%) resulted in significant changes in the current (more than 100% of
change depending on the voltage bias) [66]. At the same time, only a few reports demonstrate
light-assisted gas sensing with Schottky diodes based on graphene [65,66]. Thus, the principle
of operation and mechanisms behind the gas sensing performance of such sensors still require

supplementation.

Regarding 2D materials other than graphene, scientific reports focus primarily on
semiconducting TMDCs forming a Schottky junction with metals such as Au, Pd, Pt, or Ti. As
mentioned before, the properties of the junction and the SBH depend on the work functions of the
contacting materials. In the case of TMDCs, the Schottky contact appears between the active
layer (e.g., MoSz, MoSe2, WSz, WSe, efc.) and the metallic electrode, although the whole device
operates as a chemiresistor or FET [67]. The changes in SBH are then accompanied by the
charge transfer due to the adsorption of target gases and can supplement the explanation of gas

detection mechanisms for such systems.
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Figure 2.7 Schematic illustrations of graphene-based device based on (a) a field-effect transistor and
(b) a Schottky diode configuration. The principal difference between the two devices is the oxide layer
(SiO2) under the whole graphene channel in FET and only between the Au electrode and Si substrate in
the Schottky diode. Vbs, Vi, and V denote the drain-source voltage, back-gate voltage, and voltage

polarizing the diode.
2.4 Light-assisted gas sensing

The influence of light on matter and interactions occurring during irradiation of the objects
of interest have been extensively studied for decades. The main interactions between light and
irradiated matter, including transmission, absorption, emission, reflection, and scattering, create
the basics for different spectroscopic methods of studying bulky and low-scale structures. Incident
light carries photon energy, which may excite the material, and this effect can be attractive in the
gas detection field. In the case of gas sensing, the surface processes of molecular adsorption and
desorption can be accelerated by additional energy carried by light. However, the final effect is
strongly correlated with the energy of the light and electronic properties of the material. All the
same, the facilitation and acceleration of molecular detection are crucial for high-performance gas

Sensors.

UV irradiation was reported to facilitate room operation of chemiresistive gas sensors
based on 2D materials and their hybrids with metal nanoparticles or metal oxides [58].
Unfortunately, the straightforward proposals of mechanisms of light-enhanced gas detection for
different materials are incomplete and constantly under development. As an additional variable in
the system, irradiation complicates the physics behind the gas detection process since other
surface reactions and excitation of the irradiated sensing layer occur. By using irradiation from
the UV spectral range (wavelengths between 100—400 nm), photons that interact with the active

layer carry enough energy to generate free charge carriers according to the equation:

hﬁ(UV) - ezhtg) + h-{hﬂ)' (21)

The photo-induced carriers can transfer the charge between the sensing material and the target
gas. Furthermore, environmental conditions must be considered for more practical use of gas-

sensitive materials. These include the surrounding atmospheric air (oxygen content, temperature,
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pressure) and the presence of humidity in the environment. When the sensing material is exposed
to a humid, oxygen-rich ambiance, oxygen and water molecules readily adsorb on its surface,

creating negatively charged ions according to the formulas:

02 (gas) + €7 = 03 ags)> (2.2)

HzO(gas) + e - Hzo_(ads). (23)

For temperatures higher than room temperature (RT), the oxygen species formed at the surface
of the sensing material are O- in the temperature range of 100—300 °C and O% above 300 °C [42].
For temperatures below 100 °C, the dominant ions are reported to be O2- according to (2.2). The
processes mentioned above lead to the extraction of electrons and a change in the material
conductivity. For n-type semiconductors, for which the electrons are the majority carriers, the
reduction in their number results in the growth of resistance. Moreover, negative ions occupy the
adsorption sites at the material surface, limiting the number of binding spots for target gas
molecules. The longer the exposition to air and humidity, the lower the probability of target gas
adsorption and efficient detection of low concentrations. In the case of carbon nanotubes, studies
on sensor performance revealed a less stable response with slower recovery when the sensor
was exposed to air than under an inert atmosphere (nitrogen or argon) [33]. However, UV light
treatment is a promising tool for overcoming this problem, providing efficient desorption and, thus,
faster sensor recovery in atmospheric air. Several research groups reported the phenomenon of
surface cleaning using UV irradiation, observed for graphene, carbon nanotubes, and MOx, such
as ZnO or SnO:2 [68-71]. The pre-adsorbed oxygen and water desorption leaves the material
surface partially cleaned and prepared for the target gas adsorption. Such operation seems
exceptionally significant if the sensors are employed in natural environments rather than
laboratory conditions. The desorption process of oxygen ions and water vapor may then be

presented as follows:

0; + h* - 0, (gas)» (24)

HZO_ + h+ d HZO(gas)' (25)

Although some general principles of carriers excitation or surface activity to O2 and H20 exist,
light-assisted gas sensing mechanisms strongly depend on the specific sensing material. Thus,
the optoelectronic properties and how a particular structure responds to the irradiation steer the

process of molecular adsorption enhanced by light.
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2.4.1  Light-assisted gas sensing with graphene

The unique structural, optical, electrical, and mechanical properties of graphene make it
theoretically an ideal candidate for light-assisted gas sensing [44,72]. Irradiation of graphene
surface with UV light may act as a catalyst of surface processes, leading to gas sensors with a
more significant response and faster recovery. UV light of specific wavelengths supports
overcoming energy barriers for target molecules, triggering the adsorption-desorption processes.
The UV irradiation that enhances graphene sensitivity to target gases can be employed in several
ways. It can be used continuously during the whole detection process (response and recovery of
the sensor). Another option is to apply UV light only before gas sensing to activate the surface of
graphene and clean it from unwanted oxygenic species. The last option is to employ UV light only
in the recovery phase to enhance the desorption of the target gas and facilitate the return to the
baseline resistance. Since UV irradiation is expected to improve graphene-based sensors
responses, understanding light-driven detection mechanisms in graphene systems is necessary

to produce reliable sensing devices.

The spectroscopic studies in the ultraviolet and visible range (UV-vis) confirmed that the
transmittance of graphene decreases for wavelengths lower than 400 nm, which means the
material should strongly absorb UV light [70]. M.Z Igbal et al. reported UV-light-driven doping
modulation of the graphene-based device, revealing the characteristic feature of graphene
irradiated at oxygen-rich and inert ambiances [73]. As mentioned before, the pristine,
unprocessed graphene is characterized by its ambipolar behavior, meaning its Fermi level can
be moved by applying an electric field, allowing both hole and electron conductivity. The charge
neutrality point (Dirac point) associated with the Fermi level remains for gate bias of 0 V for an
ideal structure in the FET configuration. However, it shifts for doped and defective graphene. If
graphene is exposed to air, the maximum point moves towards positive gate voltages, indicating
higher p-type doping. Electrical measurements complemented with X-ray photoelectron
spectroscopy (XPS) studies confirmed that an inert atmosphere of nitrogen and UV irradiation
(220 nm) shifts the Dirac point back to its original position, acting as n-type doping of graphene.
Moreover, the shift in dark conditions was much less evident, meaning UV light enhances the
doping process in oxygen and nitrogen by significantly increasing carrier density. Similar
reversible charge density modulation was obtained for the graphene-based device in argon

ambient under deep UV irradiation [74].

Moreover, the electrical properties of light-assisted FET devices based on graphene may
be significantly influenced by the presence of oxygen, ambient humidity level, or temperature, as
reported by T. Hayasaka et al. [75]. Due to the ambipolar behavior of graphene and its
susceptibility to atmospheric air, the target molecules are expected to produce distinct shifts of
sensor resistance at a specific Ve range. Thermal annealing can increase the total FET

resistance, whereas the UV light treatment can serve as a modulating factor, changing the
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position of the Dirac point twofold. Firstly, the change in the current is observed since photo-
induced charge carriers influence the channel conductivity. Secondly, the threshold voltage shift
occurs, so the Dirac point moves to the sides. Those two effects, namely photoconductive and
photogating (photovoltaic) effects, were described for low-dimensional photodetectors based on
graphene, MoSz, InSe, WSe», In2Ses, MoTez, ReSz, or BP [76]. The same approach could be
incorporated for the 2D materials-based sensors [63,77]. As mentioned before, UV light generates
electron-hole pairs that may participate in surface processes and gas detection by 2D materials.
A significant number of charge carriers induced in the gas-sensitive layer by the UV light affects
channel conductance. Therefore, the generated photocurrent affects the sensor resistance, so
the transfer characteristic shifts vertically. The sideways shift of FET threshold voltage results
from the photogating effect. Thus, the transfer curve moves left or right under UV light depending

on the reducing or oxidizing properties of the ambient gas.

UV-assisted graphene-based devices were primarily used as chemiresistive sensors of
inorganic gases, exhibiting detection limits reaching beyond the ppm level, especially for nitrogen
species. Among small-molecule, inorganic species, nitrogen oxides (NO2z and NO) are the
prominent representatives that usually induce high sensing responses in the graphene systems.
NO: is a toxic gas produced by burning fossil fuels, car exhaust, and industrial processes that can
harm the human respiratory system and pollute the environment even at low concentrations [78].
Chemically, NO2 is a strongly oxidizing molecule with high reactivity due to one free electron in
its structure. NO is a metastable compound, usually reacting with oxygen from atmospheric air to
form NOz2; however, on its own, it can reduce other chemical compounds, creating free radicals
that are dangerous for human organisms. Chen et al. applied continuous UV irradiation for the
detection using pristine graphene [69]. Their results showed a sub-ppb detection limit for nitric
oxide (NO) at room temperature. Low DL was also achieved for NO2, NHs, N20O, Oz, SOz, COz,
and H20. Unfortunately, the lowest DL values were obtained when graphene operated under an
inert atmosphere (nitrogen or argon), which does not support using such a sensor in a real
environment. Nevertheless, the study showed that graphene, without surface modifications or
chemical doping, can be an extremely sensitive material toward small molecules when light-
induced surface cleaning occurs. Such an improvement was also confirmed in another work by
X.Yan et al., who used UV light (265 nm) for NO2 sensing, reaching a few times greater response
for irradiated graphene sensors [79]. The authors observed high sensor repeatability and
durability during 60 days of exploitation as well as selectivity towards NO2. The authors suggested
that the sensing mechanism consists of two main processes. First, the UV-assisted desorption of
atmospheric molecules creates free adsorption centers for target gas molecules. Second, the
energy of UV light used in the experiment is sufficient to excite electron-hole pairs in graphene
(following formula (2.1)). Photo-induced carriers participate in charge transfer and contribute to

further changes in graphene resistance. When the sensor is exposed to an electron acceptor
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such as NOz, gas molecules extract electrons from the material, leaving extra holes in the

graphene structure according to the relation below:

NOZ (gas) + e - NOZ_(adS)' (26)

Simultaneously, photo-induced electrons react with atmospheric oxygen, creating additional

photo-induced oxygen ions adsorbed on the surface:

02 gas) t enoy = Oz (noy- (2.7)

Consequently, there are two types of adsorbed oxygen molecules on the surface: primarily
adsorbed ones O:27adgs) and molecules adsorbed via UV-generated electrons O29). Photo-
induced oxygen ions are weakly bonded to the surface and may contribute to gas adsorption,

accelerating the process:

2NO; (gasy + 05 (noy T €(no) = 2NO03 (ags) T 02 (gas). (2.8)

The reactions described above contribute to more enhanced p-type doping of graphene.
Additionally, the effect of simultaneous UV irradiation and annealing of graphene-based NO:
sensors was investigated by C. Yang et al., demonstrating the contribution of high temperature
to sensor recovery time [59]. Annealing up to 300 °C improved sensor response four times but
somewhat extended the recovery time. The authors suggest that optimizing the UV irradiation
time can overcome incomplete recovery by enhancing the desorption of molecules. However,
rapid thermal annealing can still be used as a pre-treatment for removing any residues before gas

sensing.

NO: is often chosen as a target analyte for studying the gas-sensing properties of the
system due to its high adsorption energies towards different materials. Nevertheless, studies on
other inorganic gases (e.g., NHs, SO2) or volatile organic compounds (VOCs) detection using UV-
assisted graphene or its derivatives remain an interesting yet incomplete subject. Regarding
VOCs, C. Yang et al. reported the UV light effect on resistive graphene sensors for acetone
detection [70]. Concentrations of acetone vapor exceeding 1.8 ppm in human breath can
potentially inform about patients' diabetes; therefore, acetone detection is of great value for
practical purposes. The group reported that the graphene resistance increases significantly with
continuous UV irradiation (370 nm) due to the desorption of oxygen species, resulting in
immediate surface cleaning. Consequently, hole concentration decreases in graphene, leading
to increased sensor resistivity. Thus, graphene behavior is shifted towards n-type conductivity.
During UV irradiation, the desorption of atmospheric molecules leaves more active sites for

acetone molecule adsorption, which acts as a weak electron acceptor. Overall, a concentration
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as low as 300 ppb of acetone was detected by UV-irradiated graphene, suggesting that DL is at

least at the ppb level.

In other work, J. Park et al. proved that UV irradiation improves GFET sensing performance
towards water vapor, ethanol, and dimethyl methylphosphonate (DMMP), resulting in sensitivity
enhancement factors up to 4.2, 54, and 2, respectively [80]. In the case of water and ethanol, the
resistance change direction was even reversed under irradiation. The authors demonstrated that
UV light acted as a doping factor alongside gate voltage biasing and modulated sensor
responses. Moreover, as seen in transient curves in Figure 2.8, visible (405 nm) and near-infrared
irradiation (850 nm) produced a few times lower responses to DMMP due to lower energy

delivered to the sensing surface, which does not promote efficient gas detection.

(@) 4t _LED'off ' 38 ppm i (b) " I LED off
2 - 850 nm
- I 405 nm
- 365 nm

60 120 180 240 0.8 4 8 19 38
Time (min) Concentration (ppm)

Figure 2.8 (a) Sensor response for DMMP vapor at five concentrations under LED irradiation with three
different wavelengths (365, 405, and 850 nm) and (b) peak-to-peak responses corresponding to the data
in (a) revealing the highest impact of the shortest UV wavelength (365 nm). Reprinted with permission

from [80]. Copyright 2021 American Chemical Society.

Even though UV-activated graphene holds promise for ultra-sensitive gas sensors, few
reports on UV-assisted gas detection by unmodified graphene have been published recently.
Table 2.2 summarizes those published in 2019 and later, showing that NO2 and NHs are the target
gases most common for prototype testing of electrical sensors based on pristine graphene. The
lack of new reports on VOCs such as acetone suggests that the optimization of organic species
sensing by graphene is still an open issue. Interestingly, there are many more reports on gas
sensing by graphene-based hybrid devices (with metallic nanoparticles, metal oxides, or other 2D
materials) or by chemically modified graphene (surface functionalization or doping) [16,81].
Unfortunately, such sensors require more complex fabrication procedures than applying external
irradiation. Instead of chemical functionalization of the graphene surface, light-assisted gas
sensing can modulate the sensor responses at a low cost, but it still requires more in-depth

investigation.
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Table 2.2 Summary of reports on UV-assisted gas sensing by unmodified graphene at RT published from
2019.

Gas Irradiation Response* DL Comments Year/Ref.

Graphene annealed at
NO2 UV 370 nm** | 25% (1 ppm) - . 2019/[59]
300 °C before testing

Graphene as a channel in
NO2 UV 265 nm 26% (100 ppm) 42.18 ppb FET 2019/[79]

NO2 UV 390 nm** | ~9% (1 ppm) ~50 ppb Suspended graphene arrays | 2021/[82]

Graphene annealed at
NHs UV 370 nm** | 7% (5 ppm) - 2019/[59]
300 °C before testing

Graphene as a channel in
NHs UV 265 nm 1.5% (100 ppm) - FET 2019/[79]

NHs UV 390 nm** | ~5% (200 ppm) ~34 ppm Suspended graphene arrays | 2021/[82]

Graphene annealed at
Ethanol | UV 365 nm 2.7% (2800 ppm) | - 2021/[80]
400 °C for 1 h before testing

Graphene annealed at
DMMP | UV 365 nm 4% (38 ppm) - 2021/[80]
400 °C for 1 h before testing

*Response = the absolute value of the relative change in the sensor resistance in reference to air/inert
atmosphere

**UV irradiation applied only for the recovery phase
2.4.2 Light-assisted gas sensing with other 2D materials

Due to zero band gap and metal-like electrical properties, the light activation of graphene
differs from that of other 2D semiconductors. There is a wide range of 2D materials of
semiconducting nature with a specific electronic band structure. It means that the optimal energy
for excitation of these materials corresponds to their optical band gap, Ec. Additional electrons in
the conduction band and holes in the valence band are generated during light excitation.
Irradiation of energies higher than Ec may also induce free carriers, but the excess energy is
usually dissipated through phonons (lattice vibration), making the excitation process less efficient.
At the same time, lower energies may contribute to the excitation of the material if any discrete
defect levels are present below the conduction band, which can be observed in defective or doped

materials.

The single-layered MoS:2 exhibits a 1.8—-1.9 eV direct bandgap, corresponding to the red
light (660-690 nm). Thus, the material can be activated by visible light of energy sufficient to
generate electron-hole pairs and induce photocurrent (optoelectronic effect) [63]. Another option
is to apply UV light that induces photocarriers and activates the material surface by partly
desorbing oxygen species and humidity and creating oxygen photo-ions that can be easily
replaced by target gas molecules (photocatalytic effect) [38]. A report on MoS:2-based sensors

showed a superior sensing response to NO2z under UV irradiation at RT than under temperatures
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up to 100 °C. This observation confirmed that photoexcitation is more efficient than thermal
excitation, which suppresses the efficient adsorption of NO2 [83]. In other work, M. Khan et al.
reported on UV light (220 nm) absorption and induction of photocurrent by MoS: layers of different
thicknesses (monolayer, bilayer, and multilayer of >10 layers) [84]. The authors observed that
deep UV irradiation induced the highest photocurrent in the multilayered MoS:2 with the fastest
recovery. Additionally, the effect of UV light activation was suppressed in the oxygenic
atmosphere for mono- and bilayer, but not in the case of the thickest sample. Similarly to

graphene, the surrounding atmosphere highly influences light-enhanced MoS2 FETs.

Table 2.3 Summary of reports on UV-assisted gas sensing by MoS: at RT published from 2019.

Gas | Irradiation Response* DL Comments Year/Ref.
Nitrogen as a reference
NO2 | Red 660 nm | 50% (25 ppb) 0.1 ppb 2019/[85]
atmosphere
UV light provided faster recovery
NO2 | UV 280 nm** | 25.3% (10 ppm) - o 2019/[86]
than blue or white light
Solar Response calculated based on
NO2 | | 20% (50 ppb) 0.15 ppb 2021/[63]
simulator current changes

Response calculated based on

NO2 | UV 254 nm** | ~70% (100 ppb) 10 ppb 2023/[87]
current changes

Response under UV light higher
NO | UV 254 nm 72.45% (100 ppm) | - than at temperatures up to | 2019/[88]
100 °C

Response under UV light higher

NO | UV 365 nm 60.25% (100 ppm) | - than at temperatures up to | 2019/[88]

100 °C
NO | UV 365 nm 200% (60 ppb) - Cone-shaped MoS: bilayer 2019/[89]
NO | White light 75% (60 ppb) - Cone-shaped MoS: bilayer 2019/[89]
UV light provided faster recovery
NHs | UV 280 nm** | ~2% (10 ppm) - 2019/[86]

than blue or white light

Response calculated based on
NHs | UV 254 nm** | ~1% (2 ppm) 0.5 ppm 2023/[87]
current changes

*Response = the absolute value of the relative change in the sensor resistance in reference to air/inert
atmosphere

**UV irradiation applied only for the recovery phase

Additionally, theoretical studies by first-principles density functional theory (DFT)
presented by B. Cho et al. demonstrate that charge transfer between gas molecules and MoS:
drives the gas detection process, similarly to graphene. In terms of inorganic gas sensing, the
negative adsorption energies calculated for both NO2 and NHs indicate exothermic reactions with

electron-accepting properties of NOz and electron-donating properties of NHs. Table 2.3
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summarizes selected reports on light-assisted gas sensing by MoS: published in 2019 and later.

Notably, mostly inorganic species are reported to be successfully detected by light-assisted MoS:.

As mentioned before, TMTCs form another group of interest among 2D semiconductors
for light-assisted gas sensing. For instance, the single-layered ZrSs with a direct bandgap of
~2.1 eV can be excited by wavelengths from the visible light range. Although ZrSs was studied as
a photodetector, scientific literature lacks reports on light-enhanced gas detection by this material
or mechanisms of light-enhanced molecular adsorption by the class of TMTCs in general, which

creates a wide room for further exploration of the topic.
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3. FLUCTUATION-ENHANCED GAS SENSING (FES)

In general, DC resistance measurements are the most common way of investigating
resistive gas sensors. These include time-domain studies of either voltage across the sensor or
current flowing through the active layer and then converting these values to sensor DC resistance.
Although graphene and other 2D materials-based sensors exhibit high sensitivity to molecular
interactions, they often lack selectivity in their pristine form. Gas adsorption on graphene surface
may lead to similar electrical responses for various species, especially when low gas
concentrations and subtle responses are present. Chemically modified graphene was repeatedly
proved to respond selectively towards NO2z; however, it required additional processing and
elaborated chemical procedures [81,90,91]. Other ways of increasing sensor selectivity include
doping or nanoparticle decoration, resulting in more complicated fabrication procedures than plain
material growth [92,93]. Thus, utilizing measurement techniques that enable discrimination
between responses to different gases seems a much simpler way of obtaining sensor selectivity,

simultaneously limiting redundant processing during fabrication.

The observation of physical phenomena is always accompanied by the noise generated
in the systems. There are different types of observed noise, including thermal, shot, burst,
generation-recombination, or 1/f noise, each with distinct origins and mechanisms of generation.
The development in the field of electronics and semiconductors attracted attention to studying
mechanisms of noise generation, which is a limiting factor for some applications of electronic
devices such as signal transmission and analysis [94]. Nevertheless, later, the noise started to
be perceived not only as a fault of the device but also as an additional information tool to assess
the quality of electronic devices, to study corrosion processes, or to increase the sensitivity and
selectivity of the sensing devices. Regarding gas sensors, 1/f noise in the low-frequency range
was later proved to provide helpful information in various systems, including those based on

nanomaterials and structures with constraint dimensions.
The power spectral density of noise of a specific sample depends on the current /, bias

voltage V, or DC resistance R, usually in the second power, according to the relation:

S Sv(f) _ Se(f) (3.1)
12~ vz ~ R2’

where Si(f), Sv(f), and Sr(f) represent the power spectral density of current, voltage and resistance
fluctuations, respectively. Such a dependence, proved in 1976 by Voss and Clarke, indicates that
1/f noise will be observed as resistance fluctuations even without polarizing the sample. This also
means that polarization is required only to convert the resistance fluctuations already manifested

in the sample for the fluctuations of current or voltage that are possible to be measured directly.
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In general, electrical current / is proportional to the number of charge carriers N and mobility y
(I < gNu, where g is the elemental charge), so the fluctuations of the electrical current are

connected with the fluctuations of the number of charge carriers and mobility according to the
relation [95]:

SI o< q(6N)u + gN (5p). (3.2)

Similarly, voltage or resistance fluctuations will depend on fluctuations in concentrations of charge
carriers and their mobility. Accordingly, models proposed to explain the origin of 1/f noise can be
carrier-number-fluctuations models or mobility-fluctuations models [39]. Up to now, a few
independent models for flicker noise generation mechanisms have been proposed. These include
the surface-fluctuations model proposed by McWhorter, the volume-fluctuations model proposed
by Hooge or Voss and Clark’s temperature-fluctuations model [96]. Unfortunately, each model is
limited by specific conditions and cannot be applied to all types of materials and devices; thus,
the universal model for 1/f noise has not been established yet. It is now accepted that the
dominance of either charge carrier number fluctuations or mobility fluctuations in the system is
related to the specific material and its electronic and structural properties. Thus, different noise
generation mechanisms are expected for metals of high conductivity and semiconductors of

specific band gaps.

One of the most popular models is the one proposed by McWhorter, which assumes
a semiconductor with homogenously distributed traps in the oxide layer. Charge carriers capture
or emission process in such a structure triggers conductivity fluctuations. Each trap in the surface
process is characterized by a particular time constant ¢ (lifetime, relaxation time) corresponding
to a specific frequency f.. The superposition of such generation-recombination (G-R) events over
a wide distribution of relaxation times contributes to the inverse relation between resistance
fluctuations and frequency, which we observe as 1/f noise. In general, fluctuations in the number
of carriers can be induced by trapping/de-trapping processes, G-R events, or molecular
adsorption/desorption. Additionally, if any G-R event dominates, it can be observed as a distinct
Lorentzian in the 1/f spectrum, as depicted in Figure 3.1. The probability of charge capture by
traps and the number of traps determines the noise intensity. The power spectral density, Sn(f),
of resistance fluctuations caused by trapping of N carriers by a trapping state of lifetime rcan be
described with the formula [94]:

4t (3.3)

WD) = N T

where on? is the variance of the number of trapped carriers, which is constant below characteristic

frequency fc = 1/(2m7) and decreases proportionally to 1/f2 above f: (depicted as the red dashed
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curve in Figure 3.1). The variance on? depends on the number of charge carriers and the average
number of occupied and empty traps. If the noise is caused by a few types of traps of distinct

lifetimes, the overall noise spectrum is a sum of n Lorentzians:

(3.4)

2 = 4’T,:
SN(f) = UN; 1+ (anl_i)z .

Power spectral density S(f)

f.=1/(2nt) Frequency f

Figure 3.1 The exemplary illustration of power spectral density S(f) of fluctuations as a function of
frequency f (both in logarithmic scales). The dashed blue line corresponds to 1/f noise, and the dotted red
curve denotes the dominating Lorentzian with the maximum point for a frequency fc. The overall noise is

illustrated with the black curve.

The 1/f noise observed for conventional semiconductors such as Si, Ge, or GaAs agrees with
McWhorter's model, suggesting that 1/f noise is generated primarily by fluctuations in the number
of charge carriers in these materials (trapping and de-trapping processes) [97]. Unfortunately, the
model assumes that the fluctuations are generated only in the surface layer. To consider the
fluctuations in the volume of semiconductors (or metals), another model was proposed by Hooge.
In this case, the power spectral density of current, voltage, or resistance fluctuations normalized
to respective DC parameters is inversely proportional to the number of free carriers N and

frequency f:

Si(f) _ Sv(f) _ Sr(f) _ Qy (3.5)

1z oy Rz ~ Nf

The proportionality factor an is the Hooge constant; however, it does not have a constant value
and depends on the structural order of the material. Additionally, the lower the material quality,

the higher the noise level. The more significant number of defects means a higher probability of
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trap states existence and, thus, more probable fluctuations. On the other hand, noise generated
in the volume can be attributed to mobility fluctuations triggered by the scattering of carriers on
the phonons (lattice vibrations). Unfortunately, no straightforward proposal for a mobility-
fluctuation model has been introduced; however, investigating samples under specific conditions
(changing temperature, electric or magnetic field) enables determining the dominant type of

fluctuations.

In chemiresistive gas sensors, a few sources of low-frequency noise can be distinguished,
including the surface and the volume of the sensing material and the interface between the
sensing material and the substrate or electrodes [98]. Fluctuation-enhanced sensing (FES)
method utilizes information about low-frequency noise generated during detection processes in
the sensing devices, providing additional tools for more selective and sensitive gas detection. In
1991, A. Dziedzic et al. presented the idea of utilizing noise information (power spectral density
of voltage fluctuations) in chemiresistive sensing [99]. In 2000, L.B. Kish et al. reported that noise
spectra observed during adsorption/desorption processes and charge carriers trapping/de-
trapping events might be used in chemical sensor applications [100]. The information extracted
from the noise spectra revealed the differences between the analytes, which varied in their
chemical nature or microstructure. Hereafter, the FES method appeared appealing and functional
in gas detection systems such as electronic noses and tongues. S. Gomri et al. proposed
modeling of adsorption-desorption processes in MOx gas sensors using Langmuir and
Wolkenstein models for adsorption [101]. The main difference between assumptions in both
models is that the Langmuir approach assumes that the binding energy between adsorbent and
adsorbate is constant. On the other hand, the Wolkenstein model includes the electronic
interaction between the adsorbed molecules and the sensing layer. According to this approach,
during chemisorption with charge transfer, the binding energy differs with the degree of coverage
of the semiconducting surface. Since both models consider only fluctuations in the number of
charge carriers, they utilize the formula 3.3 to estimate the power spectral density in the
semiconducting sample. The difference between the Langmuir and Wolkenstein approach is
manifested in the trap lifetimes, as the latter considers the chemisorption-induced surface
potential. The simulation of oxygen adsorption on an n-type semiconductor by both models
showed that ambient gas produces the Lorentzian component with the same characteristic
frequency (being the contribution of a single activation energy); however, the S(f) level is higher
for the Wolkenstein model. In another work, the same authors considered the contribution of
mobility fluctuations to the Wolkenstein approach, demonstrating the shift of the characteristic
frequency toward lower values than when considering only fluctuations of the carriers
concentration [102]. The authors indicate that in real semiconducting sensors, the 1/f noise is
presumably a superposition of multiple Lorentzians over a wide frequency range, as real samples
possess multiple types of traps. Overall, theoretical simulations and initial experimental studies

confirmed that FES can be a highly informative tool for analyzing gas detection and differentiating
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adsorbed species. However, the miniaturization of the systems, scaling down the materials and
proposing novel sensing devices utilizing low-dimensional materials as active layers determine

a new focus on 1/f noise measurements and the FES method.
3.1 Low-frequency noise in graphene

The origin of 1/f noise in carbon nanomaterials, including graphene and its derivatives, is
likely to be more complex since it does not follow McWhorter's model for conventional
semiconductors. In 2013, A. A. Balandin explained the considerations about resistance
fluctuations in graphene and how they possibly originate from the combination of mobility and
charge carrier number fluctuations [39]. On the one hand, graphene is an atomically thin structure
with electrons subjected to traps, surface impurities, or charged impurities from the substrate,
resulting in fluctuations in the number of charge carriers. On the other hand, due to the metal-like
conductivity of graphene, electrons can be scattered and contribute to mobility fluctuations. Both
mechanisms can affect one another, resulting in a complex noise generation origin. Moreover,
noise features can change with a number of graphene layers and differ for a single layer, bilayer,
and multilayered structure [103]. Since graphene exhibits considerably low resistance, a relatively
high current will flow through it at a particular voltage bias. This indicates that measuring noise
(current fluctuations) in graphene samples is technologically simple, but the normalized noise
(S/P) reaches low values. Additionally, the 1/f noise can strongly depend on gate bias when the
FET configuration of the graphene-based device is used. Studying noise generated in small-area
graphene revealed interesting noise spectra when the 2D structure was exposed to various
organic vapors, showing a high spectrum shape dependence on the target gas type [8]. Along
with the resistive response of the graphene-based sensor, the information collected from noise
spectra allowed discrimination between gases. Flicker noise has been experimentally established
for single-layered, bilayered, and multilayered graphene with an area reaching individual pm2,
exhibiting various spectrum shapes for different organic gases, including ethanol, chloroform,
methanol, acetonitrile, tetrahydrofuran, and toluene [104]. Noise features, namely characteristic
frequency at which local maximum occurs (corner frequency f:) and relative resistance change,

served as a unique signature of each gas, enabling discrimination among organic species.
3.2 Low-frequency noise in 2D semiconducting materials

Interesting observations provided by noise spectroscopy studies for graphene
encouraged scientists to explore the noise characteristics of devices based on other 2D materials,
including MoSz. Additionally, when combined with DC electrical studies, the FES method offers
a tool for selectivity improvement [105]. Thus, low-frequency noise in graphene devices was
compared to MoS2-based devices designed for gas sensing [106,107]. The comparative study of
noise in graphene and MoS: FETs showed that both materials exhibit highly different noise

characteristics. Compared to graphene, the MoSz channel exhibits much higher resistance and
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|-V characteristics typical for n-type semiconductors with an ON/OFF ratio of at least 105 [107].
Even in the saturation region of the characteristic, the current flowing through the MoS: (either
mono- or multilayered channel) is lower than in graphene due to the superior mobility of the
carbon structure. This results in a low level of current fluctuations in MoSz, which are
technologically challenging to measure, but at the same time, the normalized noise (S//I?) reaches
high values, which stands in complete opposition to the graphene case. At low gate voltages, 1/f
noise in MoS: followed McWhorter's model, suggesting the dominance of fluctuations in carrier
concentration. However, at high gate voltages, the effect of contact noise contributed to the
fluctuations more significantly. Although MoS: layers exhibited sensitivity towards different vapors
in electrical studies (current vs. time), they lacked characteristic features on the noise spectra,
and only graphene exhibited characteristic plateau regions (Lorentzians) on the 1/f noise
spectrum, enabling distinguishing of gases via noise measurements. The authors concluded that
1/f noise characteristics are better sensing parameters for graphene sensors than MoS2-based

devices, although they could be used as a hybrid device.

Some scientific reports demonstrate low-frequency noise studies for other van der Waals
materials, e.g., quasi-2D FePSs or quasi-1D TaSes [108,109]. The measurements presented in
these reports are referred to as noise spectroscopy and support studying phase transitions in the
selected temperature range (110-300 K for FePSs3) or electromigration process at higher
temperatures (~400 K for TaSes). In general, noise spectroscopy enables observing exciting
features for materials of constrained dimensions, often exhibiting phenomena such as charge
density wave, electron correlation, spin-orbit coupling, or superconductivity due to quantum

confinement.

The interesting, although limited, reports on using low-frequency noise to enhance the
sensitivity and selectivity of gas sensors based on 2D materials show great potential for combining
DC measurements with the FES method. Thus, next to light-assisted gas sensing, 1/f noise
studies of selected gas detection systems based on 2D materials remain one of the main focuses

of the thesis as a method of enhancing the gas-sensing performance of the proposed devices.
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4. RESEARCH METHODOLOGY

4.1 Methods of fabrication of low-dimensional materials for gas sensing

Fabricating low-dimensional materials for gas sensing applications requires specific
routes and techniques to obtain structures of particular properties. All the methods of
manufacturing nanomaterials can be divided into two principal groups: top-down and bottom-up
techniques. Top-down methods include mechanical, thermal, or chemical exfoliation from
crystals, milling and grinding the bulky material, etching, laser ablation, or thermal evaporation.
On the other hand, direct growth from precursors, epitaxy, sputtering, and chemical or physical
vapor deposition constitute bottom-up techniques [110]. Each of these methods has advantages
and disadvantages and affects the quality of the produced material. Especially for large-scale
production and commercial applications, factors such as reproducibility, time-stability,
mechanical, thermal, and chemical durability, and low cost are to be considered. For gas-sensing
purposes, plain structures (e.g., high-quality pristine graphene) usually lack high sensitivity to
surface processes and offer insufficient binding spots for target gas molecules. This suggests that
producing monolayered graphene with a high density of defects or manufacturing layers
composed of randomly oriented 2D flakes can be beneficial from the detection point of view.

Additionally, fabricating 2D materials of lower quality can be a low-cost approach.

Selected 2D materials investigated in the doctoral research were fabricated using two
approaches. Graphene monolayers and randomly oriented carbon nanotube networks were
produced via the bottom-up approach by chemical vapor deposition utilizing high-vacuum
conditions and subsequent transfer to the selected substrates. Graphene layers and carbon
nanotube networks were fabricated by the group from the Institute of High-Pressure Physics
(Warsaw, Poland). MoS: layers comprising randomly oriented nanoflakes and ZrSs
nanostructures were obtained via top-down techniques. MoS: layers were prepared by the author
of the thesis at Gdansk University of Technology using ink printing from the dispersion of flakes
in an ethanol-water solution. The ready dispersion of MoS2 nanoflakes obtained using chemical
exfoliation was purchased from Graphene Supermarket and used for ink printing. ZrSs layers
were deposited after mechanical exfoliation from bulk crystals by the group from the University of
California, Riverside (USA). The author of the thesis performed optical and structural
characterization of graphene monolayers and MoS:2 nanoflakes at Gdansk University of
Technology. All gas sensing experiments, including DC resistance and low-frequency noise
measurements of the materials mentioned above, were realized by the author of the thesis at

Gdansk University of Technology.
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4.1.1  Chemical vapor deposition

In the case of producing pristine graphene or 2D semiconductors, epitaxy, mechanical
exfoliation via adhesive tape, chemical exfoliation in specific solvents, and chemical vapor
deposition (CVD) are the most common techniques to obtain atomically thin layers [43]. CVD is
one of the vacuum deposition techniques to produce thin films. A typical CVD process occurs in
a reaction chamber where the heated substrate (e.g., Si/SiO2 wafer) is exposed to volatile
precursors selected based on the desired final product. The precursors react or decompose on
the substrate surface, forming a thin film. Any side products from the deposition process are
removed from the chamber with the carrier gas flow.

CVD-grown graphene on copper (Cu) foil enables the fabrication of large-area
monolayers that can be further transferred to the substrate of interest. Fabricating FETs on
Si/SiO2 substrates based on large-area graphene (GFETSs) utilized within the doctoral research
consists of several processes that can be schematically depicted in Figure 4.1. The growth and
transfer of graphene to the Si/SiO2 substrate impose the characteristic defective morphology of
graphene, which will be described in detail in the following subsection. A similar procedure was
employed to fabricate Graphene-Silicon (G-Si) Schottky diodes with the additional step of etching
selected areas of SiO:2 prior to the transfer of graphene to provide direct contact between the
n-type Si wafer and graphene (Schottky contact). The gold electrode deposited on top of the
graphene ensured contact with the 2D material (anode). The bottom of the Si substrate etched
with hydrofluoric acid (HF) and metalized with chromium (Cr) served as the direct contact to Si

(cathode, grounded) for electrical measurements of the Schottky junction.

Delamination =00 s==-— -

PMMA Graphene
Graphene o ’
pl PMMA transfer
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Graphene

Graphene Graphene
Sio,
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Figure 4.1 The schematic procedure of GFET fabrication, including delamination of Cu-grown graphene
layer with poly(methyl methacrylate) (PMMA) handle, graphene transfer onto oxidized Si substrate,
selective etching of graphene to produce a source-drain channel of specific dimensions, and metallization

(sputtering) to produce source (gold), drain (gold), and back-gate electrode (chromium).
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The CVD method can also be used to obtain single-walled carbon nanotubes (CNTs)
[111]. The randomly oriented nanotubes forming a porous network are the final product that can
be transferred to the selected substrates (Si/SiO2 for electrical and noise measurements or glass
substrates for optical characterization). To control the density of the carbon nanotube networks
investigated for gas sensing purposes, the grown nanotubes were precipitated on nitrocellulose
filters of particular transparencies prior to dry transfer to the final substrates. The density of the
network, corresponding to the optical transparency of the layer, depended on the precipitation

process time.

CVD synthesis can also be used to grow other 2D materials, including TMDCs or TMTCs,
as the final product depends primarily on the precursors delivered to the sensing surface. For
instance, sulfur sources and MoOs or WOs precursors are required to obtain layers of MoS:2 or
WS2 [112,113]. Similarly, chalcogens (S, Se, Te) and transition metals (Ti, Zr, Nb, Ta, efc.) in the
form of powders, sheets, or pellets are used as precursors to obtain TMTCs [23]. Compared to
graphene grown on Cu foil, MoS2 or WS2 obtained during CVD are often in the form of 2D
triangular clusters of a few up to tens of uym in size, whereas TMTCs often take the form of
nanowires, nanoribbons, or nanosheets. Hence, the devices based on such structures usually
have miniaturized dimensions and require specific processing with etching and contact
deposition. In the case of ZrSs nanostructures, the chemical vapor transport can be used to grow
bulk crystals, which then can be mechanically exfoliated to obtain gas-sensitive layers of a few
um?2 in size. However, to simplify the fabrication procedure, low-cost methods of additive
manufacturing, including solution processing with subsequent coating or printing, may be
beneficial to fabricate gas-sensitive layers from 2D semiconductors, and this approach was

utilized to produce MoS2-based sensors.

4.1.2  Ink printing

Additive manufacturing with solution processing has a high potential to produce
dispersions (and further — coatings) of low-dimensional materials at a high production yield and
low production cost. Specifically, compared to vacuum deposition techniques (CVD, epitaxy,
molecular assembly) or mechanical exfoliation, solution processing constitutes a cheaper and
more reproducible alternative for the large-scale fabrication of devices based on 2D structures
[114]. Ink printing is classified as one of the solution-based methods for manufacturing functional
layers. Usually, liquid exfoliation is used to obtain 2D flakes of a specific material suspended in
the solvent, and such dispersions are now commercially available for further use in ink printing
applications. Essentially, a few components are needed in order to formulate an ink for printed
devices, including functional materials (gas-sensitive materials for detection), solvents (water,
alcohols, or others), binders (polymers, glass powder, resins or cellulose), and additives to
stabilize the dispersion [115]. The addition of binders and other additives supports optimizing the

basic properties of the ink, including viscosity and density, whereas the type of solvent affects the
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surface tension of the ink (e.g., polar compounds exhibit higher surface tension than nonpolar
ones) [116]. The amount of binders or additives can be reduced partially or entirely if the active
material forms a stable dispersion in a selected solvent or a mixture of solvents and the ink
exhibits the required physical properties. Various types of printing (inkjet, screen, gravure, or
flexographic) set different requirements for the properties of the formulated ink and the ratios of
its components. Among the ones mentioned above, inkjet printing requires inks of relatively low

viscosity and the lowest amount of binders (if any) [114].

A few principal factors must be considered for successfully realizing printed gas sensors.
These include the reduction of the coffee ring effect and the creation of the percolation network
in the active layer of the printed device [117]. The coffee ring effect is directly connected with the
concentration of the flakes in the dispersion, the solvent and additives, as well as the wetting
properties of the substrate. It is usually formed when using solvents of low viscosity (e.g., ethanol).
The percolation network is necessary for any electrical measurements of the printed layer, so it
is crucial for resistive gas sensors. In this case, apart from the properties of the ink and the
substrate, the printing repetitions are essential in going from isolated 2D clusters to

a network with overlapping flakes.

Ink printing from nanoflake dispersion was used to fabricate MoS2-based sensors
investigated as a part of the doctoral research. The dispersion consisted of MoS: flakes of
100—400 nm lateral size and thickness of 1-8 monolayers and mixed ethanol-water solvent. The
concentration of flakes provided by the producer was 18 mg/L (Graphene Supermarket). MoS:
flakes were subjected to ultrasonication for 30 minutes to reduce aggregates and further
deposited onto the ceramic (Al203) substrates from Tesla (type KBI2). Each sensing substrate
includes a Pt 1000 temperature sensor, heater, and platinum interdigitated electrodes structure
(IDES) of line/gap width of 15/15 ym, enabling measurements at elevated temperatures. Ink
printing was realized using Nordson Precision Fluid Dispenser (type Ultimus Plus Il). Droplets
covering the IDES were formed using the needle tip of the inner diameter of 610 um, and the
printing was repeated ten times due to the low concentration of flakes in the dispersion. After
deposition of each layer, the material was dried in airflow (~50-60 °C) to evaporate the residuals
of the solvent. Multiple printing repetitions ensured that the randomly oriented nanoflakes
overlapped and provided the percolation network between the terminals for electrical
measurements. Table 4.1 summarizes the printing parameters, and Figure 4.2 illustrates the

printing process.

Table 4.1 Printing parameters for MoS2-based sensors.

Temperature of the substrate/dispersion RT/RT

Drying temperature ~50-60 °C
Carrier gas pressure ~0.04 bar (0.6 psi)
Time of deposition (releasing a single droplet) 0.05s
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Figure 4.2 Schematic representation of the MoS: layers printing procedure: (a) MoS:2 dispersion deposited
onto a ceramic substrate with interdigitated electrodes (IDES); (b) the fastest solvent evaporation and
accelerated aggregation of MoS:2 at the edges of the droplet results in the coffee ring effect and non-

uniform flakes distribution. The picture presents the sensor produced with ten layers of MoS:2 flakes on the

ceramic substrate.
4.2 Material characterization methods of gas-sensitive layers

Electrical measurements are often insufficient to establish the sensing mechanisms
ultimately, and other complementary studies, including materials characterization methods, are
necessary. Since surface processes underlie gas detection mechanisms, spectroscopic studies
such as optical microscopy imaging, Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller (BET) method,
and others [47,118,119] supplement sensor electrical responses and give insight into surface
interactions, especially when conducted in situ [120]. Material characterization methods
complement the analysis of gas sensors performance by providing information on the structural
characteristics of the sensing surface as well as optical properties relevant from the light-assisted

detection point of view.

To characterize the surface of the sensing materials selected for the doctoral research,
optical microscopy or scanning electron microscopy (SEM) was used. The Cu-grown graphene
transferred to the Si/SiO2 is expected to exhibit a high density of morphological defects. These

include point and edge defects due to partial overlapping of the monolayers and cracks exposing
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their edges, resulting from the growth and transfer processes. Figure 4.3 shows the structure of
the GFET, where graphene of approximately 0.2 mm? size serves as a transistor channel. The
confocal microscopy image confirms the defective morphology of graphene prepared for gas
sensing. The magnified region demonstrates a high density of defects that can constitute binding

sites for molecular adsorption.

L =635pum "

W = 320 pm

GFEel 10

Figure 4.3 Confocal microscopy image of an investigated GFET. The area of the graphene channel is

~0.2 mm?2. The magnified region shows a significant number of point and edge defects. Imaging was
performed with Olympus, 3D LEXT OLS5100 [121].

For carbon nanotube networks, SEM imaging (Zeiss Auriga 60) confirmed that layers
exhibiting different densities of randomly oriented nanostructures correlate with their optical
transparency [122]. The structural properties of CNTs were additionally investigated via Raman
spectroscopy using Renishaw inVia Raman microscope. The deconvolution of the Raman spectra
showed that the diameter of the dominating nanotubes was 2.02, 1.76, 1.89, 1.82, and 1.98 nm
for networks of 60, 70, 80, 90, and 95% transparency, respectively. The UV-vis spectroscopy
(performed with LAMBDA 1050 spectrophotometer) of networks of different transparencies

confirmed that high-density samples exhibit higher visible and UV light absorbance.

In the case of the ink-printed MoS: sensors, optical imaging (Figure 4.4a) indicated that
the sensing layer consists of sub-um structures forming a non-uniform layer with aggregates at
the edges of the substrate (coffee ring effect reported for similarly deposited materials [123]).
Moreover, UV-vis spectroscopy studies of the MoS: dispersion and the position of main
absorption peaks on the spectrum (Figure 4.4b) revealed characteristic optical and structural
properties of the material. A-B doublet at 602 and 660 nm is associated with the optical properties
of the material; particularly, the A band at 660 nm corresponds to the energy of 1.9 eV ascribed
to the direct optical bandgap in MoS2. The position of the A band can also indicate the thickness
of the MoS: layers, suggesting that MoS: flakes in the dispersion are mainly bilayers and
monolayers, according to the approach presented elsewhere [124]. Additionally, the
C-D doublet characterizes the nanoflakes, and its position can be blue-shifted with their
decreasing size.
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Figure 4.4 (a) Optical microscope image (500x magnification) of 10-layered MoS: structure consisting of
nanoflakes, and (b) UV-vis absorbance spectrum for MoS: flakes dispersion used for gas-sensitive layers
printing. Letters A and B (660 nm and 602 nm) represent optical band transitions independent from the
lateral dimensions of the MoS: flakes. Letters C and D (387 nm and 323 nm) represent the excitonic bands
ascribed to the nanosized sheets of MoS:. Optical imaging was performed with a Delta Optical MET-1000-
TRF microscope, and UV-vis spectra were collected using Evolution One Plus UV-vis two-beam

spectrophotometer (Thermo Scientific).
4.3 Resistive response measurements

DC measurements are the most common for studying the performance of electrical gas
sensors. These types of sensors utilize the fact that the changes in the surrounding atmosphere
affect the electrical properties of the active component that can be easily measurable as an
electrical signal, i.e., change of current flowing through the sensing layer or voltage across the
sensor induced by material resistance changes. Chemiresistive sensors operate as signal
transducers for chemically-driven surface processes that affect the electronic properties of the
active material, resulting in the change of layer conductivity in specific ambiances. The simplest
way to measure chemiresistive sensor performance is to monitor electrical quantities — current,
voltage, or resistance — in time. Usually, the resistive sensor response S = (Rs-Ro)/Ro is defined
as the relative change of the sensor resistance Rs at investigated gas in reference to the
resistance Ro in the inert atmosphere (N2 or Ar), synthetic air, or laboratory air (as presented in
Table 2.1). The transient curves (change in Rs vs. time) can be further used to derive several
quantities of the sensor, such as the maximum resistive response Smax in a single cycle, response
time #es, recovery time zec, or the short-time drift character (Figure 4.5). If it can be observed that
the drifting baseline follows a specific dependence in time (e.g., exponential or linear), the fitted
function can be used to subtract the drift from the experimental data. Additionally, collecting
maximum resistive responses for selected concentrations of target gas enables detection limit

estimation.
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Figure 4.5 lllustration of an exemplary transient curve (consecutive cycles of response-recovery) obtained
during three cycles of gas detection. The fundamental quantities derived from the curve are maximum
response (Smax), response time (zes), recovery time (zec) (definitions provided in Table 2.1), and drift

baseline.

Generally, the sensor response to gases can be positive or negative, depending on whether the
resistance increases or decreases during exposure to the target gas. The direction of resistance
changes can vary for different gaseous species, mainly depending on the oxidizing or reducing
properties of ambient gas as well as the type of conductivity of the gas-sensitive layer. For
simplicity, semiconducting materials can be divided into n-type with electrons as majority charge
carriers and p-type with holes as majority charge carriers. Moreover, gaseous species can be
divided due to their oxidizing or reducing properties, defined by their ability to accept or donate
electrons. Oxidizing agents such as NO2, NO, SO, or Os are capable of withdrawing electrons
from the sensing material during surface interactions. Thus, after the adsorption of these
molecules, the capture of electrons causes the growth of resistance for materials of n-type
conductivity and, on the contrary — the drop of resistance for p-type semiconductors. Exemplary
reducing agents such as NHs, Hz, or VOCs cause the opposite effect since they donate electrons.
Therefore, resistive responses can provide information about the direction of charge transfer at
the interface between molecules and the sensing material or the possibility of redox reactions

occurring at the surface.

A simple resistor configuration of the sensing device is required to realize the
abovementioned measurements. Two contact pads (usually metallic) with a deposited sensing
layer in between allow transient curve monitoring. The substrates used for resistive sensors are
often Si/SiO2. However, a resistive configuration of the sensing device enables the use of glass,
paper, or polymeric substrates as well since they do not have to be conducting. This way,
miniaturized, thin, and flexible sensors can also be obtained [125]. Other configurations of

electrical gas sensing devices enable additional modulation that may enhance sensing
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performance. One option is fabricating sensors as field-effect transistors, providing the gate
electrode for additional tuning. The gas-sensitive layer is deposited between the two contacts
(source and drain) and serves as a channel in a FET sensor. The third electrode — gate — is often
applied between the substrate and one of the metal contacts. Gate voltage modulation enables
measurements of current-voltage characteristics and possibly finding the optimum parameters for
the highest sensor responses. For FET-configured sensing devices, transfer curves (Ips vs. VG)
are usually collected to observe the impact of gate voltage modulation on sensor responses. In
the case of Schottky diode-configured sensing devices, I-V characteristics can be collected to see
at which voltage bias the sensing responses are the highest. Additionally, Schottky barrier
properties can be derived from the /-V curves and associated with the changing ambiance.

This thesis demonstrates and investigates three sensor configuration types: a resistor
with ink-printed MoS: flakes or carbon nanotube network, FET with graphene as a channel or
gate or FET with a ZrSs channel, and a diode with a graphene-Si Schottky junction. Due to
differences in configurations of the measured devices, two setups were used for the sensors

performance investigation and data collection. Each setup consists of three main parts:

1. gas control and distribution system,
2. the station with the investigated sample, light source (LED), gas inlet/outlet,

3. units for biasing and measuring the sample and data collection.

Figure 4.6 illustrates the experimental setup for realizing DC measurements and gas sensing
experiments with prototype sensors proposed in the research. Different configurations of the
investigated samples required two independent gas sensing chambers connected with
controlling, measuring, and data acquisition units (part designated as 2 in the experimental setup
presented in Figure 4.6). The resistive sensors with MoS: flakes utilized ceramic (Al203)
substrates with six terminals (Ag wires of z 0.25 mm) to connect the temperature sensor, heater,
and interdigitated electrodes (IDES) with a deposited gas-sensitive layer. Metallic terminals
enabled connecting the sensor to the necessary units via the Teflon board. The station with the
investigated sample consisted of a glass gas chamber of 100 mL volume with a gas inlet and
outlet for electrical measurements of resistors in selected gases (Figure 4.7). On the other hand,
FETSs, Schottky diodes, and carbon nanotubes-based resistors investigated in this research were
prepared on the Si substrates with deposited metallic electrodes that did not facilitate bonding of
the sample with the PCB board. The probe station with manipulators with titanium needles was
used to connect the sample electrodes with the measuring and biasing units for their
measurements. The exact positioning of the needles was realized under microscopic
magnification. The probe station was put inside a metal shielding box that limited the external
interferences from the laboratory airflow and external light sources. The photographs in Figure 4.8
demonstrate two investigated samples: graphene FET (GFET) and graphene-silicon (G-Si)

Schottky diode put in the probe station for gas sensing experiments. All DC parameters
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measurements were realized using a parameter analyzer, Keithley, type 4200A-SCS, with two

source-measure units (Keithley, type 4201-SMU).
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Figure 4.6 The experimental setup for measuring DC gas sensing responses of prototype sensors based
on a resistor, FET or Schottky diode configuration divided into three main parts: 1 — gas distribution system
with mass flow control software — two calibration bottles are depicted as an exemplary target gas (NO2)
and carrier gas (synthetic air — S.A.); 2 — gas sensor chamber with gas inlet/outlet; 3 — system for biasing

and measuring sensors with signal acquisition unit.

Figure 4.7 (a) Photograph presenting the gas sensor chamber for measuring resistive sensors under
selected LED irradiation. For measurements of the MoS2 sensor of high resistance (MQ to GQ range),
Teflon board was used on one side of the chamber instead of PCB to reduce leakage currents as depicted
in (b). Selected UV LED was placed close to the sensing surface of MoS: (less than 0.5 cm of distance).
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Figure 4.8 Photographs presenting the probe station with titanium (Ti) needles connecting the (a) GFET
sensor and (b) G-Si Schottky sensor with the necessary measuring and biasing units. The metal pipe
visible in both images delivers the target gas to the sensing surface. Selected LEDs can be placed close

to the sensors (less than 0.5 cm of distance) via the individual manipulator.
4.4 Low-frequency resistance noise measurements

The DC resistance of different 2D materials used as active components in gas detection
systems imposed on adjusting the setup for low-frequency noise measurements. As mentioned
in Chapter 3, graphene-based devices exhibit intense voltage or current fluctuations, whereas the
normalized current noise Si/l? is low due to the high current flowing through the graphene at
a certain voltage bias (equal to low resistances of carbon nanomaterial). On the contrary, 2D
semiconductors such as MoS: or ZrSs exhibit so high resistances (the range of MQ or even GQ)
that it is challenging to measure their noise, but the normalized power spectral density of current
fluctuations is much higher than for graphene and carbon nanotubes. In the case of highly
resistive samples, the 1/f noise measured at the device can be so low that it is partially or entirely
suppressed by the background noise (primarily inherent noise of the measurement setup), so
measuring such devices requires a specific setup. For simplicity, the gas sensors investigated
within the research were divided into low/middle-resistance (resistances in the Q and kQ range)

and high-resistance (resistances in the MQ or even GQ range).

The low-frequency noise measured in the sensing systems utilizing GFETs and carbon
nanotube resistors employed a low-noise operational amplifier and a current source with biasing
current depending on the specific device and active material. The maximum voltage gain k
obtained in the circuit was up to 1000. The G-Si Schottky diode exhibited more than ten times
higher resistances than GFET (~500 kQ at 4 V bias), so an independent circuit was used to record
voltage fluctuations v(t) as depicted in Figure 4.9. The same illustration can generally demonstrate
the circuit for low-frequency noise measurements of the low/middle-resistance devices (below

1 MQ). The elements marked in red can be changed and adjusted based on the selected device

45


http://mostwiedzy.pl

A\ MOST

under test (DUT) and a complementary resistor R with resistance close to the resistance of DUT
(R =475 kQ in the case of the G-Si sample).

Figure 4.10 illustrates the circuit applied for low-frequency noise measurements of high-
resistance samples, including MoS: resistors and ZrSs transistors. Here, due to highly resistive
samples, the voltage fluctuations are measured at the complementary sensor R = 47 kQ, and
they are then converted into current fluctuations at the sensor Rs. The voltage Vr measured
across the resistor R is used to calculate the current flowing through the sensor Rs for
normalization of the current noise. A low-noise voltage amplifier (Stanford, model SR560) and
data acquisition board (National Instruments, type USB-4431) or a dynamic spectrum analyzer
(Stanford Research Systems, model SR785) were used for low-frequency noise measurements

of the samples based on graphene, carbon nanotubes, G-Si junction, MoS2, and ZrSs.
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Figure 4.9 Schematic of the circuit for low-frequency noise measurements for the low/middle-resistance
sensors (here for G-Si Schottky diodes). The resistance R was adjusted to be close to the diode
resistance. The voltage gain k was equal to 1000. Biasing voltage Vo was between 1.20 and 3.64 V for the

G-Si sample.
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Figure 4.10 Schematic of the circuit for low-frequency noise measurements for the high-resistance
sensors (based on MoS2 and ZrSs). The voltage across the resistor R (Vr) was monitored to obtain the
current / flowing through the sensor Rs. The voltage gain k was adjusted for each device and was equal to
200 for the MoS2- and 2000 for the ZrSs-based sensor. Biasing voltage Vo was set to 20 V for MoS2 and
6 V for ZrSs devices, which depended on DC characteristics collected for both samples. One of the
batteries is marked as optional (in brackets) since it was only required for MoS2 samples to obtain an input

voltage exceeding 12 V.
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5. EXPERIMENTAL RESULTS AND DISCUSSIONS

This section is devoted to the most important experimental results collected within the
doctoral research on the system of gas detection by selected 2D materials. The section is divided
into a discussion on gas sensors based on carbon nanomaterials with a focus on graphene-based
sensors and carbon nanotubes case as supplementary research and 2D semiconducting
materials, including the representatives of TMDCs (MoS2) and TMTCs (ZrSs).

5.1 Gas sensors based on carbon materials
5.1.1  Graphene back-gated FET

Graphene, a leading representative of the 2D materials class, was considered a primary
candidate to serve as an active component in the system of gas detection proposed within the
doctoral research. Based on the literature review provided in Chapter 2, the most relevant issues
that still require optimization and improvement in graphene-based gas sensors are selectivity,
long-term stability and reproducibility of responses, room-temperature processing and operation,
and simple manufacturing procedures of graphene layers. Thus, the methodology of fabrication
and measurements performed on the graphene-based sensors was selected and developed in
a way that attempted to tackle and fulfill these requirements. Moreover, the research was devoted
to understanding and proposing a method of gas detection based on DC and noise response

studies.

The graphene-based FETs (GFETs) were fabricated via the procedure illustrated in
Figure 4.1 and characterized by a high density of surface defects, as depicted in Figure 4.3, based
on laser confocal microscopy imaging. The exemplary GFET sensor had ~0.2 mm? of the channel
area (active sensing area). The advantage of using CVD-graphene grown on Cu foil with
subsequent transfer to the selected substrates is the simplicity of producing large-area graphene
of defective surface potentially beneficial for gas sensing. To improve the selectivity of pure
graphene, the methodology of experiments and sensing analysis included the combination of DC
resistance measurements and fluctuation-enhanced sensing. The responsivity of the GFET
sensor to selected organic vapors was studied in the dark and under UV irradiation (wavelength
of 275 nm, optical power density up to 1.59 mW/cm?). DC response studies were conducted
according to the scheme illustrated in Figure 4.6 and utilized the probe station depicted in Figure
4.8a. Details of GFET fabrication, measurement procedures, and gas sensing experiments are
described in the article Drozdowska K. et al. (2022). Organic Vapor Sensing Mechanisms by
Large-Area Graphene Back-Gated Field-Effect Transistors under UV Irradiation. ACS Sensors,
7, 3094-3101 and Supplementary Material provided with the article [121]. The most important
results of DC characteristics and low-frequency noise measurements are succinctly discussed

and concluded below.
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Figure 5.1a presents the DC characteristics of the GFET sensor resistance Rs as
a function of back-gate voltage Vs for nitrogen, acetonitrile (156 ppm), tetrahydrofuran (100 ppm),
and chloroform (100 ppm). Nitrogen was a reference atmosphere and simultaneously a carrier
gas to produce organic vapors. The Rs-Vs characteristics were collected at room temperature in
the dark and after irradiation with UV light for 20 minutes. Monitoring the voltage drop across the
sensor supported controlling the steady state for the GFET operating in the selected conditions.
The characteristics collected in the reference atmosphere confirm that the graphene channel has
p-type semiconducting properties, as the hole-conductivity region of the transfer curve is visible
over the whole investigated voltage range. This also means that the charge neutrality point is
shifted toward high positive gate voltages exceeding 60 V, which agrees with the graphene
properties in the atmospheric air. Figure 5.1a shows that the GFET sensor exhibits a distinct
response to each organic gas. Additionally, the relative changes of the sensor resistance increase
with increasing positive voltage bias. The response was determined as the difference between
the sensor resistance in the target gas and the reference gas divided by the resistance in the
reference ambiance (according to the description provided in Table 2.1). The acetonitrile vapor
produces the least significant DC response (-0.15 of the response being a relative resistance
change at Vi =60 V in the dark), and UV light even decreases the sensitivity (response of -0.09).
Presumably, the adsorption energy of acetonitrile on graphene in the investigated system is low,
and UV irradiation causes its partial desorption instead of stronger interaction with the sensing
surface. Chloroform induces the same direction of resistance changes as acetonitrile, with
a similar response in the dark but more than four times greater under UV light (response of -0.13
in the dark and -0.37 under UV light). Interestingly, only tetrahydrofuran (THF) shifts the Rs-Vs
curve toward negative voltages, revealing the Dirac point at ~50 V. The direction of changes
induced by THF suggests that it acts as a strong n-type dopant for graphene, whereas chloroform
and acetonitrile enhance p-type doping. Considering the chemical nature of the organic vapors
investigated for gas detection by GFET, the differences in polarity and structural configuration of
organic molecules are expected to induce differences in charge transfer at the molecule-graphene
interface. Additionally, the presence of specific functional groups and the geometric configuration
influence the adsorption energy. According to first-principles calculations, these can cause
a significant charge rearrangement (accumulation or depletion) due to induced dipole interactions
[126]. Considering the reduction of GFET resistance caused by acetonitrile and chloroform
adsorption and the differences in their adsorption energies on graphene reported in other studies
(234-286 meV for acetonitrile [127] and 357 meV for chloroform [128]), it can be concluded that
chloroform creates a depletion layer at the sensing surface resulting in majority carriers (holes)
accumulation in graphene. In contrast, acetonitrilie demonstrates weaker and presumably

dispersive interaction with the GFET channel.

Since the THF vapor caused the most significant change in the GFET transfer curve and

demonstrated strong n-type doping of graphene, this case was investigated more thoroughly in
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order to explain possible light-enhanced sensing mechanisms of the investigated system.
Figure 5.1b presents the shift (a close-up of the region between -30 and 30 V) observed between
the transfer curve in the dark (solid green) and under UV light (dashed green). The shifted curve
(dashed black) overlies the dark-case curve with a vertical shift of 128.8 Q (ARs) and a horizontal
shift of 15.35 V (AVG). Since UV light can have a twofold effect on the conducting properties of
2D systems (photoconductive and photogating effects described in Chapter 2.4.1), a similar
phenomenon can be considered for UV-assisted gas sensing by GFET, and the transfer curve
obtained under irradiation can be decomposed accordingly. With the simplifying assumption that
photoconductive and photogating effects occur independently in graphene, they can be assigned
to vertical and horizontal shifts in the Rs-Ve curve, respectively. ARs corresponds to 4% of the
relative change of channel resistance, and AVs constitutes a 13%-change regarding the
investigated voltage range (-60 to 60 V). This confirms that the photogating effect appearing as
the horizontal shift in gate voltage induced by UV light dominates over the photoconductivity. The
photogating during THF exposure can be ascribed to strong charge accumulation and creating

potential acting as additional gate voltage for the graphene channel.

Figure 5.1 (a) DC resistance Rs of the GFET sensor between the drain and source as a function of gate
voltage Vs for selected gases in the dark and under UV irradiation (275 nm), and (b) a close-up of
characteristics for THF, showing that UV light shifts both sensor resistance and gate voltage. The black
dashed curve overlapping the solid green one refers to the curve under UV (275 nm) after the shift by ARs

and AVe marked by black arrows.

To complement DC response studies of the GFET, low-frequency noise measurements
were conducted under the same gas and light conditions. Figure 5.2 presents the product of
power spectral density of voltage fluctuations Sv(f) (normalized to the squared voltage across the
sensor Vs?) and frequency f. The GFET exhibits characteristic Lorentzians emerging from the 1/f
noise spectra in the dark and under UV irradiation. The most distinct maxima appear below 1 Hz
for THF, between 1 and 2 Hz for acetonitrile, and at ~1 and ~30 Hz for chloroform in dark
conditions. Under UV light, these characteristic frequencies change, leading to similarly shaped
spectra for three organic gases. UV light is observed to shift the characteristic frequencies below

1 Hz, suggesting the presence of fluctuations originating from processes of longer lifetimes. Thus,
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for the investigated frequency range (0.5-500 Hz), noise measured in the dark ensures higher
selectivity of the GFET sensor, even though target gases were more distinguishable from DC
characteristics under UV light. Comparing the obtained low-frequency noise results with the
reports of A. Balandin et al. [39] and S. Rumyantsev et al. [8], it can be seen that the characteristic
frequencies appear in similar ranges with minor shifts for the investigated organic vapors. It
suggests that the active material in the sensor (graphene) is the crucial factor in obtaining
Lorentzian characteristics for the adsorption of specific gases. Additionally, the abovementioned
reports demonstrated high-quality graphene of ~10 ymZ size, much more challenging to fabricate
with reproducible features than large-area graphene grown on Cu foil with a high density of
surface defects.

Figure 5.2 Power spectral density of voltage fluctuations Sv(f) normalized to the voltage across the sensor
squared Vs? and multiplied by frequency f for a GFET sensor. Plots (a) and (b) show the spectral range

between 0.5 and 500 Hz with 0.5 Hz resolution in the dark and under UV irradiation, respectively.

The stability in time and reproducibility of responses to organic vapors were consecutive
issues put under investigation, and the aging process of the GFET sensor was studied next. In
between consecutive weeks of GFET measurements, the sample was annealed at 300 °C for 30
minutes under a high vacuum (between 1x107 and 5%107 mbar). The procedure ensured the
complete recovery to the sensor baseline resistance after consecutive detection cycles.
Moreover, the graphene channel is prone to adsorb oxygen and humidity from ambient air when
it is not constantly in an inert atmosphere. The aging process of the GFET sensor was studied for
seven subsequent days of sensor exposure to chloroform in the dark and under UV light. The
collected values of DC resistance Rs and normalized noise amplitude for the 60—90 Hz range are
depicted in Figure 5.3. The lack of intermittent cleaning of the sensor surface with high
temperature resulted in a shift in sensor baseline resistance from almost 10 kQ on day 0 to ~5-
6 kQ for days 1-7 (in nitrogen as a reference), which affected the responsivity to chloroform. In
the dark, a significant change in the sensor resistance was observed only on day 0 — the start of
the measurement cycle. Simultaneously, higher changes in Rs with less variability during

consecutive days are observed for chloroform introduction under UV light. No strict dependence
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between the normalized noise and the number of days was observed — the product of frequency
and normalized power spectral density of voltage fluctuations oscillated between

108 and 1077, both for dark conditions and UV light assistance.

Figure 5.3 Results for a GFET sensor aging process of seven days of exposure to chloroform without
intermittent cleaning of the sensing surface: (a) DC resistance Rs at gate voltage Vs = 60 V and (b)
normalized power spectral density of voltage fluctuations (Sv(f)/Vs? x f) as a mean value taken in the

frequency range of 60—90 Hz. The error bars in (b) present the standard deviation from the mean value.

Day 0 refers to measurements conducted for the sensor just after the cleaning at high temperature and

under a high vacuum.

Additionally, restoring the sensor baseline only with UV irradiation was investigated and
referred to as a refreshing process. In contrast to annealing at high-vacuum conditions, it requires
a UV light source and nitrogen ambiance, so it is entirely a room-temperature operation. The
refreshing process was conducted after seven days of the aging process of GFET in chloroform.
Figure 5.4a depicts the transfer curves obtained for 100 minutes of sensor irradiation in an inert
atmosphere. The process is relatively slow in time (the average change of ~11 Q per minute), but
it stabilizes after 90 minutes at ~5.5 kQ. UV irradiation supports desorbing previously adsorbed
species (oxygen species and chloroform residues), and nitrogen ambiance prevents the
readsorption of atmospheric oxygen and humidity. Nevertheless, the results show that the
cleaning procedure at elevated temperatures is much more effective in restoring the baseline
resistance of graphene, while UV irradiation provides only partial recovery. Additionally, utilizing
UV light does not affect the shape of the 1/f noise spectra, as demonstrated in Figure 5.4.b, which
confirms that characteristic features observed in Figure 5.2 originate from the adsorption

processes of the organic gases.
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Figure 5.4 Results for a GFET refreshing process using UV irradiation under an inert N2 atmosphere: (a)
DC resistance Rs vs. gate voltage Ve for different times of continuous refreshing process and (b)
normalized noise spectra multiplied by frequency (Sv(f)/Vs? x f) collected before, during (60 minutes and

100 minutes), and after sensor refreshing.

The issue of graphene susceptibility to the ambiance, resulting in the aging process and
electrical properties drifting over time, encouraged the testing of graphene-based sensing devices
in other configurations and using different substrates. The next tested device was a FET, which
employed an epitaxially grown heterostructure of aluminum-doped and pristine gallium nitride
(AlGaN/GaN) as a substrate instead of Si/SiO2. The channel is then formed with two-dimensional
electron gas (2DEG) at the AlIGaN/GaN interface due to strong polarization effects (creating an
n-type channel). Graphene utilized in the device served as the gate electrode and was deposited
onto the GaN layer by the same CVD process as in the case of fabricating GFETs described
earlier in Chapter 4.1. This way, the same type of graphene was tested in differently configured
sensing devices. Moreover, a hybrid graphene-GaN device can combine both the high intrinsic
sensitivity of graphene with the high thermal, mechanical, and chemical durability of GaN layers.
The details of this study are demonstrated in the article: Drozdowska, K. et al. (2023). The effects
of gas exposure on the graphene/AlGaN/GaN heterostructure under UV irradiation. Sensors and
Actuators B-Chemical, 381, 133430 [129] and respective Supplementary Material.

The graphene/AlGaN/GaN sensor was subjected to DC characteristics and low-
frequency noise measurements under selected ambiances of inorganic (nitrogen dioxide, NOz2)
and organic (tetrahydrofuran, C4sHsO; acetone, C3HsO) target gases. The selection of target gases
was adjusted to test the sensor responsivity to oxidizing and reducing agents and to compare the
influence of tetrahydrofuran on graphene deposited on the GaN substrate. The measurements
were conducted in the dark and under UV irradiation (wavelength of 275 nm, optical power density
up to 1.59 mW/cm?). The UV light was observed to shift the drain-source current vs. gate voltage
(Ibs-V) characteristics by reducing the FET ON/OFF ratio by a few orders of magnitude and
shifting the threshold voltage from -3.45 V in the dark to -4.39 V under UV light. Moreover, the

effect of oxygen and humidity from atmospheric air on the DC characteristics of the
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graphene/AlGaN/GaN device was minor. The sample was subjected to the cleaning procedure
(annealing at 300 °C under pressure between 1.0x107 and 1.5%107 mbar) only once — prior to
the sensing experiments, but it did not require intermittent cleaning between the measurements
in contrast to graphene back-gated FET to regain its baseline. This observation was attributed to
the difference in the substrate below the graphene layer and the use of the graphene as a gate
instead of a channel.

Figure 5.5 depicts the effect of UV light and selected concentrations of NO:2 (oxidizing,
inorganic gas) on DC characteristics of graphene/AlGaN/GaN FET with a graphene layer of
~600 um? surface area. The insets in Figure 5.5a show the magnifications of the transfer region
between the OFF and ON states of the investigated FET and confirm that the characteristics shift
toward positive gate voltage with increasing concentration of NO2. Figure 5.5b confirms that the
changes in Ibs with the gas concentration follow the negative linear dependence according to the
R? figure of merit close to 1 (between 0.95 and 0.98 for selected voltage bias). Additionally, the
UV irradiation reduced the detection limit (DL) for NOz, but the estimated value depended on the
voltage bias. The DL values are estimated as 3.89 ppm in the dark (Ve = -3 V) and 2.47 ppm
under UV light (Ve = -4 V). The results show the possibility of tuning the gate voltage and using
UV assistance to optimize the sensor performance. The time stability of the sensor was
investigated by applying five consecutive cycles of NO2z gas (concentration 5 ppm) introduction to
the sensing surface. The results presented in Figure 5.6 show enhanced sensitivity to NO2 under
UV irradiation; however, the sensor exhibits short-time current drift regardless of the lighting
conditions.

Figure 5.5 (a) Drain-source current Ips vs. gate voltage Ve for selected concentrations of NO2 in the dark
(solid curves) and under UV (275 nm) irradiation (dashed curves), and (b) /Ibs vs. NO2 concentration
showing the linearity of the response in the dark and under UV light. Vs was -3 V for the dark and -4 V or

-4.25 V for the irradiated sensor.
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Figure 5.6 Drain-source current Ips in time for five cycles of introducing NO2 (5 ppm). The gate voltage Vs
was set to -3 V and -4 V for dark and UV-enhanced conditions, respectively. Dashed lines indicate when

the target gas was introduced to the sensing surface.

The effect of reducing gases on the graphene/AlGaN/GaN sensor was tested using
tetrahydrofuran (100 ppm) and acetone (110 ppm) vapors. Figure 5.7 shows Ibs-VG curves
obtained in the dark and under UV light for these two gases. Figure 5.8 demonstrates the transient
curves for five repeatable cycles of organic gas detection. The DC characteristics confirm that the
organic gases can be differentiated more easily under UV light than in the dark. Furthermore,
acetone produces more pronounced and stable responses in time than THF. Overall, the
irradiated sensor detects organic gases with reduced short-time drift.

Figure 5.7 Drain-source current Ibs vs. gate voltage Ve for tetrahydrofuran (100 ppm)

and acetone (110 ppm) in the dark and under UV (275 nm) irradiation.
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Figure 5.8 Drain-source current Ibs in time for five cycles of introducing (a) tetrahydrofuran (100 ppm) and
(b) acetone (110 ppm). The gate voltage Vs was set to -3 V and -4 V for dark and UV-enhanced

conditions, respectively. Dashed lines indicate when the target gas was introduced to the sensor.

Even though both organic species comprise the same elements (C, H, O), their geometrical
configuration and polarity vary. Thus, their adsorption is expected to affect the electrical properties
of the graphene-based FET differently. Compared to NO2, organic species usually bond weaker
to the sensing surfaces, making them easier to desorb in the recovery phase. Thus, the desorption
and the recovery process from strongly binding NO2 molecules can be subjected to a more

pronounced short-time drift of the current flowing through the channel.

The complimentary low-frequency noise  measurements performed for
graphene/AlGaN/GaN sensor revealed the dominating effect of UV irradiation on fluctuations
measured in the 1-500 Hz range. The quantitative detection for selected concentrations of NO2
(5—20 ppm) was not possible in the dark, whereas minor changes in noise amplitude for different

concentrations of NO2 were observed for the lowest frequencies measured (~1 Hz) under UV
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light. Similarly, in the case of organic vapors, the noise was not affected by these gases in the
dark; however, the decrease in the normalized power spectral density of voltage fluctuations
(Sv(f)/Vs?) was observed under irradiation. The discussed results from 1/f noise studies are
presented in Figure 5.9 (for NO2) and Figure 5.10 (for tetrahydrofuran and acetone). UV irradiation

clearly causes more intense fluctuations with emerging Lorentzian close to 10 Hz.

Figure 5.9 Power spectral density of voltage fluctuations Sv(f) normalized to sensor DC voltage squared

Vs? for selected concentrations of NOz2 (a) in the dark and (b) under UV irradiation.

Figure 5.10 Power spectral density of voltage fluctuations Sv(f) normalized to sensor DC voltage squared
Vs? for (a) tetrahydrofuran (100 ppm) and (b) acetone (110 ppm) in the dark (solid curves) and under UV

irradiation (dashed curves).

Figure 5.11 compares the product of Sv(f)/Vs? and frequency f for the investigated target gases
and nitrogen as a reference atmosphere. The characteristic frequencies at which the maximum
occurs (marked with dashed vertical lines on the graph) are 11 Hz, 12 Hz, 13 Hz, and 12 Hz for
nitrogen, acetone, tetrahydrofuran, and nitrogen dioxide, respectively, so the shape of the
spectrum is preserved regardless of the surrounding atmosphere with minor differences in the

noise amplitude. The combination of DC response studies and 1/f noise measurements shows

56


http://mostwiedzy.pl

A\ MOST

a limitation of using graphene-based FETs with GaN substrates as highly sensitive and selective

gas sensors.

Figure 5.11 Noise spectra showing the multiplication product of power spectral density of voltage
fluctuations Sv(f) normalized to sensor DC voltage squared Vs? and frequency f for selected vapors.
Dashed curves demonstrate experimental data, and solid lines correspond to polynomial fitted curves.
Vertical dashed lines indicate the maximum noise values for fitted functions. Characteristic frequencies

occur at 11, 12, 13, and 12 Hz for nitrogen, acetone, tetrahydrofuran, and nitrogen dioxide, respectively.

To conclude the observations from studying graphene-based FETs with two different
substrates (Si/SiO2 and AlGaN/GaN) and varied configurations of graphene (channel or gate

material), a few relevant points can be listed:

e back-gated GFET requires regular surface cleaning at high temperatures and under
vacuum to regain its baseline resistance, whereas graphene/AlGaN/GaN device recovers
to its original baseline overnight;

e DC responses to the selected gases under UV light are higher for a back-gated GFET
than graphene/AlGaN/GaN sensor — for THF vapor, the relative resistive response is
100% at Dirac point for back-gated FET and only 8% in the transfer region of the Ips-Vs
curve for graphene/AlGaN/GaN device;

¢ low-frequency noise studies of the graphene channel enable observing distinguishable
features that can be ascribed to organic vapors, whereas for the device with a graphene
gate, the characteristic Lorentzian appears at a similar frequency for all atmospheres and
can be linked with the dominating effect of irradiating the structure;

e back-gated FETs utilizing large-area graphene as a channel (~0.2 mm?2 of active area)
enable observing characteristic noise features in similar frequency ranges as FETs with
graphene of more than a thousand times smaller surfaces, which confirms the first
hypothesis of the dissertation that low-frequency noise utilized for gas detection by
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back-gated graphene can be scaled up to larger surfaces, facilitating simpler gas

sensor production;

e comparing two devices of distinct configurations of graphene and substrates shows that
FET with graphene channel demonstrates higher sensitivity to selected gases, and FET
with graphene gate exhibits higher stability of its baseline in time, which supports the

second hypothesis of the dissertation that the sensitivity and stability of the gas

sensors based on two-dimensional materials can be improved by substrate

selection.

5.1.2  Graphene-Silicon Schoftky diode

Another device was investigated to study further the possibility of enhancing the
sensitivity and stability of light-assisted graphene-based gas sensors by substrate selection. As
described above, FETs with graphene used as a channel or gate electrode produced distinct
responses to organic and inorganic species that can be distinguished by DC characteristics and
1/f noise measurements. Another tested device with CVD-graphene grown on Cu foil as the main
active component was prepared in the Schottky diode configuration. In this case, graphene was
prepared via the scheme presented in Figure 4.1 with an additional step of selective etching of
SiO2 prior to transferring graphene directly onto the Si substrate. This way, the n-doped Si forms
a Schottky junction with graphene of p-type semiconducting properties in ambient air, confirmed
by DC characteristics. The research on graphene-silicon (G-Si) Schottky diodes was divided into
two parts. The first one was devoted to studying DC characteristics of the junctions under
oxidizing inorganic NO2 and reducing organic THF using irradiation with selected LEDs. The
second one focused on 1/f noise measurements and included the presentation of the possibility
of decorating graphene with metallic nanoparticles. Similarly to GFET measurements, DC
response studies were conducted according to the schematic from Figure 4.6 using the probe
station as depicted in Figure 4.8b. The low-frequency fluctuations were measured employing the
circuit illustrated in Figure 4.9. Details about methodology, including Schottky diodes fabrication
and measurement procedures, are described in the articles Drozdowska, K. et al., (2023).
Enhanced gas sensing by graphene-silicon Schottky diodes under UV irradiation. Sensors and
Actuators B-Chemical, 396, 134586 and Smulko, J., et al., (2023). Low-frequency noise in Au-
decorated graphene—Si Schottky barrier diode at selected ambient gases. Applied Physics
Letters, 122, 211901 and attached Supplementary Materials [130,131]. The most important
results from this research are discussed and concluded below.

The gas sensor in the Schottky diode configuration enables monitoring of current-voltage
(I-V) characteristics in the forward bias at positive voltages (dominated by graphene resistance)
and reverse bias at negative voltages (dominated by the Schottky barrier properties). Thus, DC
characteristics were measured between -4 V and 4 V for the G-Si sensor with the Schottky
junction area of ~0.03 mm?2 (width W =100 pm, length L = 250 um). The current / flowing through
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the Schottky junction can be expressed with the following formula according to the thermionic

emission model [64]:

I = Iy(e®V/nksT — 1), (5.1)

where e is the electronic charge, V is the applied voltage, n is the ideality factor, ks is the
Boltzmann constant, and T is the absolute temperature. The ideality factor informs about the
degree of inhomogeneity at the interface of the two materials and the defectiveness of the junction
and equals 1 for the ideal Schottky diode. Monitoring /-V dependence of the investigated G-Si
junction at room temperature revealed the n factor of 3, suggesting that defects mediate the

charge transport across the Schottky barrier. Additionally, the saturation current o is defined as:

Iy = AA*T?e=¢9B/kBT (5.2)

where A is the Schottky barrier area, A* is the Richardson’s constant (112 A-cm2-K-2 for n-type
Si), and ¢s is the Schottky barrier potential. The formulas (5.1) and (5.2) enable calculating the
Schottky barrier height (SBH) e¢s if the -V characteristics are known. SBH reached 0.78 eV in
the dark, and 0.55 eV and 0.64 eV under irradiation with blue LED (wavelength of 470 nm, optical
power density up to 4.3 mW/cm?2) and UV LED (wavelength of 275 nm, optical power density up
to 1.59 mW/cm?), respectively. Moreover, the Schottky barrier properties were preserved in dry
and humid air conditions, confirmed by comparing DC characteristics in dry synthetic air (S.A.)

and laboratory air with relative humidity between 40-50%.

Qualitative and quantitative studies with oxidizing NO2 and reducing THF as the target
gases were conducted to evaluate the effect of irradiation on the G-Si junction current responses.
Figure 5.12 shows time-evolved /-V characteristics for a constant value of NO2 concentration
(2 ppm diluted in dry S.A.), demonstrating a similar current response between 80% and 90%
during the 1-hour introduction of the target gas to the sensing surface regardless of the used
irradiation. However, the magnified regions close to 4 V bias show that the response saturates
quicker for the irradiated sensor than in the dark, and the responses are higher for high positive
voltage. The response A marked on the graphs signifies the percentage of the relative change in
the current flowing through the diode /gas in the target gas compared to the current in the reference
atmosphere (S.A.) lair, SO A = (Igas—/air)/lair. Since the forward regime of the /-V characteristic is
dominated by the series resistance of the diode (mainly the resistance of the graphene layer), the
shift caused by NO2 adsorption in this region is linked to the change in graphene resistance. Since
the current increases during gas detection, graphene resistance decreases, which agrees well

with the oxidizing nature of NO2 molecules and p-type semiconducting properties of the CVD-
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grown graphene in the ambient air. On the other hand, the reverse regime of the characteristic is
not influenced by the atmosphere, only by the incident light. Blue and UV light cause the growth
of the reverse saturation current, and the effect is presumably correlated with the penetration
depth and irradiation intensity. Blue light with a longer wavelength and more than 2.6 times higher
optical power density shifts the characteristic and decreases the SBH slightly more than UV light.
Quantitative measurements under UV light with the same sensor and NO: (Figure 5.13)
demonstrate that the current increases gradually with increasing gas concentration (1-3 ppm).
The data points derived from the /-V curve at 4 V were used to estimate the theoretical detection
limit (DL) of the G-Si sensor equal to 75 ppb for NO2 detection under UV light, which is comparable
with the values reported for GFETs and graphene-suspended arrays demonstrated in Chapter 2
(Table 2.2). Additionally, the G-Si junction exhibited repeatable response/recovery cycles under
NO: introduction, with the average response and recovery time estimated as 635 s and 1670 s
for different gas concentrations, respectively. The adsorption/desorption pace demonstrated in

Figure 5.14 is similar to that reported by other authors for graphene-silicon interfaces [65,66].
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Figure 5.12 Current-voltage characteristics of the investigated G-Si Schottky diode (W =100 pym,
L =250 pm) in an ambient atmosphere of NO2 (2 ppm) collected (a) in the dark, (b) under blue LED
(470 nm, 4.3 mW/cm?), and (c) UV LED (275 nm, 1.59 mW/cm?). The I-V characteristics were recorded at

equal intervals of 15 minutes after introducing NO2 gas.
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Figure 5.13 (a) Current-voltage characteristics of the investigated G-Si Schottky diode (W = 100 pm,
L =250 pym) for NO2 (1-3 ppm) under UV light, (b) data points at 4 V bias (derived from /-V characteristics)
for detection limit (DL) estimation. Black error bars represent the accuracy of the current measurements.

Each characteristic was collected after 60 minutes of target gas introduction.

Figure 5.14 Time response of the G-Si Schottky diode (W = 100 pm, L = 250 um) at 4 V bias for NO2
(1-3 ppm) under UV irradiation. Each cycle consisted of 45 minutes of NO2 flow and 45 minutes of

recovery in S.A.

The following studies involved the detection of organic and reducing THF of different
physicochemical properties than the NO2 molecule. Based on the research on graphene-based
FETs presented earlier in this chapter, it is evident that cyclic THF molecules interact strongly
with the defective surface of Cu-grown graphene and shift its conductivity profile toward n-type
semiconducting properties, especially under UV irradiation (tested wavelength = 275 nm). The
accumulation of charges near the graphene interface and a strong photogating effect observed
during UV-enhanced THF detection were expected to affect the G-Si Schottky junction properties,
including the height of the barrier. Qualitative detection of THF (100 ppm) presented in Figure
5.15 revealed that THF induces the most pronounced changes in the /-V characteristic under UV

irradiation with only a moderate downward shift in the forward regime and a more substantial
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decrease of the current in the reverse bias (highlighted in the magnified region in Figure 5.15c).
These observations suggest that THF induces changes in graphene resistance that are visible
for positive voltage bias but also influences the Schottky barrier properties when applying UV
light. The moderate decrease in the diode current confirms the n-type doping of graphene by THF,

which donates electrons to the sensing surface.
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Figure 5.15 Current-voltage characteristics of the investigated G-Si Schottky diode (W =100 ym, L = 250
Um) in an ambient atmosphere of 100 ppm of THF vapor operating (a) in the dark, (b) under blue LED
(470 nm, 4.30 mW/cm?), and (c) UV LED (275 nm, 1.59 mW/cm?).

The differences in SBH after THF adsorption can be calculated based on formulas (5.1) and (5.2)
for the diode current before (lair) and after (/gas) gas introduction and the change in SBH can then

be reduced to a simple expression:

(5.3)

I
eApg = —kgTln (ﬁ)

Iair

Based on this formula, the shift in SBH was calculated to be 16 meV for a 60-minute exposure to

THF, and the average response and recovery times were estimated as 914 s and 997 s.
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Supplementary measurements for varied concentrations of THF (50-200 ppm) at 4 V bias allowed
the estimation of DL = 31 ppm for the tested organic vapor. Moreover, the analogous DC
measurements for THF vapor under UV light with the Schottky junction of a bigger area
(~0.07 mm?2) showed that diodes exhibit similar junction properties regardless of their size (SBH
of 0.64 eV and 0.63 eV for both samples) and minor differences in sensing responses can be

ascribed to local variations in graphene defective morphology.

The second part of the investigation on G-Si junctions was devoted to studying low-
frequency noise and the effect of decorating graphene surface with gold nanoparticles (AuNPs).
Nanostructures act as additional elements bonded to the surface and the source of localized
surface plasmon resonance (LSPR) induced with the incident light of wavelength correlated with
the resonance peak of absorption for AuNPs. The Au nanoparticles were deposited onto
graphene employing the Advanced Gas Deposition technique (AGD). AGD enables obtaining
nanoparticles of log-normal size distribution. The average size of deposited Au nanoparticles was
8 nm, and they exhibited the maximum absorption at 586 nm (yellow light), corresponding to the
resonance wavelength of the structures. The corresponding article collectively presents details of
the fabrication process with structural and optical characterization [131]. The yellow LED
(wavelength of 592 nm) was utilized in DC characteristics and 1/f noise measurements to induce

LSPR and monitor the changes in the G-Si junction properties after inducing the plasmonic effect.

Since the yellow light is less energetic than blue or UV irradiation, and LSPR relates to
the collective oscillations of charge within and beyond the volume of nanoparticles, the induction
of plasmon resonance was expected to affect the noise spectra. To compare noise spectra with
those obtained for GFETSs, the experiments were conducted with two organic vapors of different
physicochemical properties — tetrahydrofuran (THF) and chloroform (CHCIs) that induced
characteristic Lorentzians in the 1/f noise spectra of Cu-grown graphene. Figure 5.16 shows the
DC characteristics for the selected vapors in the dark and under yellow light for the Au-decorated
G-Si junction. The results in the logarithmic scale demonstrate the increase in the reverse
saturation current by yellow light, and the linear scale exposes the minor changes in the current
during THF adsorption (forward bias over 2 V). Since longer wavelengths do not activate the
photocatalytic effect and acceleration of gas adsorption like UV irradiation, there is only
a minor variation between sensing in the dark and under yellow light for THF and no change for
CHCIs. Moreover, there was no significant effect of gas adsorption and yellow LED irradiation for
the non-decorated sample.
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Figure 5.16 Current-voltage characteristics of the investigated G-Si Schottky diode (W =50 ym, L =
250 pym) decorated with AuUNPs in synthetic air (S.A.), 100 ppm of THF or 100 ppm of CHCls
(a) in logarithmic scale, (b) in linear scale with changes marked for THF ambiance under forward bias.
The solid curves correspond to dark conditions, and the dashed curves represent conditions with yellow
LED (592 nm) irradiation.

The Au-decorated G-Si sample exhibited 1/f noise in the frequency range of 0.5-2000 Hz
for voltage bias between 1.2 and 3.6 V (Figure 5.17a). The variation in the level of noise at 1 Hz
is observed for the Schottky diode irradiated with yellow light, and there is a proportionality
between the power spectral density of voltage fluctuations and voltage squared, meaning that the
recorded noise is generated by the tested device and independent from the measurement setup.
Supplementary measurements with the non-decorated G-Si diode showed that the noise level
does not change with yellow LED irradiation. However, the overall noise intensity is around one
order of magnitude higher than for the Au-decorated sample. For instance, at V = 3.64 V and
fo =1 Hz, Sv(fo) = 2x107 V2/Hz for the Au-decorated device and Sv(fo) = 3x106 VV2/Hz for the non-
decorated one even if its volume was five times greater, and less intense flicker noise was
expected according to the Hooge formula presented in equation 3.5 (Chapter 3). This shows that
the excitation of plasmonic resonance in AuNPs suppresses low-frequency noise in the sensor.
Such observation indicates that there is an energy transfer between the sensing material and
nanoparticles, and resonating structures generate noise at higher frequencies compared to the
observed range. The observed phenomenon indicates that decoration with plasmonic
nanoparticles and creating or modulating surface defects can control the intensity of fluctuations

generated in the graphene-based junctions.

Figure 5.18 demonstrates the results of utilizing the Au-decorated G-Si junction and FES
method to differentiate between selected gases. The spectra of voltage fluctuations were
converted into power spectral density of resistance fluctuations normalized to the dynamic
resistance of the diode. Since the diode resistance depends on the voltage bias, the conversion
required linearizing the Schottky diode by replacing it with the voltage source and serial resistance
Rsdiff being a differential of the I-V characteristic at V = 3.64 V. This way, the presented resistance
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fluctuations are independent of the measurement setup and biasing conditions. The 1/f noise
measured under yellow light (Figure 5.18a) with the induced LSPR enabled simpler distinguishing
between two organic vapors compared to blue light (Figure 5.18b). The noise level at 1 Hz differed
by a factor of 2.8 under yellow light, and only 1.4 under blue light and 1.2 in the dark. Furthermore,
no changes in the spectra shape for two organic vapors were observed, suggesting different noise
generation mechanisms than in GFETs, even though the Schottky diode comprises the same
type of graphene. The lack of characteristic Lorentzians suggests no dominant event of

a particular lifetime when most of the graphene lies directly onto Si.
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0%y w=s50pm T W=50 pm
10 4 L =250 ym ] L =250 ym
107 4 3 E 1074 =
N o
T 1084 < >
C\l\ S
> 10° 1 <o
S> 10'103 - ‘n> 1081 E
w 10114 <
1012 150V = W Dark
1.20V : Yellow (592 nm) fy=1Hz
107 ‘ T T T 10 T
1 10 100 1000 10° 10"
f (Hz) vZ(v3)

Figure 5.17 (a) Power spectral density of voltage fluctuations Sv(f) generated in the Au-decorated G—Si
Schottky diode under forward bias (1.20-3.64 V) in the dark and ambient air and (b) power spectral
density of voltage fluctuations Sv(fo) at frequency fo = 1 Hz vs. bias voltage V across the diode, showing

linear dependence as a function of V2 in the dark and under yellow light (592 nm).

Figure 5.18 Power spectral density of resistance fluctuations Sr(f) normalized to the square of dynamic
resistance (differential resistance) Rsqi® for a forward-biased Au-decorated G—Si Schottky diode at voltage
bias V = 3.64 V in selected conditions: (a) in the dark and under yellow light (592 nm), (b) in the dark and
under blue light (470 nm).
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To conclude the results obtained from studying graphene-based Schottky diodes, a few

observations can be highlighted:

e graphene deposited directly on n-doped Si provides the rectifying contact and Schottky
junction, which allows observing resistive responses of tens of % for NO2 and THF at
relatively low voltage bias (4 V at maximum);

e 1/f noise is observed for the G-Si junctions, with its intensity changing under selected
organic vapors and noise response enhancement by decorating graphene with gold
nanoparticles, although no characteristic Lorentzians appear due to the presence of
organic gases;

e compared to back-gated GFETs, high sensitivity of the Schottky diode sensors is
obtained under lower voltage bias (maximum of 4 V) — GFETs required gate voltage
biasing up to 60 V to observe responsivity up to tens of % or more for selected vapors,
which suggests that low-power consumption sensors can be produced based on G-Si
junction;

e fabrication of the Schottky junction enhanced the time stability of the sensor electrical
properties, and the samples did not require high-temperature cleaning, enabling utterly
room-temperature processing and operation;

e overall, the results confirm that the deposition of graphene directly on the Si rather than
SiOz2 layer prevents graphene from fast aging while preserving the high sensitivity of the
sensor at lower voltage bias, confirming the second hypothesis of the dissertation that

the sensitivity and stability of the gas sensors based on two-dimensional materials

can be improved by substrate selection.

5.1.3 Carbon nanotubes

The sensors based on thin layers of randomly oriented carbon nanotubes (CNTs) were
investigated as supplementary to study another nanoscale-carbon form being a structural
derivative of graphene. The initially studied CNT-based resistors with combined DC
measurements and FES manifested their utility in NO2 sensing enhanced by UV irradiation
(wavelength of 365 nm or 275 nm) [132]. Whereas the CNT sensor exhibited resistance
fluctuations following the carrier number model for dark conditions, the same assumptions could
not be applied to the UV-assisted device, implying more complex fluctuations mechanisms under
UV light. The following investigation on a series of samples exhibiting different CNT network
densities and optical transmittance supported systematizing the possibilities of gas detection by
light-assisted CNT resistors. The details on fabrication and structural, optical, electrical, and noise
measurement procedures are provided in the article Drozdowska, K. et al. (2023). Optimum
Choice of Randomly Oriented Carbon Nanotube Networks for UV-Assisted Gas Sensing

Applications. ACS Sensors, 8, 3547-3554 and corresponding Supplementary Material [122].
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Figure 5.19 (a) Relative change in sensor resistance Rs and (b) power spectral density of resistance
fluctuations Sr(f) normalized to sensor resistance squared Rs? at f = 0.5 Hz for ethanol (140 ppm) and
acetone (110 ppm) in the dark and under UV 275 nm light for samples of 70 and 90% transparency.

Reference resistance Ro and reference power spectral density Sro refer to synthetic air conditions.

The studies of optical and structural properties of the CNT sensors supported associating
the density of carbon nanotube networks with their optical absorbance, which increased for
denser layers. The optical absorbance or transmittance was correlated with the transparency
(between 60-95%) of the structures related to the nitrocellulose filters used during the
precipitation and deposition of the layers. The resistive measurements under irradiation of
selected wavelengths (265430 nm) showed that highly transparent samples exhibit higher
photoresponse, which signals higher sensitivity to incoming irradiation and a possibility to employ
it to enhance light-assisted gas sensing. Low-frequency noise studies of two representative
samples (one with 70%-transparency representing high-density networks and the second with
90%-transparency representing low-density networks) revealed that both exhibit 1/f noise up to
100 Hz, and the noise of the 90%-sample is less intense when normalized to the sensor
resistance and active area. Figure 5.19 summarizes the results of resistive and noise
measurements for two representative sensors collected for ethanol (140 ppm) and acetone
(110 ppm) in the dark and under UV light (wavelength of 275 nm, optical power density up to
1.59 mW/cm?2) when the sensor was biased with 0.1 V. The highest resistive and noise responses
were obtained for the UV-assisted CNT sensor of 90% transparency. It can be ascribed to the
higher porosity and a more significant number of binding sites for molecular adsorption of the
thinner layer. Additionally, the relative change in the noise intensity of the same sample is around
eight times higher than the resistive response for ethanol and around 22 times higher for acetone
under UV light. This signals that fluctuations in the sensor are highly sensitive to surface
processes, and the differences in the 1/f noise spectra can be easily observed under various
atmospheres in CNT-based systems. A comparison of DL values estimated for 70% and 90%
samples showed that the lower density of the CNT network and UV irradiation support achieving
higher sensitivity to ethanol and acetone. DL was calculated as 0.89 ppm for ethanol and

0.48 ppm for acetone based on resistive responses collected during UV-assisted time

67


http://mostwiedzy.pl

A\ MOST

measurements. However, CNT-based sensors exhibited relatively lower resistive responses (up
to ~20%) compared to graphene-based FETs and Schottky diodes (up to ~100%), showing that

the structural configuration of the carbon atomic layer also guides the detection mechanisms.

5.2 Gas sensors based on 2D semiconducting materials

5.2.1  Molybdenum disulfide

The leading representative of the group of 2D semiconductors utilized for gas sensing is
molybdenum disulfide (Mo0S2). In electrical sensing devices, MoS2 was often reported to be
employed as high-quality single atomic layers of micrometer or submicrometer dimensions
usually fabricated via CVD. To study the mechanisms of detection and noise generation and the
possibilities of fabricating highly sensitive sensors through a simpler procedure, ink-printed MoS:2

resistors were considered for doctoral research.

The ink printing procedure of MoS: layers and measurement methodology are described
in Chapter 4. The scheme of the fabrication process is illustrated in Figure 4.2. The initial results
of structural and optical characterization of printed MoS: layers are shown in Figure 4.4.
Additionally, the sensor was measured in the gas sensing chamber depicted in Figure 4.7b. The
low-frequency noise of the ink-printed sample was measured according to the circuit presented
in Figure 4.10 due to the high resistance of the material (up to ~1 GQ). The responsivity of the
MoS: sensor was tested under UV irradiation (wavelength of 275 nm, optical power density up to
1.59 mW/cm?), which assured the higher stability of the baseline, even though the time drift (short-
and long-time) was observable during all measurements. The issue of drifting current was
managed analytically by fitting and subtracting the exponential function from the sensor baseline.
This way, the simple processing of sensing data enables obtaining stable and more reliable
responses of the ink-printed MoS2 device. The most significant results on the MoS2-based

sensors are demonstrated and concluded below.

Figure 5.20 summarizes the photoresponsivity of the MoS: sensor. Stable [-V
characteristics were collected up to V' =20 V and confirmed that the higher optical power density
of the light source induces higher photocurrent. Thus, the UV LED operating at 1.59 mW/cm? of
optical power density was selected for all gas sensing experiments. Additionally, since the
semiconducting MoS:2 exhibits higher photoresponsivity at higher polarizing voltage, and the /-V
characteristics were stable up to ~20 V, the voltage bias of 20 V was used in all time response
measurements. Four consecutive cycles of irradiation showed that the sensor exhibits time drift.
However, the response to UV light was repeatable in each cycle, yielding 18—20% of the peak-
to-peak value for a 10-minute irradiation. The possible reason behind the observed drift is that
the ink-printed sensing layer consists of multiple nanoflakes, so applying high voltage to such
a structure can cause an elongated stabilization process when the individual flakes and

boundaries contribute to the overall sensor resistance. Additionally, UV light activates surface
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cleaning by removing oxygen and humidity from the surface, affecting the equilibrium of surface

states.

Figure 5.20 (a) Current-voltage characteristics of MoS2 sensor in S.A. for selected optical power densities
of the UV LED (275 nm), and (b) time response (current) of MoS2 sensor to four consecutive cycles of UV
light (275 nm, 1.59 mW/cm?) irradiation. Each irradiation and recovery cycle (in the dark) lasted

10 minutes. The bias voltage was set to 20 V for time-response measurements.

The gas sensing experiments were conducted for three gases of different
physicochemical properties: nitrogen dioxide (NO2), ammonia (NHs), and acetone (C3HsO). NO2
is an oxidizing inorganic gas, NHs is a reducing inorganic compound, and CsHsO is an organic
nucleophilic species. Thus, the responsivity of ink-printed MoS2 sensors to highly different species
can be studied. Figure 5.21 demonstrates the qualitative and quantitative detection of NO2. The
subsequent cycles of introducing 5 ppm of the gas resulted in repeatable resistive responses (an
average peak-to-peak value of 28%). Various concentrations of NO2 caused the gradual increase
in the sensor resistance, which agrees with the effect of electron-accepting NO2 on an n-type
semiconductor. Thus, all the following experiments employed UV light to obtain higher sensitivity.
NO:2 is a highly electrophilic molecule, accepting electrons from the MoS2, which results in

a resistance increase:

N02 (gas) + e_ - NOZ_(ads)' (54)

Additionally, NO2 molecules interact with oxygen adsorbed on the sensing surface if the sensor

operates in the air:

ZNOZ (gas) + Oz_(ads) + e_ d 2N03_(ads)' (5.5)
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Under UV light, oxygen photo ions participate in the reaction (5.5), and NO: ions easily replace
them, increasing the response. Thus, the resistive response in the dark was only 4% but reached
~20% under UV light for a 15-minute exposure to NOz2 at V=20 V.

Figure 5.21 (a) Time response (resistance) of MoS2 sensor to four consecutive cycles of NO2 (5 ppm)
introduction; and (b) time response (relative changes in sensor resistance) of MoS2 sensor to five cycles
of NOz introduction of selected concentrations (1-10 ppm) under UV light (275 nm). Each detection cycle

consisted of a 30-minute response and 30-minute recovery in S.A. The bias voltage was set to 20 V.

The black dashed exponential curve in (b) denotes the time drift present during detection.

The drift in the baseline resistance is observed to diminish in time, suggesting the longer
process with a particular relaxation time, potentially of an exponential origin. Therefore, the
exponential function with the general formula Sk = So + ae?, where So, a, and b are constants, Sr
represents the resistive response, and t designates time was used to fit to the drifting baseline
(black dashed curve in Figure 5.21) and was later used to estimate the detection limit for the
sensing responses without the drift component. Figure 5.22 and Figure 5.23 present analogous
DC characteristics for ammonia and acetone. Both gases exhibit electron-donating properties,
which decrease the sensor resistance, and highly pronounced short-time drift marked with black
dashed curves fitted to the experimental data. Comparing resistive responses to all three gases
of the same concentration of 5 ppm (based on the last cycle as the most stable one), the sensor
responds the strongest to NO2 (0.26 of relative change in sensor resistance) compared to NH3
(-0.04) or C3HeO (-0.03). Ammonia and acetone decrease the sensor resistance; however,
the direction of changes is disrupted with substantial drift, especially for acetone. Organic vapors
usually exhibit relatively low adsorption energies and bind weakly to the sensing surfaces; thus,

acetone produces lower responses than ammonia [127,133].

The sensor resistance decreases with increasing concentration of ammonia, which
agrees with the reducing nature of this target gas. The donation of electrons by NHs during

adsorption can be formulated via the reaction:
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4’NH3 (gas) + 502_(ads) 4 4N0 + 6H20 + 56_. (56)

In this case, ammonia reacts with oxygen adsorbed on the surface, forming NO and H20 and
releasing electrons to MoS:z. Similarly to the NO: case, photoinduced oxygen ions can react with
ammonia, producing an analogous electron-donating effect. Similarly, the sensor resistance
decreases with increasing acetone concentration, suggesting that this nucleophilic gas has
reducing properties toward n-type MoS2. Compared to NO2 and NHs, the resistive responses to
acetone are less stable, possibly due to the weak bonding of organic molecules to the sensing
surface and weaker carrier exchange. The subtraction of the drifting baseline clearly exposes the
direction of charge transfer, which drives gas detection for MoS2 systems. Since the conductance
of the sensor increases (resistance decreases), acetone adsorption is associated with electron
transfer from the gas molecules to MoS2. As the resistive responses are lower for acetone than
for NO2 or NHs, the electron transfer is presumably quantitatively lower for this organic gas.

Acetone molecules react with the adsorbed oxygen as follows:

C3HgO(gasy + 405 (ags) = 3C0, + 3H,0 + 4e™. (5.7)

The adsorption is accompanied by the release of electrons to the conduction band of MoS:,

causing a reducing effect similar to the one induced by NHs.

Figure 5.22 (a) Time response (resistance) of MoS2 sensor to four consecutive cycles of NHs (5 ppm)
introduction; and (b) time response (relative changes in sensor resistance) of MoS2 sensor to five cycles of
NHs introduction of selected concentrations (2—12 ppm) under UV light (275 nm). Each detection cycle
consisted of a 30-minute response and 30-minute recovery in S.A. The bias voltage was set to 20 V.

The black dashed exponential curve in (b) denotes the time drift present during detection.
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Figure 5.23 (a) Time response (resistance) of MoS2 sensor to four consecutive cycles of CsHsO (5 ppm)
introduction; and (b) time response (relative changes in sensor resistance) of MoS2 sensor to five cycles
of C3HeO introduction of selected concentrations (2—12 ppm) under UV light (275 nm). Each detection
cycle consisted of a 30-minute response and 30-minute recovery in S.A. The bias voltage was set to 20 V.

The black dashed exponential curve in (b) denotes the time drift present during detection.

Data processing and removing the drifting baseline are solutions to make the measured
responses more apparent and easier to interpret regarding surface adsorption mechanisms,
especially for weakly binding species. Thus, both raw and processed data points were used to
calculate DL values for selected target gases. Figure 5.24 compares the sensor sensitivity before
and after subtracting the drifting baseline, marked as “drift” and “subtracted drift”. The most
significant observation is that for NO2, data processing reduces the overall resistive responses
because this gas produces the sensor resistance response in the same direction as the resistance
drifts in time, making the raw responses slightly overestimated. In the case of NH3 and C3HeO, it
is visible that both gases reduce the resistance after drift removal. The raw responses are then
underestimated for ammonia, and their sign is even changed completely for acetone. Additionally,
ammonia induces higher changes in the sensor resistance for higher concentrations (10 and
12 ppm) than acetone. DL values highlighted in the figures indicate that simple data post-
processing can improve DL by more than two times for NO2 and four times for NHs. In the case
of acetone, DL was improved by less than 10% but remained at the sub-ppm level, which,
compared to other literature reports, is a success for detecting organic vapors by pure MoS2 [134].
Overall, the processed data reliably represents the adsorption process and the direction of charge

transfer between MoS: flakes and selected inorganic and organic gases.
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Figure 5.24 Relative changes in MoS2 sensor resistance as a function of target gas concentration for NOz,
NHs, and CsHesO under UV light (275 nm) (a) before and (b) after subtraction of the drift baseline.
Theoretical detection limits established for NO2, NHs, and CsHsO are marked on the graphs and are equal
to 168 ppb, 560 ppb, 393 ppb (drift case), and 83 ppb, 133 ppb, and 359 ppb (subtracted drift case),
respectively. Solid curves correspond to a third-order polynomial function fitted to the experimental points

for DL estimation.

Supplementary low-frequency noise measurements of ink-printed MoS2 sensor were
devoted to studying the selectivity of the sensor and the possible mechanism of noise generation
compared to graphene-based sensors (GFETSs), presented earlier in this dissertation. Thus, the
noise response to selected organic gases (chloroform, tetrahydrofuran, acetonitrile, and acetone)
was studied as the power spectral density of current fluctuations vs. frequency between
0.1-500 Hz. Figure 5.25 summarizes the noise spectra generated in the sensor in the dark and
under UV irradiation. It is visible that the presence of selected gases changes mainly the
amplitude of noise in the dark, but it additionally affects the shape of the spectrum under UV light.
Both the noise amplitude and slope are factors that support selective detection of gaseous
compounds. Table 5.1 summarizes the noise features for the investigated conditions. The slope
of the spectra for the frequencies below 10 Hz was estimated by fitting it as Si/2 ~ k/f° where k is
the proportionality factor, fis the frequency, and b designates the power of f that corresponds to
the slope of the spectrum. Notably, the noise level increases significantly for acetonitrile (530%
in the dark and 280% under UV irradiation at f= 1 Hz), whereas the slope of the spectrum changes
in the most pronounced way for acetone under irradiation (the power of f changes from 1.00 to
1.59). The change in the slope of the 1/f dependence can signify the dominant source of the noise
in the sample when the characteristic Lorentzian appears at a specific frequency. In the case of
ink-printed MoSg, the dominant events seem to occur at the lowest frequencies measured and
possibly lower than 0.1 Hz. This suggests the occurrence of fluctuations with long lifetimes during
the adsorption of organic molecules on the investigated surface. For GFET tested under the same
gas conditions, the Lorentzians appeared at ~1 Hz for most gases and at higher frequencies for
chloroform in the dark. Interestingly, the single atomic layers of MoS2 were not yet reported to

exhibit the change in the slope of the 1/f spectrum, only the increase of the amplitude, e.g., for
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acetonitrile like in the case of the investigated MoS: sensor [106,135]. The origin of noise for

MoS: of a specific optical band gap is expected to be similar to the one proposed for

semiconductors by McWhorter. The active surface states can participate in fluctuations in the

number of charge carriers, being a dominant effect in noise generation. Nevertheless, the

characteristic low-frequency Lorentzians can be distinguished in the structure of the overlapping

MoS: flakes. It can relate to the specific structure of the ink-printed sensor but also longer

processes occurring in the sample, such as long-term drift and aging, which are independent of

the ambient atmospheres. Additionally, the differences in the noise induced by organic vapors

can be ascribed to their physicochemical properties, including varied polar and structural

properties, as in the case of graphene-based sensors.

Figure 5.25 Power spectral density of current fluctuations Si(f) for the ink-printed MoS2 sensor at different

light and gas conditions: (a) in the dark and (b) under UV irradiation (275 nm, 1.59 mW/cm?).

Table 5.1 Noise features of the ink-printed MoS: sensor for selected organic vapors.

The black dashed lines denote the 1/f noise shape.

SiIP at 1 Hz (1/Hz)

b up to 10 Hz (-)*

Gas Dark UV (275 nm) Dark UV (275 nm)
Synthetic air 8.00x10% 2.18x10* 1.04 1.00
Chloroform 1.23x10* 4.11x10* 1.08 1.33
Tetrahydrofuran 6.28x10% 2.17x10* 1.02 1.09
Acetonitrile 5.04x10* 8.23x10* 1.12 1.21
Acetone 1.85x10 5.34x10* 1.11 1.59

*Parameter b denotes the power of frequency fin 1/f® and describes the slope of the noise spectrum.

Despite the observed short- and long-term drift in the MoS:2 sensor, the resistive and noise

responses can provide an efficient detection tool with specific data analysis. The most relevant

conclusions from research on ink-printed MoS2 sensors are:

A\ MOST
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e ink-printing allows obtaining sensors based on randomly oriented MoS: flakes that exhibit
sensitivity up to 168, 560, and 393 ppb for UV-assisted detection of nitrogen dioxide,
ammonia, and acetone without data post-processing, which confirms the third hypothesis

of the dissertation, that low-cost ink-printed molybdenum disulfide (MoS,) flakes can

detect selected gases at hundreds of ppb level;

e data post-processing by fitting and subtracting the drifting baseline (resembling an
exponential relaxation process) allows easier interpretation of the changes in the sensor
resistance and direction of charge transfer between MoS: surface and ambient gas
molecules;

e post-processed data allows obtaining reduced DL values up to 83, 133, and 359 ppb for
nitrogen dioxide, ammonia, and acetone, respectively, suggesting an easy method to
increase the sensitivity by data analysis;

e characteristic Lorentzians that appear below 1 Hz suggest fluctuations of longer lifetimes
occurring during the detection of organic gases;

e the analysis of noise features (amplitude and slope) can be an efficient detection tool that
enhances the selectivity of MoS2 sensors, but it requires prolonged recording and data

acquisition time.
5.2.2  Zirconium trisulfide

Zirconium trisulfide (ZrSs), a transition metal trichalcogenide possessing semiconducting
properties in bulk and as a monolayer, was studied to broaden the understanding of gas sensing
by various 2D materials. The nanostructured ZrSs of n-type conductivity was tested in FET
configuration with the ZrSs serving as a channel and sensing area of only 3 um2. Three LEDs
(visible light) were applied to study the photoresponse of ZrSs (blue — 470 nm, 1.44 mW/cm?,
green — 515 nm, 4.05 mW/cm?, and red — 700 nm, 0.91 mW/cm?2). The gas sensing responses
were studied via the transfer curves (Ibs-Vi) and time measurements in the nitrogen dioxide,
ethanol, and acetone atmospheres. Details about ZrSs-based sensors fabrication and testing
procedures are described in the article Drozdowska, K. et al. (2023). Study of ZrSs-based field-
effect transistors toward the understanding of the mechanisms of light-enhanced gas sensing by
transition metal trichalcogenides. Materials Today Communications, 34, 105379 and
corresponding Supplementary Material [136], and the most significant results are presented and
discussed below. The supplementary noise measurements were realized according to the circuit

scheme provided in Figure 4.10.

Figures 5.26a and 5.26b demonstrate the scheme and a microscopic photograph of the
ZrSs layer (mechanically exfoliated from crystals) deposited between two gold electrodes
operating in the FET configuration. Figures 5.26c and 5.26d show transfer and output
characteristics for the device under selected lighting conditions, confirming that green and blue

light induce the most significant photoresponse due to shorter wavelengths and higher optical
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power density than red light. The FET characteristics measured in the reference atmosphere of
S.A. confirm that nanostructured ZrSs exhibits n-type semiconducting properties. The wide
hysteresis in the conducting profile is more pronounced under irradiation, which induces high
photocurrent (blue and green light). Since the nanostructured ZrSs; was observed to possess an
indirect band gap of 1.8-1.9 eV, the material should strongly absorb wavelengths below
~690 nm. Longer wavelengths (e.g., 700 nm utilized in the experiments) can be absorbed if any
discrete levels are below the conduction band, often observed in defective and doped
semiconductors. Thus, the small impact of red irradiation can be explained by the presence of

mid-gap energy levels in ZrSs.
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Figure 5.26 (a) lllustration of the ZrSs-based FET sensor, and (b) microscopic image of the investigated
sensing structure with a 3 ym? sensing area between each pair of electrodes;
(c) transfer curve (Ios vs. V) with drain-source voltage (Vbs) biased to 6 V, and (d) output curve
(Ibs vs. Vbs) with Ve biased to 30 V in the dark and under blue (470 nm, 1.44 mW/ cm?), green (515 nm,
4.05 mW/cm?), and red (700 nm, 0.91 mW/cm?) irradiation. DC characteristics were measured in S.A.

The gas sensing experiments for the ZrSs FET sensor were conducted in inorganic (NO2)
and organic (ethanol, C2HsO; acetone, C3HsO) atmospheres at selected concentration ranges for
each gas. Figure 5.27 depicts the transfer characteristics of the ZrSs sensor reacting to 4—16 ppm
of NO2 under different lighting conditions. In all cases, oxidizing molecules decrease the current
flowing through the sensor, confirming the n-type character of the ZrSs FET. Blue and green light
stabilize the sensing response due to induced photocurrent and provide measurable responses

in tens or hundreds of nA. This way, irradiation facilitates room-temperature operation of the ZrSs
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FET sensor. The analogous DC measurements were conducted for ethanol and acetone, showing
the opposite direction of changes induced by these two gases acting as reducing agents toward

nanostructured ZrSs.

Figure 5.27 ZrS3 sensor responses toward selected concentrations of NO2 under different irradiation
conditions: graphs (a)—(d) present drain-source current Ips vs. gate voltage Ve for NO2 detection
in the dark and under red (700 nm, 0.91 mW/cm?), green (515 nm, 4.05 mW/cm?), and blue (470 nm,
1.44 mW/cm?) light, respectively.

Figure 5.28 summarizes the current responses of the investigated sensor to three tested
gases at Ve = 30 V and Vbs = 6 V in the selected concentration ranges. The R2 parameter
designated on the graphs for each lighting condition indicates the degree of linearity of the sensor
responses (R? = 1 signifies the ideal linear dependence) and is evaluated during linear
approximation of the analyzed data. Clearly, NO2 can be easily differentiated from organic gases
due to its oxidizing properties. However, the same concentration of reducing ethanol and acetone
(30 ppm) can be distinguished, especially under blue irradiation. The relative change in the Ips
under green irradiation is 4.7% for 30 ppm of ethanol and 9.2% for 30 ppm of acetone. Under
blue irradiation, the difference is more significant since the current responses are 2.8% for ethanol
and 14% for acetone. The estimated responses show that blue light facilitates easier
discrimination between two organic gases and enhances selectivity. Moreover, acetone

molecules supposedly exhibit higher affinity to the ZrSs surface than ethanol molecules.
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Figure 5.28 Comparison of ZrSs sensor responses toward different gases: drain-source current Ips for
selected concentrations of (a) nitrogen dioxide, (b) ethanol, and (c) acetone under selected irradiation
conditions. Ips values were derived from the transfer curves for Ve = 30 V. Vbs was biased
to 6 V in all experiments. Dashed lines depict linear functions fitted to the experimental points,

and parameter R? represents the quality of the linear fits.

Since there is a scarce number of reports discussing transition metal trichalcogenides for
light-enhanced gas sensing, the discussion on possible mechanisms of gas detection by ZrSs;
was based on the knowledge on a leading representative of semiconducting metal sulfides —
MoSa.
photoconductive and photogating effects (confirmed for GFETs). Secondly, UV-assisted gas

Firstly, light excitation of the 2D sensing surfaces was earlier correlated with
detection by MoS2 monolayers was reported to depend on changes in the concentration of
carriers and changes in the mobility when the adsorbed molecules act as scattering centers for
the carriers (including photocarriers). Charge transfer affects the sideways shift of the transfer
curves, and mobility variations induce changes in the curve slope (these effects are depicted in
Figure 2.6, Chapter 2.2). In the case of ZrSs, the change in the slope is visible mainly for gas
detection in the dark and under red light. Under green and blue light, the gas detection does not
affect the shape of the characteristics, implying that variations in carrier concentrations (pure
charge transfer) mainly guide the sensing in such conditions. This observation can be connected

with the high photoconductive effect induced for green and blue irradiation and a significant

78


http://mostwiedzy.pl

A\ MOST

number of photoinduced charge carriers participating in the surface adsorption processes. On the
other hand, mobility variations are more pronounced when the photoconductive effect is weak
(red light) or there is no such effect (dark), according to others [63]. Then, the scattering of the
carriers on the adsorbed gas molecules results in a change in the hysteresis shape. The
subsequent experiments were designed to test further the assumptions listed above,
concentrating on the sensing enhanced by green and blue irradiation, as these conditions assure

the most stable and easily measurable responses.

Figure 5.29 depicts the time measurements for a constant concentration of NO2 (16 ppm).
There are a few crucial observations based on time response studies. First, the sensor exhibits
short-term stability with a stable baseline current and stable response to the target gas in
consecutive detection cycles. Second, the studies confirm that optical power density affects the
sensor baseline, so this property of the light source can be adjusted to modulate the baseline
current to the desired and easily measurable values. Third, although the intensity of LEDs affects
the baseline, the relative changes in Ibs remain similar regardless of the optical power density
and equal 8.1%, 6.2%, 6.2%, and 7.1% in the consecutive cycles. According to [63], the constant
or weak dependence between the light intensity and sensing response can be associated with
the impact of mobility variation. Thus, despite the lack of change in the hysteresis shape due to
NO: detection suggesting the dominant charge transfer mechanism, there still can be a weak
influence of mobility fluctuations induced by the surface scattering of carriers. The coexistence of
at least two phenomena connected with the trapping and de-trapping of carriers and scattering
on surface defects and adsorbates is the most plausible explanation of gas detection mechanisms
by nanostructured ZrSs. This assumption was additionally confirmed by the dependence between
the sensor conductive response and NO2 concentration (2—16 ppm) shown in Figure 5.30. The
linear relationship between the inverse conductive response (1/Ss) and inverse gas concentration
would imply the dominance of channel conductivity changes (pure charge transfer) with the
negligible effect of other phenomena, as suggested elsewhere [63]. In the case of the results
obtained for ZrSs, the deviation from the linearity (R? = 0.86) can suggest the occurrence of more
than one mechanism during light-assisted detection. Additionally, the sensor response saturates
for concentrations exceeding 8 ppm, which can be linked to the limit in coverage of the sensing

surface by NO2 molecules.
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Figure 5.29 Time response studies of the ZrS3 sensor for consecutive cycles of introducing 16 ppm of NO2
(a) under continuous irradiation using green (515 nm, 4.05 mW/cm?) or blue (470 nm, 1.44 mW/cm?) light
and (b) under continuous blue light (three LEDs connected in series) with optical power density between

0.93 mW/cm? and 4.30 mW/cm? (dashed red boxes indicate cycles of NO2 detection for specific optical

power densities with values marked above each box).

Figure 5.30 (a) ZrSs sensor response derived from the relative changes of conductance S vs. NO2
concentration (2—16 ppm), and (b) the inverse conductive response vs. the inverse NO2 concentration.
Conductance G values were derived from the transfer curves for Ve = 30 V and Vbs biased to 6 V under

blue irradiation of the highest optical power density (4.30 mW/cm?). Sg is then defined as |G—-Go|/Go,

where Go is the conductance in S.A.

The supplementary low-frequency noise measurements of ZrSz FET revealed that the
sample exhibits 1/f noise between 0.1 and 10 Hz with minor variations for the lowest frequencies
measured. Moreover, the noise intensity increases when detecting selected target gases under
blue irradiation, as shown in Figure 5.31. The molecular adsorption and fluctuations of charge
carrier number (dominant) and mobility (lower impact) increase the noise similarly for all three

gases without the possibility for easy discrimination between gaseous species.
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Figure 5.31 Power spectral density of current fluctuations Si(f) normalized to current squared /? for ZrSs
sensor measured under blue light (470 nm, 4.30 mW/cm?) at Ve =24 V and Vbs =6 V

in the atmospheres of selected target gases.

Overall, the studies on mechanically exfoliated, nanostructured ZrSs-based FET sensors
complemented the research on 2D materials employed in light-assisted gas sensors. The most

significant conclusions from the results described in this section are:

e green (515 nm) and blue (470 nm) irradiation enables stable and repeatable responses
of the ZrSs-based sensor with gas detection guided by the photoconductive (dominant)
and photogating effect;

e the probable explanation of the light-driven gas detection mechanism by ZrSs is the
combination of charge transfer (change in the number of charge carriers) and mobility
variations;

e the impact of scattering of carriers on defects and adsorbates is tentatively confirmed by
the observed changes in the hysteresis shapes, weak dependence between the intensity
of irradiation and sensing responses, and non-linear relationship between the inverse
conductive response and inverse NO2 concentration;

o light-assisted ZrSs sensor enables obtaining time responses of a more stable baseline
than ink-printed MoS: sensor, possibly due to a much smaller active area; however, the
detection mechanisms can still have the same origin for the group of different

semiconducting metal sulfides.
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6. CONCLUSIONS

The research presented in the doctoral dissertation aimed to propose gas sensors using
2D materials as active components. The objectives were to investigate possible structures and
sensing components utilizing light enhancement and combining DC resistance and low-frequency
noise measurements, as well as to study possible mechanisms guiding gas detection and origin
of DC and noise responses, including noise generation mechanisms in low-dimensional materials.
The research was divided into studying carbon-based sensors of relatively high electrical
conductivity (graphene and carbon nanotubes) and 2D semiconductors with resistances up to GQ
(MoS:2 and ZrSs). The results presented in Chapter 5 highlighted the most significant outcomes
of the research that broadened the knowledge about mechanisms driving light-enhanced
detection of inorganic and organic gases. The collected data allowed comparison between
sensing devices of varying configuration (resistor, FET, Schottky diode), different placement of
the sensing component (graphene as channel or gate in FET), and materials fabricated via
different approaches (CVD-grown graphene, exfoliated ZrSs layers or solution-based ink-printed
MoS:). The gas detection mechanisms proposed in the dissertation for different sensors linked
the fundamental knowledge on charge transfer in solid-state materials, surface science and
molecular adsorption processes of species of different physicochemical properties, and basic

noise generation models.

The research on the system of gas detection by 2D materials successfully confirmed the
three hypotheses formulated in the dissertation, which constitute the original scientific
achievements of the author of the thesis:

. Low-frequency noise utilized for gas detection by back-gated graphene FET can be
scaled up to larger surfaces, facilitating simpler gas sensor production (Chapter
5.1.1).

1. The sensitivity and stability of the gas sensors based on two-dimensional materials
can be improved by substrate selection (Chapter 5.1.1 and Chapter 5.1.2).

1. Low-cost ink-printed molybdenum disulfide (MoS;) flakes can detect selected

gases at the ppb level (Chapter 5.2.1).

Comparing the sensing features of all investigated samples led to highlighting other points that

constitute additional significant research outcomes:

e Graphene utilized as a channel in FET or in the Schottky junction with silicon allows
obtaining resistive responses of at least tens of %; however, the diode-configured device
requires much lower input power to observe such high sensitivity (direction to highly

sensitive low-consumption devices operating at RT).
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e Employing GFETs enables observing characteristic low-frequency noise spectra with
distinct shapes for organic vapors (increased selectivity), which is not observed for the
graphene-silicon Schottky diodes.

e Decorating graphene-based Schottky diodes with gold nanoparticles improves gas
sensing using the FES method when surface plasmon resonance is induced in the
structure, showing the possibility of improving detection performance by controlling
surface defectiveness.

e Ink printing constitutes an easy way to obtain sensitive layers from 2D MoS: flakes that
exhibit resistive responses up to tens of % and noise responses in the form of distinct
noise amplitude and slope; however, due to the structure consisting of overlapping flakes,
the sensor exhibits lower stability and more intense time drift in contrary to mechanically
exfoliated ZrSs.

e The discourse on light-driven gas detection by MoS2 and ZrSs indicates that possible
detection mechanisms can be universal for novel materials that belong to the group of

2D or quasi-1D semiconductors.

Overall, based on the enlisted research outcomes, the aim of the doctoral dissertation to
propose a system of gas detection using two-dimensional materials as active layers and to
investigate, evaluate, and compare the gas-sensing performance of selected low-scale structures
is achieved. Furthermore, the doctoral research initiated new directions worth investigating in
terms of systems of gas detection by low-dimensional materials. Notably, the possibility of
controlling the types of defects at the fabrication level (growth of defective 2D layer and
nanoparticle decoration) and then preparing the sensing surface employing irradiation have the
potential to produce highly efficient gas sensors. Methodology-wise, combining the DC resistance
measurements with fluctuation-enhanced sensing proved to be an effective way to increase
sensor sensitivity and selectivity. More elaborate studies on low-frequency noise generation in
low-scale sensing structures also constitute the direction for future research, as connecting
atomic-scale events responsible for resistance fluctuations were observed to influence the
macroscopic features of the sensing devices directly. Thus, there are still plenty of possibilities
for future studies and broadening the understanding of mechanisms involved in light-assisted gas

Sensors.

83


http://mostwiedzy.pl

A\ MOST

7. BIBLIOGRAPHY

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

1]

(2]

[13]

[14]

V. Galstyan, A. Moumen, G.W.C. Kumarage, E. Comini, Progress towards chemical gas sensors:
Nanowires and 2D semiconductors, Sensors Actuators B Chem. 357 (2022) 131466.
https://doi.org/10.1016/j.snb.2022.131466.

G.F. Fine, L.M. Cavanagh, A. Afonja, R. Binions, Metal oxide semi-conductor gas sensors in
environmental monitoring, Sensors. 10 (2010) 5469-5502. https://doi.org/10.3390/s100605469.

P.T. Moseley, Progress in the development of semiconducting metal oxide gas sensors: A review,
Meas. Sci. Technol. 28 (2017). https://doi.org/10.1088/1361-6501/aa7443.

L. Zhang, K. Khan, J. Zou, H. Zhang, Y. Li, Recent Advances in Emerging 2D Material-Based Gas
Sensors: Potential in Disease Diagnosis, Adv. Mater. Interfaces. 6 (2019) 1-27.
https://doi.org/10.1002/admi.201901329.

J. Wojtas, Z. Bielecki, T. Stacewicz, J. Mikotajczyk, M. Nowakowski, Ultrasensitive laser
spectroscopy  for  breath  analysis, Opto-Electronics Rev. 20 (2012) 26-39.
https://doi.org/10.2478/S11772-012-0011-4.

G. Jiménez-Cadena, J. Riu, F.X. Rius, Gas sensors based on nanostructured materials, Analyst.
132 (2007) 1083-1099. https://doi.org/10.1039/b704562j.

R. Bogue, Nanomaterials for gas sensing: A review of recent research, Sens. Rev. 34 (2014) 1-8.
https://doi.org/10.1108/SR-03-2013-637.

S. Rumyantsev, G. Liu, R.A. Potyrailo, A.A. Balandin, M.S. Shur, Selective sensing of individual
gases using graphene  devices, IEEE  Sens. J. 13 (2013) 2818-2822.
https://doi.org/10.1109/JSEN.2013.2251627.

L.M. Zambov, C. Popov, N. Abedinov, M.F. Plass, W. Kulisch, T. Gotszalk, P. Grabiec, |.W.
Rangelow, R. Kassing, Gas-Sensitive Properties of Nitrogen-Rich Carbon Nitride Films, Adv. Mater.
12 (2000) 656—-660. https://doi/10.1002/(SICI)1521-4095(200005)12:9%3C656::AlD-
ADMAG56%3E3.0.CO;2-S.

A. Dey, Semiconductor metal oxide gas sensors: A review, Mater. Sci. Eng. B Solid-State Mater.
Adv. Technol. 229 (2018) 206—217. https://doi.org/10.1016/j.mseb.2017.12.036.

H. Ji, W. Zeng, Y. Li, Gas sensing mechanisms of metal oxide semiconductors: A focus review,
Nanoscale. 11 (2019) 22664—-22684. https://doi.org/10.1039/c9nr07699a.

A. Mirzaei, S.G. Leonardi, G. Neri, Detection of hazardous volatile organic compounds (VOCs) by
metal oxide nanostructures-based gas sensors: A review, Ceram. Int. 42 (2016) 15119-15141.
https://doi.org/10.1016/j.ceramint.2016.06.145.

A. Rydosz, W. Maziarz, T. Pisarkiewicz, K. Wincza, S. Gruszczynski, Nano-thin CuO films doped
with Au and Pd for gas sensors applications, 2013 Int. Conf. Informatics, Electron. Vision, ICIEV
2013. (2013). https://doi.org/10.1109/ICIEV.2013.6572588.

M. Kwoka, B. Lyson-Sypien, A. Kulis, D. Zappa, E. Comini, Surface Properties of SnO2 Nanowires
Deposited on Si Substrate Covered by Au Catalyst Studies by XPS, TDS and SEM, Nanomater.
2018, Vol. 8, Page 738. 8 (2018) 738. https://doi.org/10.3390/NANO8090738.

84


http://mostwiedzy.pl

A\ MOST

(18]

[16]

(171

(8]

(9]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

H. Teterycz, J. Kita, R. Bauer, L.J. Golonka, B.W. Licznerski, K. Nitsch, K. Wisniewski, New design
of an SnO2 gas sensor on low temperature cofiring ceramics, Sensors Actuators B Chem. 47 (1998)
100-1083. https://doi.org/10.1016/S0925-4005(98)00008-2.

H. Cruz-martinez, H. Rojas-chavez, F. Montejo-alvaro, Y.A. Pefia-castafieda, P.T. Matadamas-ortiz,
D.I. Medina, Recent developments in graphene-based toxic gas sensors: A theoretical overview,
Sensors. 21 (2021) 1-17. https://doi.org/10.3390/s21061992.

S.S. Varghese, S. Lonkar, K.K. Singh, S. Swaminathan, A. Abdala, Recent advances in graphene
based gas sensors, Sensors Actuators, B Chem. 218 (2015) 160-183.
https://doi.org/10.1016/j.snb.2015.04.062.

W. Tian, X. Liu, W. Yu, Research progress of gas sensor based on graphene and its derivatives: A
review, Appl. Sci. 8 (2018). https://doi.org/10.3390/app8071118.

A. Nag, A. Mitra, S.C. Mukhopadhyay, Graphene and its sensor-based applications: A review,
Sensors Actuators, A Phys. 270 (2018) 177—194. https://doi.org/10.1016/j.sna.2017.12.028.

T. Han, A. Nag, S. Chandra Mukhopadhyay, Y. Xu, Carbon nanotubes and its gas-sensing
applications: A  review, Sensors Actuators, A Phys. 291 (2019) 107-143.
https://doi.org/10.1016/j.sna.2019.03.053.

E. Lee, Y.S. Yoon, D.J. Kim, Two-Dimensional Transition Metal Dichalcogenides and Metal Oxide
Hybrids for Gas Sensing, ACS Sensors. 3 (2018) 2045-2060.
https://doi.org/10.1021/acssensors.8b01077.

M. Donarelli, L. Ottaviano, 2D materials for gas sensing applications: A review on graphene oxide,
MoS2, WSz and phosphorene, Sensors (Switzerland). 18 (2018). https://doi.org/10.3390/s18113638.

A. Patra, C.S. Rout, Anisotropic quasi-one-dimensional layered transition-metal trichalcogenides:
synthesis, properties and applications, RSC Adv. 10 (2020) 36413-36438.
https://doi.org/10.1039/d0ra07160a.

Y.C. Wong, B.C. Ang, A.S.M.A. Haseeb, A. Aqgilah Baharuddin, Y.H. Wong, Conducting Polymers
as Chemiresistive Gas Sensing Materials: A Review, J. Electrochem. Soc. 167 (2020).
https://doi.org/10.1149/2.0032003JES.

Y. Xia, R. Li, R. Chen, J. Wang, L. Xiang, 3D Architectured Graphene/Metal oxide hybrids for gas
sensors: A review, Sensors (Switzerland). 18 (2018) 27-29. https://doi.org/10.3390/s18051456.

D. Sun, Y. Luo, M. Debliquy, C. Zhang, Graphene-enhanced metal oxide gas sensors at room
temperature: A review, Beilstein J. Nanotechnol. 9 (2018) 2832-2844.
https://doi.org/10.3762/bjnano.9.264.

S. Gupta Chatterjee, S. Chatterjee, A.K. Ray, A.K. Chakraborty, Graphene-metal oxide nanohybrids
for toxic gas sensor: A review, Sensors Actuators, B Chem. 221 (2015) 1170-1181.
https://doi.org/10.1016/j.snb.2015.07.070.

C. Balazsi, K. Sedlackova, E. Llobet, R. lonescu, Novel hexagonal WO3 nanopowder with metal
decorated carbon nanotubes as NO: gas sensor, Sensors Actuators B Chem. 133 (2008) 151-155.
https://doi.org/10.1016/J.SNB.2008.02.006.

85


http://mostwiedzy.pl

A\ MOST

[29]

[30]

[31]

[32]

(33]

[34]

(3]

(36]

[37]

(38]

(39]

[40]

[41]

[42]

[43]

K. Zakrzewska, M. Radecka, TiO2-Based Nanomaterials for Gas Sensing—Influence of Anatase
and Rutile Contributions, Nanoscale Res. Lett. 12 (2017) 1-8. https://doi.org/10.1186/S11671-017-
1875-5.

C. Wang, L. Yin, L. Zhang, D. Xiang, R. Gao, Metal oxide gas sensors: Sensitivity and influencing
factors, Sensors. 10 (2010) 2088-2106. https://doi.org/10.3390/s100302088.

M. Procek, A. Stolarczyk, T. Pustelny, Impact of temperature and UV irradiation on dynamics of NO2
sensors based on ZnO nanostructures, Nanomaterials. 7 (2017).
https://doi.org/10.3390/nano7100312.

J. Zhang, X. Liu, G. Neri, N. Pinna, Nanostructured Materials for Room-Temperature Gas Sensors,
Adv. Mater. 28 (2016) 795—-831. https://doi.org/10.1002/adma.201503825.

G. Chen, T.M. Paronyan, E.M. Pigos, A.R. Harutyunyan, Enhanced gas sensing in pristine carbon
nanotubes under continuous ultraviolet light illumination, Sci. Rep. 2 (2012).
https://doi.org/10.1038/srep00343.

J. Wang, H. Shen, Y. Xia, S. Komarneni, Light-activated room-temperature gas sensors based on
metal oxide nanostructures: A review on recent advances, Ceram. Int. (2020).
https://doi.org/10.1016/j.ceramint.2020.11.187.

R. Kumar, X. Liu, J. Zhang, M. Kumar, Room-Temperature Gas Sensors Under Photoactivation:
From Metal Oxides to 2D Materials, Nano-Micro Lett. 12 (2020). https://doi.org/10.1007/s40820-
020-00503-4.

A. Chizhov, M. Rumyantseva, A. Gaskov, Light activation of nanocrystalline metal oxides for gas
sensing: Principles, achievements, challenges, Nanomaterials. 11 (2021).
https://doi.org/10.3390/nano11040892.

F. Xu, H.P. Ho, Light-activated metal oxide gas sensors: A review, Micromachines. 8 (2017).
https://doi.org/10.3390/mi8110333.

E. Espid, F. Taghipour, UV-LED Photo-activated Chemical Gas Sensors: A Review, Crit. Rev. Solid
State Mater. Sci. 42 (2017) 416—432. https://doi.org/10.1080/10408436.2016.1226161.

A.A. Balandin, Low-frequency 1/f noise in graphene devices, Nat. Nanotechnol. 8 (2013) 549-555.
https://doi.org/10.1038/nnano.2013.144.

H.S. Tsai, Y. Wang, C. Liu, T. Wang, M. Huo, The elemental 2D materials beyond graphene
potentially used as hazardous gas sensors for environmental protection, J. Hazard. Mater. 423
(2022) 127148. https://doi.org/10.1016/j.jhazmat.2021.127148.

A. Rogalski, M. Kopytko, P. Martyniuk, 2D material infrared and terahertz detectors: status and
outlook, Opto-Electronics Rev. 28 (2020) 107—154. https://doi.org/10.24425/opelre.2020.134459.

M.V. Nikolic, V. Milovanovic, Z.Z. Vasiljevic, Z. Stamenkovic, Semiconductor Gas Sensors:
Materials, = Technology, Design, and Application, Sensors. 20 (2020) 1-30.
https://doi.org/10.3390/S20226694.

Y. Zhu, S. Murali, W. Cai, X. Li, JW. Suk, J.R. Potts, R.S. Ruoff, Graphene and Graphene Oxide:
Synthesis, Properties, and Applications, Adv. Mater. 22 (2010) 3906-3924.

86


http://mostwiedzy.pl

A\ MOST

(44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[59]

[56]

https://doi.org/10.1002/ADMA.201001068.

E. Llobet, Gas sensors using carbon nanomaterials: A review, Sensors Actuators, B Chem. 179
(2013) 32—45. https://doi.org/10.1016/j.snb.2012.11.014.

N. Joshi, T. Hayasaka, Y. Liu, H. Liu, O.N. Oliveira, L. Lin, A review on chemiresistive room
temperature gas sensors based on metal oxide nanostructures, graphene and 2D transition metal
dichalcogenides, Microchim. Acta. 185 (2018) 1-16. https://doi.org/10.1007/s00604-018-2750-5.

P.X. Zhao, Y. Tang, J. Mao, Y.X. Chen, H. Song, J.W. Wang, Y. Song, Y.Q. Liang, X.M. Zhang,
One-Dimensional MoS2-Decorated TiO2 nanotube gas sensors for efficient alcohol sensing, J.
Alloys Compd. 674 (2016) 252—258. https://doi.org/10.1016/j.jallcom.2016.03.029.

D. Burman, R. Ghosh, S. Santra, S. Kumar Ray, P. Kumar Guha, Role of vacancy sites and UV-
ozone treatment on few layered MoS2 nanoflakes for toxic gas detection, Nanotechnology. 28
(2017). https://doi.org/10.1088/1361-6528/aa87cd.

X. Tian, S. Wang, H. Li, M. Li, T. Chen, X. Xiao, Y. Wang, Recent advances in MoS:-based
nanomaterial sensors for room-temperature gas detection: a review, Sensors & Diagnostics. 2
(2023) 361-381. https://doi.org/10.1039/D2SD00208F.

S. Baraghani, J. Abourahma, Z. Barani, A. Mohammadzadeh, S. Sudhindra, A. Lipatov, A. Sinitskii,
F. Kargar, A.A. Balandin, Printed Electronic Devices with Inks of TiSz Quasi-One-Dimensional van
der Waals Material, ACS Appl. Mater. Interfaces. (2021). https://doi.org/10.1021/acsami.1c12948.

A. Patel, C. Limberkar, K. Patel, S. Bhakhar, K.D. Patel, G.K. Solanki, V.M. Pathak, Low temperature
anisotropic photoresponse study of bulk ZrSs single crystal, Sensors Actuators A Phys. 331 (2021)
112969. https://doi.org/10.1016/J.SNA.2021.112969.

J. Dai, M. Li, X.C. Zeng, Group IVB transition metal trichalcogenides: a new class of 2D layered
materials beyond graphene, Wiley Interdiscip. Rev. Comput. Mol. Sci. 6 (2016) 211-222.
https://doi.org/10.1002/WCMS.1243.

N. Tripathi, V. Pavelyev, P. Sharma, S. Kumar, A. Rymzhina, P. Mishra, Review of titanium trisulfide
(TiSs): A novel material for next generation electronic and optical devices, Mater. Sci. Semicond.
Process. 127 (2021) 105699-. https://doi.org/10.1016/J.MSSP.2021.105699.

Y. Jin, X. Li, J. Yang, Single layer of MX3 (M = Ti, Zr; X = S, Se, Te): a new platform for nano-
electronics and optics, Phys. Chem. Chem. Phys. 17 (2015) 18665.
https://doi.org/10.1039/c5¢cp02813b.

F.E. Annanouch, A. Alagh, P. Umek, J. Casanova-Chafer, C. Bittencourt, E. Llobet, Controlled
growth of 3D assemblies of edge enriched multilayer MoS2 nanosheets for dually selective NH3 and
NO2 gas sensors, J. Mater. Chem. C. 10 (2022) 11027-11039. https://doi.org/10.1039/d2tc00759b.

R. Kumar, P.K. Kulriya, M. Mishra, F. Singh, G. Gupta, M. Kumar, Highly selective and reversible
NO: gas sensor using vertically aligned MoS: flake networks, Nanotechnology. 29 (2018) 464001.
https://doi.org/10.1088/1361-6528/aade20.

A. V Agrawal, R. Kumar, S. Venkatesan, A. Zakhidov, G. Yang, J. Bao, M. Kumar, M. Kumar,
Photoactivated Mixed In-Plane and Edge-Enriched p-Type MoS: Flake-Based NO2 Sensor Working

87


http://mostwiedzy.pl

A\ MOST

[57]

(58]

[59]

[60]

(61]

[62]

(63]

(64]

(65]

[66]

[67]

[68]

at Room Temperature, ACS Sensors. 3 (2018) 998-1004.
https://doi.org/10.1021/acssensors.8b00146.

T. Kim, T.H. Lee, S.Y. Park, T.H. Eom, I. Cho, Y. Kim, C. Kim, S.A. Lee, M.-J. Choi, M. Suh, |.-S.
Hwang, D. Lee, |. Park, HW. Jang, Drastic Gas Sensing Selectivity in 2-Dimensional MoS:2
Nanoflakes by Noble Metal Decoration, ACS Nano. 17 (2023) 4404-4413.
https://doi.org/10.1021/acsnano.2c09733.

M. Khatib, H. Haick, Sensors for Volatile Organic Compounds, ACS Nano. (2022).
https://doi.org/10.1021/acsnano.1¢c10827.

C.M. Yang, T.C. Chen, Y.C. Yang, M. Meyyappan, Annealing effect on UV-illuminated recovery in
gas response of graphene-based NO2 sensors, RSC Adv. 9 (2019) 23343-23351.
https://doi.org/10.1039/c9ra01295h.

N. Harada, K. Hayashi, M. Kataoka, J. Yamaguchi, M. Ohtomo, M. Ohfuchi, I. Soga, D. Kondo, T.
Iwai, S. Sato, Graphene-gate transistors for gas sensing and threshold control, Tech. Dig. - Int.
Electron Devices Meet. IEDM. (2017) 18.2.1-18.2.4. https://doi.org/10.1109/IEDM.2016.7838444.

H. Song, J. Liu, H. Lu, C. Chen, L. Ba, High sensitive gas sensor based on vertical graphene field
effect transistor, Nanotechnology. 31 (2020). https://doi.org/10.1088/1361-6528/ab668a.

T. Hayasaka, A. Lin, V.C. Copa, L.P. Lopez, R.A. Loberternos, L.I.M. Ballesteros, Y. Kubota, Y. Liu,
A.A. Salvador, L. Lin, An electronic nose using a single graphene FET and machine learning for
water, methanol, and ethanol, Microsystems Nanoeng. 6 (2020). https://doi.org/10.1038/s41378-
020-0161-3.

H. Tabata, H. Matsuyama, T. Goto, O. Kubo, M. Katayama, Visible-Light-Activated Response
Originating from Carrier-Mobility Modulation of NO2 Gas Sensors Based on MoS2 Monolayers, ACS
Nano. 15 (2021) 2542-2553. https://doi.org/10.1021/acsnano.0c06996.

M. Mathew, C.S. Rout, Schottky diodes based on 2D materials for environmental gas monitoring: a
review on emerging trends, recent developments and future perspectives, J. Mater. Chem. C. 9
(2021) 395-416. https://doi.org/10.1039/DOTC04840B.

A. Singh, M.A. Uddin, T. Sudarshan, G. Koley, Tunable Reverse-Biased Graphene/Silicon
Heterojunction Schottky Diode Sensor, Small. 10 (2014) 1555-1565.
https://doi.org/10.1002/SMLL.201302818.

M. Zhu, X. Li, S. Chung, L. Zhao, X. Li, X. Zang, K. Wang, J. Wei, M. Zhong, K. Zhou, D. Xie, H.
Zhu, Photo-induced selective gas detection based on reduced graphene oxide/Si Schottky diode,
Carbon N. Y. 84 (2015) 138-145. https://doi.org/10.1016/J.CARBON.2014.12.008.

Q. Li, J. Meng, Z. Li, Recent progress on Schottky sensors based on two-dimensional transition
metal dichalcogenides, J. Mater. Chem. A. 10 (2022) 8107-8128.
https://doi.org/10.1039/D2TA00075J.

R.J. Chen, N.R. Franklin, J. Kong, J. Cao, T.W. Tombler, Y. Zhang, H. Dai, Molecular
photodesorption from single-walled carbon nanotubes, Appl. Phys. Lett. 79 (2001) 2258-2260.
https://doi.org/10.1063/1.1408274.

88


http://mostwiedzy.pl

A\ MOST

(69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

(771

(78]

[79]

(80]

(81]

(82]

(83]

G. Chen, T.M. Paronyan, A.R. Harutyunyan, Sub-ppt gas detection with pristine graphene, Appl.
Phys. Lett. 101 (2012). https://doi.org/10.1063/1.4742327.

C.M. Yang, T.C. Chen, Y.C. Yang, M.C. Hsiao, M. Meyyappan, C.S. Lai, Ultraviolet illumination
effect on monolayer graphene-based resistive sensor for acetone detection, Vacuum. 140 (2017)
89-95. https://doi.org/10.1016/j.vacuum.2016.08.006.

J. Li, D. Gu, Y. Yang, H. Du, X. Li, UV Light Activated SnO2/ZnO Nanofibers for Gas Sensing at
Room Temperature, Front. Mater. 6 (2019). https://doi.org/10.3389/fmats.2019.00158.

H. Elhaes, A. Fakhry, Carbon nano materials as gas sensors, Mater. Today Proc. 3 (2016) 2483—
2492. https://doi.org/10.1016/j.matpr.2016.04.166.

M.Z. Igbal, M.W. Igbal, M.F. Khan, J. Eom, Ultraviolet-light-driven doping modulation in chemical
vapor deposition grown graphene, Phys. Chem. Chem. Phys. 17 (2015) 20551-20556.
https://doi.org/10.1039/c5¢cp02159f.

M.Z. Igbal, A. Rehman, S. Siddique, Ultraviolet-light-driven carrier density modulation of graphene
based field effect transistors under oxygen- and argon atmosphere, Appl. Surf. Sci. 451 (2018) 40—
44. https://doi.org/10.1016/j.apsusc.2018.04.222.

T. Hayasaka, Y. Kubota, Y. Liu, L. Lin, The influences of temperature, humidity, and O2 on electrical
properties of graphene FETs, Sensors Actuators, B Chem. 285 (2019) 116-122.
https://doi.org/10.1016/j.snb.2019.01.037.

H. Fang, W. Hu, Photogating in Low Dimensional Photodetectors, Adv. Sci. 4 (2017).
https://doi.org/10.1002/advs.201700323.

M.M. Furchi, D.K. Polyushkin, A. Pospischil, T. Mueller, Mechanisms of photoconductivity in
atomically thin MoSz, Nano Lett. 14 (2014) 6165—6170. https://doi.org/10.1021/n1502339q.

S.W. Lee, W. Lee, Y. Hong, G. Lee, D.S. Yoon, Recent advances in carbon material-based NO2
gas sensors, Sensors Actuators, B Chem. 255 (2018) 1788-1804.
https://doi.org/10.1016/J.SNB.2017.08.203.

X. Yan, Y. Wu, R. Li, C. Shi, R. Moro, Y. Ma, L. Ma, High-Performance UV-Assisted NO2 Sensor
Based on Chemical Vapor Deposition Graphene at Room Temperature, ACS Omega. 4 (2019)
14179-14187. https://doi.org/10.1021/acsomega.9b00935.

J. Park, R. Rautela, N. Alzate-Carvajal, S. Scarfe, L. Scarfe, L. Alarie, A. Luican-Mayer, J.M. Ménard,
UV lllumination as a Method to Improve the Performance of Gas Sensors Based on Graphene Field-
Effect Transistors, ACS Sensors. 6 (2021) 4417-4424. https://doi.org/10.1021/acssensors.1c01783.

N. Alzate-Carvajal, A. Luican-Mayer, Functionalized Graphene Surfaces for Selective Gas Sensing,
ACS Omega. 5 (2020) 21320-21329. https://doi.org/10.1021/acsomega.0c02861.

R.K. Gupta, F.H. Algahtani, O.M. Dawood, M. Carini, A. Criado, M. Prato, S.K. Garlapati, G. Jones,
J. Sexton, K.C. Persaud, C. Dang, U. Monteverde, M. Missous, R.J. Young, S. Boult, N. Dixon, L.
Majewski, M.A. Migliorato, Suspended graphene arrays for gas sensing applications, 2D Mater. 8
(2021) 025006. https://doi.org/10.1088/2053-1583/abcf11.

R. Kumar, N. Goel, M. Kumar, UV-Activated MoS2 Based Fast and Reversible NO2 Sensor at Room

89


http://mostwiedzy.pl

A\ MOST

(84]

(85]

(86]

(871

(88]

(89]

[90]

(91]

(92]

(93]

(94]

[99]

[96]

[97]

Temperature, ACS Sensors. 2 (2017) 1744-1752. https://doi.org/10.1021/acssensors.7b00731.

M.F. Khan, M.W. Igbal, M.Z. Igbal, M.A. Shehzad, Y. Seo, J. Eom, Photocurrent response of MoS:
field-effect transistor by deep ultraviolet light in atmospheric and N2 gas environments, ACS Appl.
Mater. Interfaces. 6 (2014) 21645-21651. https://doi.org/10.1021/AM506716A.

T. Pham, G. Li, E. Bekyarova, M.E. ltkis, A. Mulchandani, MoS2-Based Optoelectronic Gas Sensor
with Sub-parts-per-billion Limit of NO2 Gas Detection, ACS Nano. 13 (2019) 3196-3205.
https://doi.org/10.1021/acsnano.8b08778.

Y. Kang, S. Pyo, E. Jo, J. Kim, Light-assisted recovery of reacted MoS: for reversible NO2 sensing
at room temperature, Nanotechnology. 30 (2019) 355504. https://doi.org/10.1088/1361-
6528/AB2277.

M. Chen, D. Cui, N. Wang, S. Weng, Z. Zhao, F. Tian, X. Gao, K. He, C.-T. Chiang, S. Albawardi,
S. Alsaggaf, G. Aljalham, M.R. Amer, C. Zhou, Inkjet-Printed MoS2 Nanoplates on Flexible
Substrates for High-Performance Field Effect Transistors and Gas Sensing Applications, ACS Appl.
Nano Mater. 6 (2023) 3236—3244. https://doi.org/10.1021/acsanm.2c04885.

S. Ramu, T. Chandrakalavathi, G. Murali, K.S. Kumar, A. Sudharani, M. Ramanadha, K.R. Peta, R.
Jeyalakshmi, R.P. Vijayalakshmi, UV enhanced NO gas sensing properties of the MoS2 monolayer
gas sensor, Mater. Res. Express. 6 (2019). https://doi.org/10.1088/2053-1591/ab20b7.

Y.Z. Chen, S.W. Wang, C.C. Yang, C.H. Chung, Y.C. Wang, S.W. Huang Chen, C.W. Chen, T.Y.
Su, H.N. Lin, H.C. Kuo, Y.L. Chueh, An indoor light-activated 3D cone-shaped MoS: bilayer-based
NO gas sensor with ppb-level detection at room-temperature, Nanoscale. 11 (2019) 10410-10419.
https://doi.org/10.1039/C8NR10157D.

L. Huang, Z. Wang, J. Zhang, J. Pu, Y. Lin, S. Xu, L. Shen, Q. Chen, W. Shi, Fully printed, rapid-
response sensors based on chemically modified graphene for detecting NO2 at room temperature,
ACS Appl. Mater. Interfaces. 6 (2014) 7426—7433. https://doi.org/10.1021/am500843p.

W. Yuan, A. Liu, L. Huang, C. Li, G. Shi, High-performance NO: sensors based on chemically
modified graphene, Adv. Mater. 25 (2013) 766—771. https://doi.org/10.1002/adma.201203172.

Y. Zhou, C. Zou, X. Lin, Y. Guo, UV light activated NO2 gas sensing based on Au nanoparticles
decorated few-layer MoS2 thin film at room temperature, Appl. Phys. Lett. 113 (2018).
https://doi.org/10.1063/1.5042061.

R. Ghanbari, R. Safaiee, M.H. Sheikhi, M.M. Golshan, Z.K. Horastani, Graphene Decorated with
Silver Nanoparticles as a Low-Temperature Methane Gas Sensor, ACS Appl. Mater. Interfaces. 11
(2019) 21795-21806. https://doi.org/10.1021/acsami.9b00625.

J. Smulko, Szumy czujnikéw: metody pomiaréw i analizy, Wydawnictwo Politechniki Gdanskiej,
2014.

F.N. Hooge, T.G.M. Kleinpenning, L.K.J. Vandamme, Experimental studies on 1/f noise, 1981.

H. Wong, Low-frequency noise study in electron devices: Review and update, Microelectron. Reliab.
43 (2003) 585-599. https://doi.org/10.1016/S0026-2714(02)00347-5.

V. Palenskis, K. Maknys, Nature of low-frequency noise in homogeneous semiconductors, Sci. Rep.

90


http://mostwiedzy.pl

A\ MOST

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

5 (2015) 1-7. https://doi.org/10.1038/srep18305.

W. Shin, S. Hong, Y. Jeong, G. Jung, J. Park, D. Kim, K. Choi, H. Shin, R.-H. Koo, J.-J. Kim, J.-H.
Lee, Low-frequency noise in gas sensors: A review, Sensors Actuators B. Chem. 383 (2023)
133551-. https://doi.org/10.1016/j.snb.2023.133551.

A. Dziedzic, A. Kolek, B.W. Licznerski, Noise and nonlinearity of gas sensors-preliminary results, in:
Proc. 22nd Int. Spring Semin. Electron. Technol., 1999: pp. 99-104.

L.B.B. Kish, R. Vajtai, C.G.G. Granqvist, Extracting information from noise spectra of chemical
sensors: single sensor electronic noses and tongues, Sensors and Actuators B-Chemical. 71 (2000)
55-59. https://doi.org/10.1016/S0925-4005(00)00586-4.

S. Gomri, J.-L. Seguin, J. Guerin, K. Aguir, Adsorption-desorption noise in gas sensors: Modelling
using Langmuir and Wolkenstein models for adsorption, Sensors Actuators B. 114 (2006) 451-459.
https://doi.org/10.1016/j.snb.2005.05.033.

S. Gomri, J.-L. Seguin, J. Guerin, K. Aguir, A mobility and free carriers density fluctuations based
model of adsorption-desorption noise in gas sensor, J. Phys. D. Appl. Phys. 41 (2008) 065501.
https://doi.org/10.1088/0022-3727/41/6/065501.

A.N. Pal, S. Ghatak, V. Kochat, E.S. Sneha, A. Sampathkumar, S. Raghavan, A. Ghosh, Microscopic
mechanism of 1/f noise in graphene: Role of energy band dispersion, ACS Nano. 5 (2011) 2075—-
2081. https://doi.org/10.1021/nn103273n.

S. Rumyantsev, G. Liu, M.S. Shur, R.A. Potyrailo, A.A. Balandin, Selective gas sensing with a single
pristine graphene transistor, Nano Lett. 12 (2012) 2294-2298.
https://doi.org/10.1021/NL3001293/ASSET/IMAGES/LARGE/NL-2012-001293_0005.JPEG.

P. Bhattacharyya, Fabrication Strategies and Measurement Techniques for Performance
Improvement of Graphene/Graphene Derivative Based FET Gas Sensor Devices: A Review, |IEEE
Sens. J. 21 (2021) 10231-10240. https://doi.org/10.1109/JSEN.2021.3060463.

R. Samnakay, C. Jiang, S.L. Rumyantsev, M.S. Shur, A.A. Balandin, Selective chemical vapor
sensing with few-layer MoS: thin-film transistors: Comparison with graphene devices, Appl. Phys.
Lett. 106 (2015) 1-6. https://doi.org/10.1063/1.4905694.

S.L. Rumyantsev, M.S. Shur, G. Liu, A.A. Balandin, Low frequency noise in 2D materials: Graphene
and MoS, in: 2017 Int. Conf. Noise Fluctuations, ICNF 2017, Institute of Electrical and Electronics
Engineers Inc., 2017. https://doi.org/10.1109/ICNF.2017.7985949.

S. Ghosh, F. Kargar, A. Mohammadzadeh, S. Rumyantsev, A.A. Balandin, Low-Frequency
Electronic Noise in Quasi-2D van der Waals Antiferromagnetic Semiconductor FePS;—Signatures
of Phase Transitions, Adv. Electron. Mater. 7 (2021) 1-9. https://doi.org/10.1002/aelm.202100408.

G. Liu, S. Rumyantsev, M.A. Bloodgood, T.T. Salguero, M. Shur, A.A. Balandin, Low-frequency
electronic noise in quasi-1D TaSes van der Waals nanowires, Nano Lett. 17 (2017) 377-383.
https://doi.org/10.1021/acs.nanolett.6b04334.

N. Abid, A.M. Khan, S. Shujait, K. Chaudhary, M. Ikram, M. Imran, J. Haider, M. Khan, Q. Khan, M.

Magbool, Synthesis of nanomaterials using various top-down and bottom-up approaches,

91


http://mostwiedzy.pl

A\ MOST

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

influencing factors, advantages, and disadvantages: A review, Adv. Colloid Interface Sci. 300 (2022)
102597-. https://doi.org/10.1016/J.C1S.2021.102597.

I. V. Anoshkin, A.G. Nasibulin, Y. Tian, B. Liu, H. Jiang, E.l. Kauppinen, Hybrid carbon source for
single-walled carbon nanotube synthesis by aerosol CVD method, Carbon N. Y. 78 (2014) 130-136.
https://doi.org/10.1016/j.carbon.2014.06.057.

N. Perea-Lopez, Z. Lin, N.R. Pradhan, A. Ifiiguez-Rabago, A.L. Elias, A. Mccreary, J. Lou, P.M.
Ajayan, H. Terrones, L. Balicas, M. Terrones, CVD-grown monolayered MoS:2 as an effective
photosensor operating at low-voltage, 2D Mater. 1 (2014) 1-11. https://doi.org/10.1088/2053-
1583/1/1/011004.

H.R. Gutiérrez, N. Perea-Lopez, A.L. Elias, A. Berkdemir, B. Wang, R. Lv, F. Lépez-Urias, V.H.
Crespi, H. Terrones, M. Terrones, Extraordinary room-temperature photoluminescence in triangular
WS2 monolayers, Nano Lett. 13 (2013) 3447-3454.
https://doi.org/10.1021/NL3026357/SUPPL_FILE/NL3026357_SI_001.PDF.

G. Hu, J. Kang, LW.T. Ng, X. Zhu, R.C.T. Howe, C.G. Jones, M.C. Hersam, T. Hasan, Functional
inks and printing of two-dimensional materials, Chem. Soc. Rev. 47 (2018) 3265-3300.
https://doi.org/10.1039/c8cs00084k.

G. Barandun, L. Gonzalez-Macia, H.S. Lee, C. Dincer, F. Giider, Challenges and Opportunities for
Printed Electrical Gas Sensors, ACS Sensors. (2022). https://doi.org/10.1021/acssensors.2c01086.

J. Dai, O. Ogbeide, N. Macadam, Q. Sun, W. Yu, Y. Li, B.-L. Su, T. Hasan, X. Huang, W. Huang,
Printed gas sensors, Chem. Soc. Rev. 49 (2020) 1756. https://doi.org/10.1039/c9cs00459a.

H.Y. Jun, S.J. Kim, C.H. Choi, Ink formulation and printing parameters for inkjet printing of two
dimensional materials: A mini review, Nanomaterials. 11 (2021).
https://doi.org/10.3390/nano11123441.

M. Kooti, S. Keshtkar, M. Askarieh, A. Rashidi, Progress toward a novel methane gas sensor based
on SnO2 nanorods-nanoporous graphene hybrid, Sensors Actuators, B Chem. 281 (2019) 96-106.
https://doi.org/10.1016/j.snb.2018.10.032.

R. V. Mikhaylov, A.A. Lisachenko, B.N. Shelimov, V.B. Kazansky, G. Martra, S. Coluccia, FTIR and
TPD study of the room temperature interaction of a NO-oxygen mixture and of NO2 with titanium
dioxide, J. Phys. Chem. C. 117 (2013) 10345-10352. https://doi.org/10.1021/jp311593s.

K. Drozdowska, T. Welearegay, L. Osterlund, J. Smulko, Combined chemoresistive and in situ
FTIR spectroscopy study of nanoporous NiO films for light-activated nitrogen dioxide and acetone
gas sensing, Sensors Actuators B. Chem. 353 (2022) 131125-.
https://doi.org/10.1016/j.snb.2021.131125.

K. Drozdowska, A. Rehman, P. Sai, B. Stonio, A. Krajewska, M. Haras, S. Rumyantsev, L.
Osterlund, Organic Vapor Sensing Mechanisms by Large-Area Graphene Back- Gated Field-Effect
Transistors under uv Irradiation, ACS Sensors. (2022).
https://doi.org/10.1021/acssensors.2c01511.

K. Drozdowska, A. Rehman, J. Smulko, A. Krajewska, B. Stonio, P. Sai, A. Przewtoka, M. Filipiak,
K. Pavtov, G. Cywinski, D. V. Lyubchenko, S. Rumyantsev, Optimum Choice of Randomly Oriented

92


http://mostwiedzy.pl

A\ MOST

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

Carbon Nanotube Networks for UV-Assisted Gas Sensing Applications, ACS Sensors. 8 (2023)
3547-3554. https://doi.org/10.1021/acssensors.3c01185.

Z. Huang, A. Nagpal, | Soumik Siddhanta, | Ishan Barman, Leveraging coffee-ring effect on
plasmonic paper substrate for sensitive analyte detection using Raman spectroscopy, (2018).
https://doi.org/10.1002/jrs.5415.

Q.H. Wang, K. Kalantar-Zadeh, A. Kis, J.N. Coleman, M.S. Strano, Electronics and optoelectronics
of two-dimensional transition metal dichalcogenides, Nat. Nanotechnol. 7 (2012) 699-712.
https://doi.org/10.1038/nnano.2012.193.

B. Cho, J. Yoon, M.G. Hahm, D.H. Kim, A.R. Kim, Y.H. Kahng, S.W. Park, Y.J. Lee, S.G. Park, J.D.
Kwon, C.S. Kim, M. Song, Y. Jeong, K.S. Nam, H.C. Ko, Graphene-based gas sensor: Metal
decoration effect and application to a flexible device, J. Mater. Chem. C. 2 (2014) 5280-5285.
https://doi.org/10.1039/c4tc00510d.

U. Patil, N.M. Caffrey, Adsorption of common solvent molecules on graphene and MoS2 from first-
principles, J. Chem. Phys. 149 (2018). https://doi.org/10.1063/1.5042524.

P. Lazar, F. Karlicky, P. Jurecka, M. Kocman, E. Otyepkova, K. Safarova, M. Otyepka, Adsorption
of small organic molecules on graphene, J. Am. Chem. Soc. 135 (2013) 6372-6377.
https://doi.org/10.1021/ja403162r.

J. Akesson, O. Sundborg, O. Wahlstrém, E. Schréder, A van der Waals density functional study of
chloroform and other trihalomethanes on graphene, J. Chem. Phys. 137 (2012).
https://doi.org/10.1063/1.4764356.

K. Drozdowska, S. Rumyantsev, J. Smulko, A. Kwiatkowski, P. Sai, P. Prystawko, A. Krajewska,
G. Cywinski, The effects of gas exposure on the Graphene/AlGaN/GaN heterostructure under UV
irradiation, Sensors Actuators B Chem. 381 (2023) 133430.
https://doi.org/10.1016/j.snb.2023.133430.

K. Drozdowska, A. Rehman, J. Smulko, S. Rumyantsev, B. Stonio, A. Krajewska, M. Stowikowski,
M. Filipiak, P. Sai, G. Cywinski, Enhanced gas sensing by graphene-silicon Schottky diodes under
uv irradiation, Sensors Actuators B Chem. 396 (2023) 134586-.
https://doi.org/10.1016/j.snb.2023.134586.

J. Smulko, K. Drozdowska, A. Rehman, T. Welearegay, L. Osterlund, S. Rumyantsev, G. Cywinski,
B. Stonio, A. Krajewska, M. Filipiak, P. Sai, Low-frequency noise in Au-decorated graphene—Si
Schottky barrier diode at selected ambient gases, Appl. Phys. Lett. 122 (2023) 1-6.
https://doi.org/10.1063/5.0152456.

K. Drozdowska, A. Rehman, A. Krajewska, D. V. Lioubtchenko, K. Paviov, S. Rumyantsev, J.
Smulko, G. Cywinski, Effects of UV light irradiation on fluctuation enhanced gas sensing by carbon
nanotube networks, Sensors Actuators B Chem. 352 (2022) 131069.
https://doi.org/10.1016/j.snb.2021.131069.

M.D. Ganiji, H. Mazaheri, A. Khosravi, Acetone adsorption on pristine and Pt-doped graphene: A
first-principles  vdW-DF  study, Commun. Theor. Phys. 64 (2015) 576-582.
https://doi.org/10.1088/0253-6102/64/5/576.

93


http://mostwiedzy.pl

A\ MOST

[134]

[135]

[136]

H. Tang, L.N. Sacco, S. Vollebregt, H. Ye, X. Fan, G. Zhang, Recent advances in 2D/nanostructured
metal sulfide-based gas sensors: mechanisms, applications, and perspectives, J. Mater. Chem. A.
8 (2020) 24943-24976. https://doi.org/10.1039/DOTA08190F.

M. Shur, S. Rumyantsev, C. Samnakay, R. Jiang, J. Renteria, A.. Balandin, Selective Gas Sensing
with MoS2  Thin Film  Transistors, in: IEEE  Sensors, 2014. https://doi.org/
10.1109/ICSENS.2014.6984931).

K. Drozdowska, A. Rehman, S. Rumyantsev, M. Wurch, L. Bartels, A. Balandin, J. Smulko, G.
Cywinski, Study of ZrSs-based field-effect transistors toward the understanding of the mechanisms
of light-enhanced gas sensing by transition metal trichalcogenides, Mater. Today Commun. 34
(2023) 1-8. https://doi.org/10.1016/j.mtcomm.2023.105379.

94


http://mostwiedzy.pl

A\ MOST

8. LIST OF FIGURES

Figure 2.1 Examples of low-dimensional materials used in gas sensing devices. The class of 2D materials
includes, for instance, graphene, transition metal di- or trichalcogenides (TMDCs or TMTCs) and their

COMDINALIONS [A2]. ...t e bt e e et e e et et e e et bt e e e be e e e e be e e e e e bn e e e enneeeennnnee s 10

Figure 2.2 Top-view atomic structure and electronic band structure of 2D pristine (a) graphene, (b)
molybdenum disulfide (MoSz2), and (c) zirconium trisulfide (ZrSs). CB, VB, and Ec denote the conduction
band, valence band, and band gap energy, respectively. Ec values marked on the scheme refer to direct
optical band gaps. Grey, yellow, teal, and purple atoms represent carbon, sulfur, molybdenum, and

4] (oo 11T 1 o RS PRRPPPP 12

Figure 2.3 Schematic representation of linear dispersion relation for pristine and p-doped graphene. The
lower energy level of NOz2 leads to electron transfer from graphene Fermi level (Er) to NO2 LUMO, causing

a change in material reSIStANCE R. ... e e e e e e e e e eea e an 14

Figure 2.4 Schematic of the transfer characteristic of graphene-based FET with Dirac point at Ve = 0 V and
changes in Fermi level position for hole and electron regime. A negative Vi range indicates p-type

conductivity and a positive Vi range corresponds to the n-type conductivity of graphene.......................... 16

Figure 2.5 Schematic illustrations of the conductivity o vs. applied gate voltage Vs and the corresponding
physical phenomena for a GFET: (a) the lateral shift of charge neutrality point due to the charge transfer
between a gas molecule and graphene, (b) the change in hole branch due to Coulomb interactions of the
gas molecule with holes, (c) the change in electron branch due to Coulomb interactions of the gas molecule
with electrons, (d) the vertical change in charge neutrality point position due to the modulated residual carrier

concentration by gas molecule. Reprinted with permission from [62]. Copyright 2020 T. Hayasaka et al. 17

Figure 2.6 Theoretical graphs describing the changes in the transfer curve during NO2 exposure under
different irradiances: (a) charge-transfer model and (b) carrier-mobility modulation model. PL1 and PL2 denote
different irradiances (PL1 < PL2). The solid and dashed lines represent the characteristics before and after
NO:2 detection. lo12) and Al12) are the initial current and change in current under an irradiance of PL1(2). Vi
and gm represent threshold voltage and transconductance. (c) Experimental characteristics measured
before, during, and after exposure to 100 ppb NOz2, and (d) the same transfer curves normalized for easier
comparison. The solid and dotted curves are forward and reverse sweeps, respectively. Reprinted with

permission from [63]. Copyright 2021 American Chemical SoCiety. ..........ccccvviiriiiiiiiiiici e 18

Figure 2.7 Schematic illustrations of graphene-based device based on (a) a field-effect transistor and (b) a
Schottky diode configuration. The principal difference between the two devices is the oxide layer (SiO2)
under the whole graphene channel in FET and only between the Au electrode and Si substrate in the
Schottky diode. Vbs, Vi, and V denote the drain-source voltage, back-gate voltage, and voltage polarizing
L= [T o = PO P PP PP 20

Figure 2.8 (a) Sensor response in the presence of DMMP vapor at five concentrations under LED irradiation

with three different wavelengths (365, 405, and 850 nm) and (b) peak-to-peak responses corresponding to
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the data in (a) revealing the highest impact of the shortest UV wavelength (365 nm). Reprinted with
permission from [80]. Copyright 2021 American Chemical SOCIety. ..........cccceveiiiiiiiiiiii e 25

Figure 3.1 The exemplary illustration of power spectral density S(f) of fluctuations as a function of frequency
f(both in logarithmic scales). The dashed blue line corresponds to 1/fnoise, and the dotted red curve denotes
the dominating Lorentzian with the maximum point for a frequency f.. The overall noise is illustrated with the

o] =Tl (e U Y/ YN 31

Figure 4.1 The schematic procedure of GFET fabrication, including delamination of Cu-grown graphene
layer with poly(methyl methacrylate) (PMMA) handle, graphene transfer onto oxidized Si substrate, selective
etching of graphene to produce a source-drain channel of specific dimensions, and metallization (sputtering)

to produce source (gold), drain (gold), and back-gate electrode (chromium). ...........ccccccviieiiiiiiiiiiiee e, 36

Figure 4.2 Schematic representation of the MoS: layers printing procedure: (a) MoS:2 dispersion deposited
onto a ceramic substrate with interdigitated electrodes (IDES); (b) the fastest solvent evaporation and
accelerated aggregation of MoS: at the edges of the droplet results in the coffee ring effect and non-uniform
flakes distribution. The picture presents the sensor produced with ten layers of MoS: flakes on the ceramic
SUDSTIIATE. L.t e e e e b et e e e e e e e e e ee s 39

Figure 4.3 Confocal optical microscopy image of a GFET. The area of the graphene channel is ~0.2 mm?Z.
The magnified region reveals a significant number of point and edge defects. Imaging was performed with
Olympus, 3D LEXT OLSS5T00 [1271]. 1iuuieeeeiiieeeiieieeeetee e s siieeeeeiee e e seeeeaeasteaeeanseeaesneeeasnseeeeaseeeesnneaeeansneeannn 40

Figure 4.4 (a) Transmission optical microscope image (1000x magnification) of 10-layered MoS: structure
consisting of nanoflakes, and (b) UV-vis absorbance spectrum for MoS: flakes dispersion used for gas-
sensitive layers printing. Letters A and B represent optical band transitions independent from the lateral
dimensions of the MoS: flakes (660 nm and 602 nm). In contrast, letters C and D represent the excitonic
bands ascribed to the nanosized sheets of MoS2 (387 nm and 323 nm). Optical imaging was performed with
a digital trinocular Levenhuk MED D45T microscope, and UV-vis spectra were collected using Evolution One

Plus UV-vis two-beam spectrophotometer (Thermo Scientific). .........ccooiiviiiiiiiiii e 41

Figure 4.5 lllustration of an exemplary transient curve (three consecutive cycles of response-recovery)
obtained during three cycles of gas detection. The fundamental quantities derived from the curve are

maximum response (Smax), response time (zes), recovery time (zec), and drift baseline. ............cc..ccceoe 42

Figure 4.6 The experimental setup for measuring DC gas sensing responses of prototype sensors based
on a resistor, FET or Schottky diode configuration divided into three main parts: 1 — gas distribution system
with mass flow control software — two calibration bottles are depicted as an exemplary target gas (NO2) and
carrier gas (synthetic air — S.A.); 2 — gas sensor chamber with gas inlet/outlet; 3 — system for biasing and

measuring sensors with signal acquisition UNIt. ...............uiuiiii e 44

Figure 4.7 (a) Photograph presenting the gas sensor chamber for measuring resistive sensors under
selected LED irradiation. For measurements of the MoS2 sensor of high resistance (MQ to GQ range), Teflon
board was used on one side of the chamber instead of PCB to reduce leakage currents as depicted in (b).

Selected UV LED was placed close to the sensing surface of MoS:2 (less than 0.5 cm of distance). ......... 44
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Figure 4.8 Photographs presenting the probe station with titanium (Ti) needles connecting the (a) GFET
sensor and (b) G-Si Schottky sensor with the necessary measuring and biasing units. The metal pipe visible
in both images delivers the target gas to the sensing surface. Selected LEDs can be placed close to the

sensors (less than 0.5 cm of distance) via the individual manipulator. ............cccccoiiiiiicini e 45

Figure 4.9 Schematic of the circuit for low-frequency noise measurements for the low-resistance sensors
(here for G-Si Schottky diodes). The resistance R was adjusted to be close to the diode resistance. The

voltage gain k was equal to 1000. Biasing voltage Vo was between 1.20 and 3.64 V for the G-Si sample. 46

Figure 4.10 Schematic of the circuit for low-frequency noise measurements for the high-resistance sensors
(based on MoS:2 and ZrS3). The voltage across the resistor R (VR) was monitored to obtain the current /
flowing through the sensor Rs. The voltage gain k was adjusted for each device and was equal to 200 for
the MoS2- and 2000 for the ZrSs3-based sensor. Biasing voltage Vo was set to 20 V for MoS2 and 6 V for ZrS3
devices, which depended on DC characteristics collected for both samples. One of the batteries is marked

as optional (in brackets) since it was only required for MoS2 samples to obtain an input voltage exceeding

Figure 5.1 DC resistance Rs of the back-gated GFET sensor between the drain and source as a function of
gate voltage VG (a) for different gases in the dark and under UV irradiation (275 nm), and (b) a close-up for
tetrahydrofuran, which shows how the UV light shifts both sensor resistance and gate voltage. The black
dashed curve refers to the curve for tetrahydrofuran at UV (275 nm) after the shift by ARs and AVs marked
o)V =T = 4 1. 7 49

Figure 5.2 Power spectral density of voltage fluctuations Sv(f) normalized to Vs? and multiplied by f for a
GFET sensor, where Vs is the DC voltage across the sensor, and fis the frequency. Plots (a) and (b) show

the spectral range between 0.5 and 500 Hz for dark conditions and under UV irradiation, respectively. ... 50

Figure 5.3 GFET sensor aging process after seven days of exposure to chloroform vapor without intermittent
cleaning of the sensor: (a) DC resistance Rs at gate voltage Ve = 60 V and (b) normalized power spectra
Sv(f)/Vs? x f of power spectral density of voltage fluctuations as a mean value taken in the frange of 60-90
Hz. The error bars in (b) present the standard deviation from the mean value. Day 0 refers to measurements

conducted for the sensor just after the cleaning procedure at high temperature and under high vacuum.. 51

Figure 5.4 GFET refreshing process using UV irradiation under N2 atmosphere: (a) DC resistance Rs vs.
gate voltage Ve characteristics for different times of refreshing process and (b) normalized noise spectra
multiplied by frequency Sv(f)/Vs? x f collected before, during, and after sensor refreshing for a total of 100

[0 [TV =T 52

Figure 5.5 (a) Drain-source current Ibs as a function of gate voltage Vs for different concentrations of NO2
in the dark (solid curves) and under UV (275 nm) irradiation (dashed curves), and (b) drain-source current
Ips as a function of NO2 concentration in the dark and under UV (275 nm) irradiation showing the linearity of

the response. Ve was -3 V for the dark and -4 V or -4.25 V for the irradiated sensor. ............cccceevcvvvrenne 53
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Figure 5.6 Drain-source current Ips in the time domain for five repeated cycles of introducing NOz2 (5 ppm).
The gate voltage was set to -3 V and -4 V for dark and UV-enhanced conditions. Dashed lines indicate the

moment when the target gas was introduced to the SENSOT. ...........cciiiiii i 54

Figure 5.7 Drain-source current Ibs as a function of gate voltage Vs for tetrahydrofuran (100 ppm) and

acetone (110 ppm) in the dark and under UV (275 nm) irradiation............cccceiiiii i 54

Figure 5.8 Drain-source current /ps in the time domain for five repeated cycles of introducing (a)
tetrahydrofuran (100 ppm) and (b) acetone (110 ppm). The gate voltage was set to -3 V and -4 V for dark
and UV-enhanced conditions. Dashed lines indicate the moment when the target gas was introduced to the

LS T=1 g 1o PR 55

Figure 5.9 Power spectral density of voltage fluctuations Sv(f) normalized to sensor DC voltage squared Vs?

for different concentrations of NOz (a) in the dark and (b) under UV irradiation. ............ccceoiiiniiiiiinneen. 56

Figure 5.10 Power spectral density of voltage fluctuations Sv(f) normalized to sensor DC voltage squared

Vs? for (a) tetrahydrofuran and (b) acetone in the dark (solid curve) and under UV irradiation (dashed curve).

Figure 5.11 Comparison of multiplication product of power spectral density of voltage fluctuations Sv(f)
normalized to sensor DC voltage squared Vs? and frequency f for different vapors. Dashed curves
demonstrate experimental data and solid lines indicate polynomial fitted curves. Vertical dashed lines mark
the maximum noise values for fitted functions. Characteristic frequencies occur at about 11, 12, 13, and

12 Hz for nitrogen, acetone, tetrahydrofuran, and 20 ppm of nitrogen dioxide, respectively. ..................... 57

Figure 5.12 Current-voltage characteristics of the investigated G-Si Schottky diode (W = 100 um, L =250
pum) in an ambient atmosphere of NO2 (2 ppm) operating (a) in the dark, (b) under blue LED (470 nm, 4.3
mW/cm?2), and (c) UV LED (275 nm, 1.59 mW/cm?). The |-V characteristics were recorded at equal

consecutive intervals of 15 minutes after infroducing NO2 gas..........coiiiiiiiiiiiiiiie e 60

Figure 5.13 (a) Current-voltage characteristics of the investigated Schottky diode (W = 100 ym, L = 250
um) for NO2 (1-3 ppm) under UV irradiation, (b) data points derived from /-V characteristics at 4 V bias for
detection limit (DL) estimation with black error bars representing the accuracy of the current measurements.
Each characteristic at the selected NO2 concentration was measured after 60 minutes of target gas

[19] (oo [8 T3 1] o TR N 61

Figure 5.14 Schottky diode time response (W = 100 pm, L = 250 ym) at 4 V bias for NO2 (1-3 ppm) under

UV irradiation. Each cycle consisted of 45 minutes of NOz flow and 45 minutes of recovery in S.A. ......... 61

Figure 5.15 Current-voltage characteristics of the investigated Schottky diode (W = 100 um, L = 250 ym) in
an ambient atmosphere of 100 ppm of THF vapor operating (a) in the dark, (b) under blue LED (470 nm,
4.30 mW/cm?), and (c) UV LED (275 nm, 1.59 MW/CMZ). ......ccocviriiiriirieriiieieie et ese s 62

Figure 5.16 Current-voltage characteristics of the investigated Schottky diode (W = 50 ym, L = 250 pym)
decorated with AuNPs in an ambient atmosphere of synthetic air (S.A.), 100 ppm of THF or 100 ppm of

CHCiIs (a) in logarithmic scale, (b) in linear scale showing the changes for THF under forward bias. The solid
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curves represent dark conditions, and dashed curves denote conditions with yellow LED (592 nm)

[ r=To [E=1 (o] [ 64

Figure 5.17 (a) Power spectral density of voltage noise Sv(f) generated in the Au-decorated G—Si Schottky
diode under forward bias (1.20-3.64 V) in the dark and under ambient air conditions and (b) power spectral
density of voltage noise Sv(fo) at frequency fo = 1 Hz vs. bias voltage V across the diode, showing linear

dependence as a function of V2 in the dark and yellow light irradiation (592 NM)..........ccccevveeieeeeeecieenenas 65

Figure 5.18 Power spectral density of resistance fluctuations Sr(f) normalized to the square of dynamic
resistance Rsaif? for a forward-biased Au-decorated G-Si Schottky diode at voltage bias V = 3.64 V in
selected gases: (a) in the dark and under yellow light irradiation (592 nm), (b) in the dark and under blue
lIGht irradiation (470 NIM ). ...t e et e e e s e et e e e e e e e eaasbeeeeaeseessnssaseeaaeeaassbesseaeneesanses 65

Figure 5.19 (a) Relative change in sensor resistance Rs and (b) power spectral density of resistance
fluctuations Sr normalized to sensor resistance squared R? at fo = 0.5 Hz for ethanol (140 ppm) and acetone
(110 ppm) in the dark and under UV 275 nm irradiation for samples of 70 and 90% transparency. Reference

resistance Ro and reference power spectral density Sro designate synthetic air conditions. .................... 67

Figure 5.20 (a) Current-voltage (/-V) characteristics of MoS2 sensor in S.A. for different optical power
densities of the UV LED (275 nm), and (b) time response (current) of MoS2 sensor to four consecutive cycles
of UV light (275 nm, 1.59 mW/cm?) irradiation. Each irradiation cycle lasted 10 minutes, followed by 10

minutes of recovery in the dark. The bias voltage was set to 20 V for time-response measurements. ...... 69

Figure 5.21 (a) Time response (resistance) of MoS2 sensor to four consecutive cycles of NO2 (5 ppm)
introduction; and (b) time response (relative changes in sensor resistance) of MoS:2 sensor to five cycles of
NO: introduction of selected concentrations (1-10 ppm) under UV light (275 nm). Each detection cycle
consisted of a 30-minute response and 30-minute recovery in S.A. The bias voltage was set to 20 V. The

black dashed exponential curve in (b) denotes the time drift present during detection. ............................. 70

Figure 5.22 (a) Time response (resistance) of MoS2 sensor to four consecutive cycles of NHs (5 ppm)
introduction; and (b) time response (relative changes in sensor resistance) of MoS:2 sensor to five cycles of
NHs introduction of selected concentrations (2—12 ppm) under UV light (275 nm). Each detection cycle
consisted of a 30-minute response and 30-minute recovery in S.A. The bias voltage was set to 20 V. The

black dashed exponential curve in (b) denotes the time drift present during detection. ............................. 71

Figure 5.23 (a) Time response (resistance) of MoS2 sensor to four consecutive cycles of CsHsO (5 ppm)
introduction; and (b) time response (relative changes in sensor resistance) of MoS:2 sensor to five cycles of
Cs3HeO introduction of selected concentrations (2—12 ppm) under UV light (275 nm). Each detection cycle
consisted of a 30-minute response and 30-minute recovery in S.A. The bias voltage was set to 20 V. The

black dashed exponential curve in (b) denotes the time drift present during detection. ............................. 72

Figure 5.24 Relative changes in MoS2 sensor resistance as a function of target gas concentration for NOz,
NHs, and C3HeO under UV light (275 nm) (a) before and (b) after subtraction of the drift baseline. Theoretical
detection limits established for NO2, NHs, and C3HsO are marked on the graphs and are equal to 168 ppb,
560 ppb, 393 ppb (drift case), and 83 ppb, 133 ppb, and 359 ppb (subtracted drift case), respectively. Solid
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curves correspond to a third-order polynomial function fitted to the experimental points for DL estimation.

Figure 5.25 Power spectral density of current fluctuations Si(f) at different ambient conditions (a) in the dark
and (b) under UV irradiation (275 nm, 1.59 mW/cm?) for the ink-printed MoS2 sensor. The black dashed

lines denote the 1/F NOISE SNAPE. ........eeiiii i e e e e e e e e et rbeeeaaeeeeennnees 74

Figure 5.26 (a) Schematic representation of the ZrSs-based FET sensor, and (b) microscopic photograph
of the investigated sensing structure with a 3 ym? sensing area between each pair of electrodes; (c) transfer
curve (Ibs vs. Vg) with drain-source voltage (Vbs) biased to 6 V, and (d) output curve (/os vs. Vbs) with Vi
biased to 30 V in the dark and under blue (470 nm, 1.44 mW/ cm?2), green (515 nm, 4.05 mW/cm?), and red

(700 nm, 0.91 mW/cm?) irradiation. DC characteristics were measured in S.A. as marked on the graphs.

Figure 5.27 ZrSs sensor performance toward selected concentrations of NO2 under different irradiation
conditions: graphs (a)—(d) present drain-source current Ips vs. gate voltage Ve for NO2 detection in the dark
and under red (700 nm, 0.91 mW/cm?) green (515 nm, 4.05 mW/cm?), and blue (470 nm, 1.44 mW/cm?)
1o Lo ST o T=Tox 11 =Y U RRPTRPN 77

Figure 5.28 Comparison of ZrSs sensor performance toward different gases: drain-source current Ips
response for selected concentrations of (a) nitrogen dioxide, (b) ethanol, and (c) acetone under different
irradiation conditions. Ibs values were derived from the transfer curves for Ve = 30 V. Vbs was biased to 6 V
in all experiments. Dashed lines depict linear functions fitted to the experimental points, and parameter R?

represents the quality of the lINEar fitS. ........cccueiiiii i 78

Figure 5.29 Time response studies of the ZrSs sensor for consecutive cycles of introducing 16 ppm of NO2
(a) under continuous irradiation using green (515 nm, 4.05 mW/cm?) or blue (470 nm, 1.44 mW/cm?) LED
and (b) under continuous blue light (three LEDs connected in series) with adjusted optical power density
from 0.93 mW/cm? to 4.30 mW/cm? (dashed red boxes indicate cycles of NO2 detection for specific optical

power densities with values marked in the fIgure). ... 80

Figure 5.30 (a) ZrSs sensor response derived from the relative changes of conductance Sc vs. NO2
concentration (2-16 ppm), and (b) the inverse conductive response vs. the inverse NO2 concentration.
Conductance G values were derived from the transfer curves for Ve = 30 V and Vbs biased to 6 V under
blue irradiation of the highest optical power density (4.30 mW/cm?). Sg is then defined as |G—Go|/Go, where

Go iS the CONAUCIANCE IN S.A. ...ttt ettt e et e e e e e e eeeeeeeeeeeeeeeaeeeeeeeeereeneeeereanes 80

Figure 5.31 Power spectral density of current fluctuations Si(f) normalized to current squared 2 for ZrSs
sensor measured under blue light (470 nm, 4.30 mW/cm?) at Ve = 24 V and Vps = 6 V in the atmospheres

Of selected target GAsES. ... i et e e e e e e e e e e e e e e e e nnaes 81

100


http://mostwiedzy.pl

A\ MOST

9. LIST OF TABLES

Table 2.1 Key parameters for chemiresistive gas SENSOIS...........cuiiiiiiiiiiiiieie e 15

Table 2.2 Summary of reports on UV-assisted gas sensing by unmodified graphene at RT published from

220 1 SRR 26
Table 2.3 Summary of reports on UV-assisted gas sensing by MoS: at RT published from 2019............. 27
Table 4.1 Printing parameters for MoS2-based SENSOIS. .........cociiiiiiiiii e 38
Table 5.1 Noise features of the ink-printed MoS2 sensor for selected organic vapors. ...........cccccevvvveennnee. 74

101


http://mostwiedzy.pl

A\ MOST

10. PUBLISHED PAPERS

The thesis was prepared based on six peer-reviewed papers enlisted below:

Drozdowska, K., Rehman, A., Sai, P., Stonio, B., Krajewska, A., Dub, M., Kacperski, J.,
Cywinski, G., Haras, M., Rumyantsev, S., Osterlund, L., Smulko, J., & Kwiatkowski, A.
(2022). Organic Vapor Sensing Mechanisms by Large-Area Graphene Back-Gated Field-
Effect Transistors under UV Irradiation. ACS Sensors, 7, 3094-3101.

Contribution of the author of the thesis: electrical and noise measurements of the
sensors, structural characterization of the graphene layers, visualization of the research
results, data curation, analysis and interpretation, writing of the original draft, and review

and editing of the manuscript during the revision process.

Drozdowska, K., Rumyantsev, S., Smulko, J., Kwiatkowski, A., Sai, P., Prystawko, P.,
Krajewska, A., & Cywinski, G. (2023). The effects of gas exposure on the
graphene/AlGaN/GaN heterostructure under UV irradiation. Sensors and Actuators B-
Chemical, 381, 133430.

Contribution of the author of the thesis: electrical and noise measurements of the
sensors, visualization of the research results, data curation, analysis and interpretation,
writing of the original draft, and review and editing of the manuscript during the revision

process.

Drozdowska, K., Rehman, A., Smulko, J., Rumyantsev, S., Stonio, B., Krajewska, A.,
Stowikowski, M., Filipiak, M., Sai, P., & Cywinski, G. (2023). Enhanced gas sensing by
graphene-silicon Schottky diodes under UV irradiation. Sensors and Actuators B-
Chemical, 396, 134586.

Contribution of the author of the thesis: electrical measurements of the sensors,
visualization of the research results, data curation, analysis and interpretation, writing of
the original draft, and review and editing of the manuscript during the revision process.

Smulko, J., Drozdowska, K., Rehman, A., Welearegay, T., Osterlund, L., Rumyantsev,
S., Cywinski, G., Stonio, B., Krajewska, A., Filipiak, M., & Sai, P. (2023). Low-frequency
noise in Au-decorated graphene—Si Schottky barrier diode at selected ambient gases.
Applied Physics Letters, 122, 211901.

Contribution of the author of the thesis: electrical and noise measurements of the
sensors, visualization of the research results, data curation, support in data analysis and

interpretation, and support in writing, reviewing and editing the manuscript.

102


http://mostwiedzy.pl

A\ MOST

VI

Drozdowska, K., Rehman, A., Smulko, J., Krajewska, A., Stonio, B., Sai, P., Przewloka,
A., Filipiak, M., Pavtov, K., Cywinski, G., Lyubchenko, D. V., & Rumyantsev, S. (2023).
Optimum Choice of Randomly Oriented Carbon Nanotube Networks for UV-Assisted Gas
Sensing Applications. ACS Sensors, 8, 3547-3554.

Contribution of the author of the thesis: electrical and noise measurements of the
sensors, visualization of the research results, data analysis and interpretation, co-writing
of the original draft, and review and editing of the manuscript during the revision process.

Drozdowska, K., Rehman, A., Rumyantsev, S., Wurch, M., Bartels, L., Balandin, A.,
Smulko, J., & Cywinhski, G. (2023). Study of ZrSs-based field-effect transistors toward the
understanding of the mechanisms of light-enhanced gas sensing by transition metal

trichalcogenides. Materials Today Communications, 34, 105379.

Contribution of the author of the thesis: electrical and optical measurements of the
sensors, visualization of the research results, data curation, analysis and interpretation,
writing of the original draft, and review and editing of the manuscript during the revision

process.

103


http://mostwiedzy.pl

	16808d9f802404c2324a82804fce342755e3d5e86bf542e53ae45a744998eb8f.pdf
	379d8eddfe8b0a9a931b32b9ea59b74775db7693874928519e42f7e84f6ff35a.pdf
	16808d9f802404c2324a82804fce342755e3d5e86bf542e53ae45a744998eb8f.pdf

