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SUMMARY

Nanostructured materials have attracted more and more attention in the applications of gas
sensing due to their high specific surface area, numerous surface-active sites, as well as the
effect of crystal facets with high surface reactivity. These kinds of gas sensors are mainly
used for detecting air quality, environment situation, and breath analysis. Among different
gas sensors, metal sulfide-based sensors have generated considerable interest in recent years
because of their excellent sensitivity, fast response, and good selectivity. Alternatively,
driven by the increasing demand for environmental and health monitoring, the sensors are
required to have low limit of detection (LOD) in ppb-level, higher response and selectivity,
and real-time recording. There are several ways to improve the sensing performance, such
as functionalizing metal sulfide (defects, dopants), constructing heterojunction (Schottky
junction, p-n, n-n, and p-p semiconductor junction), and using field-effect transistor (FET)
gas sensor. Herein, my research aims to explore high-performance gas sensors through
these techniques and to research the fundamental mechanism of the gas sensing process for
metal sulfides devices.

A comprehensive literature review of the state-of-the-art of metal sulfide-based gas sen-
sor is presented in chapter 2. It includes the basic crystal structures, synthesis methods,
device fabrication methods, and the gas sensing performances of various metal sulfide-
based gas sensors. Since metal sulfides have a shallow valence band and different shapes,
sizes, crystalline forms, chemical compositions, they have excellent sensing performance.
It is found that the devices based on Schottky diode, metal oxide/metal sulfide heterojunc-
tion, and transistor have enhanced gas-sensing performance. Thus in this work, I ana-
lyzed the sensing behaviour of an SnS-Ti Schottky contact humidity sensor, an SnO,/SnS
heterostructures-based NO, gas sensor with rich oxygen vacancies, and a WS2/IGZO-based
thin film transistor for NO; gas sensing.

To improve the humidity sensing performance, an SnS-Ti Schottky-contacted sensor is
designed and analyzed in chapter 3. The SnS nanoflakes were mechanically exfoliated and
then transferred on a rigid or flexible substrate. The as-fabricated sensor exhibited high
response of 67600% towards 10% RH and 2491000% towards 99% RH, wide RH range
from 3% RH to 99% RH, and fast response/recovery time of 6 s /4 s. The flexible humidity
sensor shows a similar performance. Through the density functional theory (DFT) analysis
and band alignment analysis, it is found that excellent sensing performance is attributed
to the Schottky nature of SnS-Ti contact. HoO absorption moves the Fermi level of SnS
toward the conduction band, decreasing the Schottky barrier (¢p) by A@pg, resulting in
thinning of the @p and an increase of the device current. Different relative humidity levels
induce different A@p and sensitivity. The recovery mechanism is also attributed to the ¢g.
When air flows out of the chamber, the water molecule shifts from the adsorption sites, and
the conductivity decreases due to the increased ¢@p. To extend the device’s application, a
smart home system based on the sensors is proposed to process the signal from breath and
finger touch experiments for noncontact controlling and respiration monitoring.

xi
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To further improve the LOD and sensitivity for humidity and NO; gas, four types of
SnS-based gas sensors, including liquid phase exfoliated (LPE) SnS nanosheets, SnO>
nanosheets, SnO2/SnS nanocomposites, and SnO,/SnS heterostructure, are explored and
comparatively analyzed in chapter 4. The results show that the sensor based on SnO,/SnS
heterostructure that formed by the post-oxidation of LPE-SnS nanosheets in air, has ex-
cellent humidity sensing response among these four types of sensors. Accordingly, the
SnO,/SnS is also used for detecting NO> gas, which exhibits a high response of 161% to-
wards 1 ppb NO,, wide detecting range (from 1 ppb to 1 ppm), an ultra-low theoretical
LOD of 5 ppt, and excellent repeatability. To the best of my knowledge, such a LOD is
the lowest among metal sulfide-based and metal oxide-based gas sensors. The sensor also
shows excellent gas selectivity to NO, with comparison to several other gas molecules, such
as NO, Hp, CO, NH3, and H>O. The gas sensing mechanism analysis based on experiments
and DFT calculations reveals that oxygen vacancies provide more adsorption sites, superior
band gap modulation, and more active charge transfer in the sensing interface layer.

Metal oxide/metal sulfide heterojunction is a great potential candidate for gas sensing
applications. Thus we vertically stacked a p-type narrow bandgap semiconductor (WS»)
and an N-type wide bandgap semiconductor (IGZO) to form a type I heterojunction WS»/
IGZO in chapter 5. The straddling gap results in both electrons and holes accumulating on
the same side, and sensitive to the external stimulations. First of all, the structural, elec-
tronic, and optical properties of WS2/IGZO heterostructure are analyzed by DFT calcula-
tion under different E-field, mechanical strain, and gas molecules. The results demonstrate
that the band gap of WS2/IGZO heterostructure shows a near-linear decrease with the in-
crease of the E-field both in the negative and positive direction, resulting in a semiconductor-
metal transition, revealing an application for the FET. The heterostructure exhibits broad
spectral responsivity (from visible light to deep UV wavelengths) and enhanced optical
properties under mechanical strain. The tensile strain can weaken the photoresponse of the
heterostructure to the UV light and improve the response for the visible light; while for
compressive strain, the heterostructure shows a sharp absorption peak in UV light. More-
over, the gas adsorption energy of NH3 and NO; on the WS»/IGZO heterostructure are
calculated, which shows high gas adsorption energy with NO;, indicating the potential ap-
plication in NO; gas sensor.

The unique and tunable properties based on DFT calculation endow that the WS,/IGZO
heterostructure is a good candidate for transistor and gas sensors. Thus, CVD-WS,/IGZO
heterojunction-based devices are designed and investigated in two modes, chemiresistor,
and transistor mode. The device has a maximum response of 18170% in the chemiresistor
mode, and 499400% in the transistor mode under 300 ppm NO; after applying -20 V gate
bias. The heterojunction device is much better than that of only WS, and IGZO. Moreover,
the sensor shows excellent gas selectivity toward NO, with comparison to several gas va-
pors such as CO, NH3, and humidity. The superior gas sensing performance could benefit
from the heterojunction of WS and IGZO and the external electric field under the back
gate voltage. In addition, the transistor notably presents a typical ambipolar-behaviour
under dry air, while the transistor becomes p-type as the amount of NO; increases. The
mobility, on/off ratio, and subthreshold slope of the device is modulated by the NO, gas
concentration. The unique tunable behaviour can be associated with the doping effects of
NO; on the heterojunction and the modulated Schottky barrier value at the WS, and IGZO
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with a metal contact interface.

This thesis is concluded with summarizing the main obtained results and providing sug-
gestions for future research opportunities in the field of 2D/nano- metal sulfides materials-
based devices. The research for 2D/nanomaterials based device is still at an early stage. It
is full of challenges to exploring high-quality materials suitable for gas sensors to guarantee
the reliability and long-term stability of the device, to evaluate/test the sample accurately,
and to integrate the sensor with the existing system. These fundamental research challenges
need to be resolved in the future.






SAMENVATTING

Nano gestructureerd materiaal krijgt steeds meer aandacht in toepassingen van gas detectie
vanwege de hoge specifieke oppervlakte, aantal oppervlakte-actieve plaatsen en het effect
van kristal facetten met hoge oppervlakte reactiviteit. Dit type gas sensor wordt voorna-
melijk gebruikt voor het detecteren van lucht kwaliteit, omgeving situatie en adem analyse.
Van de verschillende gas sensoren hebben de metaal sulfide gebaseerde sensors een aan-
zienlijke interesse gegenereerd over de jaren vanwege de excellente gevoeligheid, snelle
respons en goede selectiviteit. Daarnaast neemt de vraag naar milieu en gezondheid mo-
nitoring toe, waarbij sensoren een laag detectie limiet op ppb niveau, hogere respons en
selectiviteit en real-time registratie dienen te hebben. Er zijn verschillende manieren om
de detectie prestatie te verbeteren zoals het functionaliseren van metaal sulfide (defecten,
doteermiddelen), het construeren van heterojuncties (Schottky junctie, p-n, n-n en p-p half-
geleider juncties) en het gebruiken van veld-effect transistors (FET) gas sensors. Hierin
richt mijn onderzoek zich op het verkennen van hoge-prestatie gas sensors door middel
van deze technieken en het uitzoeken van de fundamentele mechaniek van het gas detectie
proces voor metaal sulfide apparaten.

Als eerste is een uitgebreid literatuur onderzoek naar de nieuwste metaal sulfide ge-
baseerde gas sensor gepresenteerd in deze thesis. Het bevat de basis kristal structuren,
synthese methoden, fabricatie methoden van het apparaat en de gas detectie prestatie van
verschillende metaal sulfide gebaseerde gas sensors. Aangezien metaal sulfides een lage
valentie band, verschillende vormen, groottes, kristal vormen en chemische composities
hebben, is de gas detectie prestatie excellent. Na het vergelijken van de gas detectie presta-
tie van verschillende op metaal sulfide gebaseerde gas sensors, is gebleken dat de apparaten
gebaseerd op de Schottky diode, metaal oxide/metaal sulfide heterojunctie en transistor een
verbeterde gas detectie prestatie hebben. Ik heb daarom in dit werk het detectie gedrag van
de SnS-Ti Schottky contact luchtvochtigheid sensor geanalyseerd en gebruik gemaakt van
SnO,/SnS heterostructuren met overvloedige OVs om de NO; detectie respons te verhogen
en de LOD te verlagen. Tenslotte is een op WS»2/IGZO heterojunctie gebaseerde dunne
film transistor voorgesteld ten behoeve van het verbeteren van de prestaties voor NO; gas
detectie.

Om de luchtvochtigheid detectie te verbeteren, is een SnS-Ti Schottky gecontacteerde
sensor ontworpen en gefabriceerd. De SnS nano vlokken werden mechanisch geéxfolieerd
en vervolgens getransfereerd op een stug of flexibel substraat. The gefabriceerde sensor
toonde een hoge response van 67600% richting 10% RH en 2491000% richting 99% RH,
groot RH bereik van 3% RH tot 99% RH en snelle response/herstel tijd van 6 s/4 s. De
flexibele luchtvochtigheid sensor laat een vergelijkbare prestatie zien. Gebruik makend van
de dichtheidsfunctionaaltheorie (DFT) analyse en band uitlijning analyse, werd gevonden
dat de excellente detectie prestatie is toegeschreven aan het Schottky gedrag van het SnS-Ti
contact. HpO absorptie verplaatst het Fermi niveau van SnS richting de conductie band,
wat de Schottky barriere (¢p) verlaagt met A@p, wat resulteert in een dunnere ¢ en een

XV
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verhoogde apparaat stroom. Verschillende RH niveaus induceren verschillende A@p en
gevoeligheid. Het herstel mechanisme is ook toegerekend aan de ¢p. Wanneer lucht uit
de kamer stroomt, verplaatsen de water moleculen van de adsorptie locaties en wordt de
geleiding verlaagd vanwege een verhoogde ¢p. Om de toepassingen van het apparaat te
verbreden, werd een smart home systeem gebaseerd op de sensors voorgesteld om het sig-
naal te verwerken van adem en vinger aanraking experimenten voor contactloze controle en
ademhaling monitoring.

Om het detectie limiet van gas detectie response voor luchtvochtigheid en NO; gas te
verbeteren, zijn vier typen op SnS gebaseerde gas sensors verkend en vergeleken, met inbe-
grip van vloeibare fase geéxfolieerde (LPE) SnS nano vellen, SnO; nano vellen, SnO2/SnS
nano composieten en SnO,/SnS heterostructuren. De resultaten laten zien dat de sensor
gebaseerd op de SnO,/SnS heterostructuur die geformeerd is bij de post-oxidatie van LPE-
SnS nano vellen in lucht, de meest excellente luchtvochtigheid detectie response heeft van
de vier typen sensor. Daarnaast is SnO,/SnS ook gebruikt voor NO» gas detectie, wat een
hoge respons van 161% richting 1 ppb NO; toont, breed detectie bereik (van 1 ppb tot 1
ppm), een ultra laag theoretisch detectie limiet van 5 ppt en excellente herhaalbaarheid.
Naar mijn beste weten is dit detectie limiet de laagste onder de op metaal sulfide en metaal
oxide gebaseerde gas sensors. De sensor toont ook een superieure gas selectiviteit naar
NO3 in vergelijking met verschillende andere gas moleculen, zoals NO, H, CO, NH3 en
H>0. De gas detectie mechanisme analyse gebaseerd op experimenten en DFT berekenin-
gen, onthult dat zuurstof leegtes zorgen voor meer adsorptie locaties, superieure band kloof
modulatie en meer actieve lading overdracht in de detectie interface laag.

Metaal oxide/metaal sulfide heterojuncties zijn een geweldige potentiele kandidaat voor
gas detectie applicaties. Daarom hebben we een p-type smalle band kloof halfgeleider
(WS3) en een n-type brede band kloof halfgeleider (IGZO) verticaal gestapeld, om een
type I heterojunctie WS»/IGZO te vormen. De grensoverschrijdende kloof resulteert in zo-
wel elektronen als gaten accumulatie aan dezelfde zijde en gevoeligheid voor de externe
stimulaties. Allereerst zijn de structurele, elektronische en optische eigenschappen van
WS2/IGZO heterostructuren geanalyseerd door middel van DFT berekeningen onder ver-
schillende elektrische velden, mechanische stress en gas moleculen. The resultaten demon-
streren dat de band kloof van WS2/IGZO heterostructuren een nagenoeg lineaire afname
heeft met toenemend elektrisch veld in de negatieve en positieve richting, resulterend in
een halfgeleider-metaal transitie, wat een toepassing voor de FET onthult. De heterostruc-
tuur toont een brede spectrale responsiviteit (van zichtbaar licht tot diepe UV golflengtes)
en verbeterde optische eigenschappen onder mechanische spanning. De trekspanning kan
de fotorespons van de heterostructuur verzwakken voor UV licht en versterken voor zicht-
baar licht; terwijl voor drukspanning de heterostructuur een scherpe absorptie piek laat zien
voor UV licht. Bovendien is de gas adsorptie energie van NH3z en NO> op de WS2/IGZO
heterostructuur berekend, wat een hoge gas adsorptie energie laat zien voor NO;, wijzend
op de potentiele toepassing als NO; gas sensor.

De unieke en afstembare eigenschappen gebaseerd op de DFT berekening laten zien dat
de WS»/IGZO heterostructuur een goede kandidaat is voor transistors en gas sensors. De
op CVD-WS,/IGZO heterojunctie gebaseerde apparaten zijn dus ontworpen en onderzocht
in twee modi; de chemristor en TFT modus. Het apparaat heeft een maximum response
van 18170% in de chemristor modus en 499400% in de TFT modus bij 300 ppm NO; na
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het toepassen van een -20 V gate bias. Het heterojunctie apparaat is veel beter dan enkel
WS, of IGZO. Bovendien toont de sensor excellente gas selectiviteit naar NO in verge-
lijking met verschillende gas dampen zoals CO, NH3 en luchtvochtigheid. De superieure
gas detectie prestatie kan profiteren van de heterojunctie van WS> en IGZO en het externe
elektrisch veld on de back gate spanning. Daarnaast presenteert de transistor typisch ambi-
polair gedrag bij droge lucht, terwijl de transistor p-type wordt als de hoeveelheid NO; toe
neemt. De mobiliteit, aan/uit ratio en onderdrempel helling worden gemoduleerd door de
NO; gas concentratie. Het unieke en afstembare gedrag kan worden geassocieerd met de
doping effecten van NO; op de heterojunctie en de gemoduleerde Schottky barriere op de
WS, en IGZO metaal contact interface.

Dit proefschrift wordt afgesloten met een samenvatting van de voornaamste resultaten
en geeft suggesties voor toekomstige onderzoeksmogelijkheden in het vakgebied van op
2D/nano-metaal sulfides materiaal gebaseerde apparaten. Het onderzoek naar op 2D/nano
materialen gebaseerde apparaten is nog een vroeg stadium. Het zit vol met uitdagingen om
materialen van hoge kwaliteit te ontdekken die geschikt zijn voor gas sensors die de be-
trouwbaarheid en stabiliteit op lange termijn garanderen, het nauwkeurig evalueren/testen
van stalen en het integreren van de sensor in bestaande systemen. Deze fundamentele on-
derzoek uitdagingen moeten worden opgelost in de toekomst.






1

INTRODUCTION



2 1. INTRODUCTION

1.1. BACKGROUND

N the 17th century, lots of researchers studied gases emitted from chemical reactions,

such as fermentation and combustion. Jan Baptist van Helmont, is considered the father
of the pneumatic chemistry, he was the first person to recognize the existence of vaporous
substances distinct from the atmosphere, to describe these substances he coined the word
“gas”.[1] Nowadays, gas sensors play a crucial role in our daily lives, such as the detec-
tion of air quality, environment monitoring, and breath analysis. According to the report
of “Environmental Gas Sensors 2020-2030” from IDTechEx in Figure 1.1, it is found that
there will be a large growth of gas sensors market in the coming years and the total mar-
ket for environmental sensors will be over $3.8 billion by 2030.[2] An ideal gas sensor
can detect different gases simultaneously with high sensitivity and selectivity, has a small
size, low-cost and low power consumption (<10 mW).[3] Typically, the atmospheric pol-
Iutants include nitrogen dioxide (NO>), nitrogen monoxide (NO), ammonia (NH3), sulfur
dioxide (SO3), carbon monoxide (CO), carbon dioxide (CO3), and volatile organic com-
pounds (VOCs).[4] When these pollutants exceed the recommended exposure limits, they
have negative effects on the environment and human health (Table 1.1).

$3.8 billion

IDTechEx . . .

AERRR

Market value (SM)

2020 2022 2024 2026 2028 2030
Year
W Smart Devices W Automotive Air purifier Smart City sensors
W Wearables B Smart Home sensor M Other

Figure 1.1: 2020-2030 Environmental Gas Sensor Market in Value.[2]

Nitrogen dioxide (NO3), one of the most abundant air pollutants and mainly emitted
by fossil fuel burning, road traffic, indoor combustion source [5], and biomass burning.[6]
When NO; exceeded the recommended exposure limits, it can induce acidification (acid
rain), eutrophication (disruption of ecosystems due to excessive nutrients), and global warm-
ing. Besides, after exposure to low concentration NO; for a long time, the risk of asthma or
lung disease will be increased. The World Health Organization (WHO) recommends an am-
bient air quality guideline of 40 ug/m3 (21 ppb) annual average NO, concentrations.[7, 8]
Under this context, many efforts were focused on developing a miniaturized, highly sensi-
tive, and reversible NO; gas sensor with a low limit of detection (LOD) operating at room
temperature.

Alternatively, driven by the increasing demand for health monitoring and controlling,
high sensitive humidity sensors are in great demand. Various humidity sensors by detect-
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ing the variation of their capacitances, resistances, impedance or piezoelectricity have been
reported.[9—12] Currently, searching to adapt sensing materials with a high surface to vol-
ume ratio is of great importance to realizing high-quality humidity sensor with repeatable
utilization and short response times.

Table 1.1: The environmental and human health impact of different air pollutants, and their maximum permissible
limits set by the Gothenburg Protocol or the Paris Climate Agreement.[13, 14]

Gas Environmental and human health impact 8 hours  Short-term VOI (ppb)
(ppm) (ppm)

NO, Indirect GHG, Acidification, Eutrophication, 0.5 1 21
Cardiovascular mortality, Asthma, Lung
function

NH; Toxic, PM2.5 precursor 20 50 20000

H,S SO, precursor, Toxic 5 10 5000

SO, Indirect GHG, Acidification, PM Precursor, 0.5 1 75
Cardiovascular mortality

CcO Indirect GHG, Toxic, Birth weight, Asthma, 20 100 4000

Cardiovascular disease, Cardiac disease,
Psychiatric admissions, etc.
CO, GHG -Climate Change, can potentially im- 5000 / 400000
pact health
Notes: GHG = Green House Gas, PM = Particulate Matter, VOI= Value of Interest; Short term = 15 minutes.

1.2. GAS SENSING TRANSDUCERS

In general, a gas sensor is composed of a receptor and a transducer, as shown in Figure
1.2. The receptor is mostly provided with a material or a materials system, which interacts
with some target gases.[15] It induces a change in properties, such as electrode potential,
dielectric constant, mass, and work function. The transducer is a device that translates such
variation on a specific property into an electrical signal (sensor response). Typically, gas
sensors can be classified into optical, physical, and electrical sensors based on the type of
transduction mechanism. The criteria to evaluate an efficient gas sensor rely on various
parameters, such as sensitivity, selectivity, response and recovery times, long-term stability,
and power consumption.

1.2.1. OPTICAL GAS SENSOR

Optical gas sensors monitor the optical properties of a gas species at defined wavelengths.
The optical absorption/emission distribution with wavelength and intensity provides a “fin-
gerprint” for any concentration gas species present.[16] Most of the optical gas sensors
are based on non-absorption and absorption techniques (see Figure 1.3). Based on optical
non-absorption techniques, chemiluminescence (CL) is often used for low concentrations
NOy sensing,[17] and ultraviolet fluorescence (UVF) is used for detecting low levels of
SOx.[18] Photoionisation detectors (PIDs) are usually hand-held instruments that for the
detection of VOCs. On the other hand, absorption technique-based optical sensors, such
as non-dispersive infra-red (NDIR), Fourier transform infrared (FTIR), photoacoustic spec-
troscopy (PAS), and cavity ring-down spectroscopy (CRDS), are mainly based on the Beer-
Lambert absorption law. Optical gas sensors often have high selectivity and fast response
and recovery. However, the required volume of the gas sensor is relatively large. The




4 1. INTRODUCTION

u(
v (. ‘ Nanostructured metal/Metal oxides

eactlon at sensing surfac Nanostructured polymers

Hybrid nanocomposites

- Metal/metal oxide hybrid nanocomposites
- Polymer/polymer hybrid nanocomposites
- Organicf/inorganic hybrid nanocomposites

Electrical, Optical, or Physical

Appllcatlons
Electrochemical Physical Optical Residential
- Amperometric - Piezoelectric - Photometric - Environment emission
- Potentiometric - Thermometric - Spectroscopy control
- Impedimetric - Surface plasmon - Corporate commercial
resonance - Industrial
\ - Appliance
Y Education facilities

Forensic science
Data processing

Security
Agriculture
- Automotive

Figure 1.2: Schematic of gas sensor techniques.

gas should have visible absorption, emission, or scattering in the convenient region of the
optical spectrum.
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Figure 1.3: A typical laser-based trace gas sensor.[19]

1.2.2. PHYSICAL GAS SENSORS

Physical gas sensors include piezoelectric and thermometric (TE) sensors, which detect
changes in the mass of the sensitive area exposed to the target gas, and the temperature
variations arising from chemical reactions, respectively (see Figure 1.4).[20] There are three
types of piezoelectric sensors, including quartz crystal microbalance (QCM), surface acous-
tic wave (SAW), and microcantilever, which are based on the shift of the resonant frequency
induced by the gas adsorption on the surface of piezoelectric materials. Piezoelectric de-
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vices have high sensitivity and fast response times and their fabrication is compatible with
current planar IC technologies.[2 | ] However, they suffer from a weak signal to noise perfor-
mance due to the high operating frequencies, and the complicated and expensive IC system.
Besides, it is challenging to realize the batch-to-batch reproducibility of piezoelectric gas
sensors and the replacement of damaged sensors. TE devices can detect a temperature dif-
ference between the hot and cold parts of the TE film, which is generated by the interaction
with a gas and TE film.[22] Another TE device is utilizing the differences in the thermal
conductivity of certain gases. Once a gas with a higher/lower thermal conductivity is in-
jected, the temperature of the device changes compared to the reference, and a signal is
detected. This kind of gas sensor has high accuracy, but too expensive.

Piezoelectric crystal

SIPOIIIY

/

Figure 1.4: A typical physical gas sensor.[20]

1.2.3. ELECTRICAL GAS SENSORS

Electrochemical gas sensors. Electrochemical gas sensors measure the concentration of a
target gas by oxidizing or reducing the target gas at an electrode and measuring the resulting
current. They can be divided into three main classes according to the operating principle:
amperometric, potentiometric, and conductometric sensors.[23] A typical sensor consists
of two or three electrodes and electrolyte, in which the electrodes are separated by a solid,
liquid, or polymer electrolyte (see Figure 1.5a). The chemical reactions occur at the sensing
electrode that is commonly made of noble metals or carbon. The counter electrode is used to
close the circuit with the sensing electrode and measure the electrical signal. The reference
electrode is used to stabilize the sensing electrode’s potential when the sensor requires an
external voltage bias. The gas enters the sensor through a capillary barrier, then passes
through a hydrophobic membrane and finally contacts the sensing electrode. These sensors
have low power consumption but a short lifetime.

Chemiresistor gas sensors. The chemiresistor gas sensor directly interacts with the tar-
get gas, which results in the change of the resistance. These devices cover a wide range
of sensing methods and employ different types of materials such as metals, semiconduc-
tors, and polymers(see Figure 1.5b). Noble metals such as Pt, Pd or Ir have widely used in
gas sensing due to their obvious resistance variations toward gas molecules.[24] They are
mostly made on glass, silicon, or ceramic substrates. Their gas sensing performances are
affected by the thickness of the thin film, defect density, morphology, and operating tem-
perature. Polymer-based gas sensors are in most cases organic macromolecules made of
carbon and hydrogen atoms with minor amounts of other atoms e.g., oxygen, nitrogen, sul-
phur, phosphorus, and halogens.[25] To change their conductivities, p- or n-type electrically
conducting polymers are synthesized by chemical, electrochemical, photochemical, and in-
terfacial doping methods and widely applied for chemiresistors. The semiconductor-based
gas sensor is the main electrical gas sensor due to its high sensitivity, fast response, and
low cost.[260] Traditional semiconducting gas sensors are made from metal oxide (MOX),
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such as aluminium oxide (Al,O3),[27] zinc oxide (ZnO),[28] tin oxide (SnOy),[29] tita-
nium oxide (TiO;),[30] tungsten oxide (WO3),[31] etc. The sensing mechanism is related
to adsorbed oxygen ions on the oxide surface. Oxygen molecules take electrons from the
surfaces of MOX and ionize them into oxygen species such as 02~, O, and O,.[32] Due
to the dominant role of oxygen ions, the MOX sensors are typically operated at elevated
temperatures (~300-400 °C).[33] To ensure the materials sensitive to the target analytes,
external heaters are applied to the sensor for keeping high operation temperature. How-
ever, it increases the power consumption and decreases its thermal stability, limiting these
sensors commercially available.

Capillary
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/ R (MQ)
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| A Electrode

Electrolyte Sensing Material

Figure 1.5: Schematic view of an (a) electrochemical gas sensor and (b) chemiresistor sensor.[34]
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Figure 1.6: Schematic figure of field effect gas sensors.[35]

Field-effect gas sensors. Field-effect gas sensors are attributed to the considerable sensi-
tivity of different types of chemically sensitive gates, such as palladium gate metal-oxide-
semiconductor structures, metal gates, etc.[36] There are mainly three kinds of field effect
gas sensors, Schottky diodes, capacitors, and transistors.[35] In the Schottky diode, the gas
species that react with the sensing layer may induce both a resistivity change and a field ef-
fect. The capacitor only gives a response to gas species that give rise to field-effect changes
of the gate metal, which makes the response, i.e., the drop in the capacitance-voltage (C-V)
curve directly comparable to that of the transistor device. The transistors are operated in the
constant current mode, for which the direct-current (DC) gate voltage change is reflected in
the response of the output signal. The transistor device is by far the most stable and easy to
operate, once the more complicated processing is made.
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Table 1.2: Types of solid state gas sensors with the corresponding physical change used as gas detection principle,
and their advantages and disadvantages.[ 16, 34, 37]

Type of devices

Physical change

Advantages

Disadvantages

Optical sensors
(fibre optic or
thin film)

Physical sensors:
QCM, SAW, mi-
crocantilevers
Electrochemical
gas sensors

Optical parameters: SPR,
absorption, reflection, flu-
orescence, interferometry,
or refractive index.

Mass

Electromotive force or
electrical current in a solid
state electrochemical cell

Rapid, high selectivity of
measuring gas concentra-
tion with good sensitivity.

High accuracy
Highly specific, and oper-

ating at a convenient wave-
length.

Specified gases for the op-
tical spectrum, bulky

Slowly acting, expensive,
bulky.

Slowly  acting, non-
reversible, poor selectiv-

ity.

Chemiresistor
gas sensors

Electrical conductivity Low cost, high sensitivity, ~ High working tempera-
simplicity in function. ture, long-time instabil-
ities, sensitive to water
vapour, poor selectivity.
Field effect gas Work function (electrical — Low cost, high sensitivity. ~ Poisoning can occur. It is
sensors: diodes,  polarisation) non-reversible.
transistors,

capacitors

1.3. NANOSTRUCTURED MATERIALS-BASED GAS SENSOR

The traditional gas sensors have some shortcomings, such as large size, non-sufficient sen-
sitivity, long response and recovery time, high working temperature, and poor selectiv-
ity. Therefore, nanoscience and nanotechnology have been proposed for overcoming these
disadvantages.[38] Nanostructured materials, i.e. 2D layered materials and nanomaterials,
often show strong in-plane ionic or covalent bonding and weak out of the plane van der Waal
or hydrogen bonding. They have great potential for the sensing layers, which stem from
the high specific surface area, numerous surface active sites, as well as the effect of crystal
facets with high surface reactivity. Therefore, the interaction between gas molecules and
materials mainly takes place on the surface. The number of atoms residing at a material’s
surface is critical for controlling the sensor performance. Consequently, gas sensors based
on graphene,[39] carbon nanotube,[40], metal oxides (MOX)[4 1], and metal sulfides[42]
exhibit better performances.

1.3.1. METAL OXIDE-BASED NANOMATERIALS FOR GAS SENSING

In general, the physical fundamentals, such as surface morphology, crystalline structure,
energy band, charge transportation, etc., play an important role in adjusting the sensing
performance of nanostructured MOX-based devices. The oxygen ions are formed by draw-
ing electrons from the conduction band of the MOX, and different forms are possible de-
pending on the operating temperature.[43] Below 200 °C, electrons are attached to oxygen
molecules as shown in Eq.1.1 Above 250 °C, the oxygen molecules are dissociated into
oxygen ion atoms with an electric charge by pulling electrons from MOX as shown in
Eq.1.2 and 1.3.

O, (gas)+e~ <+ O, (adsorbed)[below200°C] (1.1)
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1/20,(gas) +e~ <> O (adsorbed)[above250°C] (1.2)

Oy(gas)+e™ OE(adsorbed)[belowZOOOC] (1.3)

The interaction between the oxygen ions and gas analytes can be divided into two main
categories depending on the majority carrier, electrons or holes (see Figure 1.7). When
the majority carriers are electrons, the MOX is considered to be n-type, while the majority
carriers are holes in the p-type MOX sensors. For instance, the electrons in the conduction
band of the n-type MOX are decreased due to the reactions of Eq.(1.1-1.3), resulting in
increased resistance at the operating temperature. Once the target gas is introduced, the
electrons from the reducing gas are transferred to the conduction band of the MOX, causing
the sensor’s resistance to decrease. It should be noted that the opposite resistance change
occurs with an oxidizing gas. The categorized sensing behavior of n-type and p-type sensing
materials to reducing and oxidizing gases is compared elsewhere. NOy is considered an
oxidizing gas due to unpaired electrons around the N atom, while NH3 acts as a reducing
gas due to its lone electron pair. MOX have advantages of high sensitivities and low cost;
however, large power consumption, high operation temperature and low selectivity are their
drawbacks.

) . .0
(a) n-type oxide
semiconductors @9 )
}\. Semiconducting core
Q\ % (low resistance)
-
(o] ! (]

Electron depletion layer
(0] (high resistance)

(0]

(b) p-type oxide
semiconductors

Insulating core
(high resistance)

Hole accumluation layer
(low resistance)

Figure 1.7: Formation of electronic core—shell structures in (a) n-type and (b) p-type oxide semiconductors.[32]

Thus defects are introduced to MOX, which play a critical role in determining their
electronic properties, as Kolmakov and Moskovis noted in their classic review of one di-
mensional MOX gas sensors.[44] Oxygen vacancy is the most common type of defect in
MOX gas sensors. It can increase the concentration of surface adsorbed oxygen, or mod-
ify the baseline resistance of the device, further improving gas sensing performance. For
example, when an oxygen vacancy is created and fully ionized in an n-type oxide such as
SnOy, two electrons are released into the conduction band as illustrated in Eq.1.4.[45]

1/201aice — Vi +1/205 +2¢” (1.4)

where Ojyyice 1S OXygen on a lattice site, Vo2t are ionized oxygen vacancies in SnO7, Oz
is oxygen in the atmosphere and e~ are electrons. In this case the oxygen vacancy is con-
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sidered to be a bulk donor with the defect state lying below the conduction band minimum
(CBM), where the difference in energy between the CBM and the defect level is equal to the
defect ionization energy. Eq.l.4 represents an equilibrium between the bulk material and
surrounding atmosphere. The groups of Epifani[29] and Li[46] have proved that SnO, with
oxygen vacancies (OVs) for NO, gas detection exhibited an ultrahigh response at room
temperature.

Analyte

(a) Intra-CN1/ J (c) Schottky Barrier

= (b) Inter-CNT |

Figure 1.8: Mechanism of gas sensing operating on p-type CNT semiconductors with reducing/oxidizing type
gases.[47]

1.3.2. CARBON-BASED NANOMATERIALS FOR GAS SENSING

The most studied carbon-based nanomaterials (CNMs) in the past decade are graphene
and derivatives (such as graphene oxide (GO) and reduced graphene oxide (rGO), and car-
bon nanotubes (CNTs), which can be used for chemical gas sensors.[48] The outstanding
characteristics of CNMs, such as mesoporous nature, large specific surface area, enhanced
electron transport properties, and good signal-to-noise ratio, ensuring gas sensing.

Unlike MOX-based devices, the gas sensing of CNMs is mainly based on the charge
transfer processes, in which the sensing materials act as charge acceptors or donors.[49]
Graphene is an atomic-thin layered carbon 2D materials with a large surface-to-volume ra-
tio, which behaves like a p-type semiconductor. Schedin ez al.[50] first reported a graphene-
based gas sensor through mechanical exfoliation method, which can detect sub-ppb of gas
molecules. Yavari et al.[51] demonstrated room temperature detection of NO> (100 ppb)
and NHj3 (500 ppb) with graphene films synthesized by chemical vapor deposition (CVD).
However, direct preparation of graphene is costly and hence in many cases it is prepared
from GO by rGO. Pristine rGO can detect NH3 and NOy, and rGO with functionally mod-
ified surface (such as rGO/ZnO, rGO/Pt, rGO/Ni) are known to detect VOCs (acetone,
phenol, nitrobenzene, etc.).[52]

Similar to graphene, the charge transfer between CNT and gas molecules adsorbed at
the surface acts like a p-type semiconductor at room temperature.[53] The sensing perfor-
mance of CNT-based sensor depends on impurities, chirality, and defects in the structure,
which exhibits negligible interactions with the major breath gases (such as N, O, and
H>O) but significant interacts with NH3 and NOy.[54] The sensing mechanisms of CNT-
based sensors involve three aspects, the adsorption at the sidewall or the length of the CNT
(intra-CNT), at the CNT-CNT interface (inter-CNT), and at the interface between the metal-
lic electrode and the CNT (Schottky barrier), as shown in Figure 1.8a. Rigoni ef al.[55]
recently demonstrated chemiresistive sensors comprising pristine SWCNTs with 20 ppb
sensitivity to NH3 and a LOD of 3 ppb, Figure 1.8b,c. However, the pristine CNMs sensors
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are often inert toward environmental contaminants. Other reactive nanomaterials (i.e. met-
als, metal oxides or metal sulfides) are introduced to construct hybrids for increasing the
gas sensing performance.[56] CNMs-based gas sensors operate at room temperature with
superior sensitivity, but long recovery time, low selectivity, and complex processing.

1.3.3. METAL SULFIDE-BASED NANOMATERIALS FOR GAS SENSING
Alongside graphene, metal sulfides are the most studied 2D materials. Typical metal sul-
fide semiconductors, like molybdenum disulfide (MoS;) and tungsten disulfide (WS;) are
layered metal disulfide materials, which made of stacked planes of covalently bonded S and
metal atoms, and weak van der Waals (vdWs) interlayer bonds. Therefore, the mechanical
exfoliation or electrochemical intercalation techniques that first used to distil graphene can
be applied for thinning metal sulfides down to 2D materials. It is known that many MOX
exhibit a wide band gap because their valence band comprises a deep 2p oxygen orbital, and
hole carriers have a comparatively heavy effective mass owing to the localized nature of the
oxygen 2p state.[33] In contrast to MOX, metal sulfides often have a shallow valence band,
and due to their small effective mass, they exhibit a robust quantum size effect.[57] In ad-
dition, because of their availability in a variety of shapes, sizes, crystalline forms, chemical
compositions, and their excellent response to external stimulation, metal sulfide materials
have a range of potential novel properties that can contribute to gas sensing.

(a) NO, (b) NH,
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Figure 1.9: Gas sensing mechanism of (a-b) MoS; (n-type metal sulfide)[43] and (c-d) SnS (p-type metal
sulfide)[58] in the presence of NO, and NH3 molecules.

Similar to the CNMs-based gas sensor, the sensing metal sulfide materials act as charge
acceptors or donors. When exposing to different gases, the charge transfer reaction occurs
between the sensing materials and the adsorbed gases, accompanied by different trans-
fer directions and quantities of charges, which leads to different changes of the material
resistance. If the sensing materials are re-exposed to air, desorption of gas molecules oc-
curs, causing the sensing material resistance to returning to the initial state. As shown in
Figure 1.9, when n-type MoS; exposes to these electron-accepted gas NO», the electron
charges transfer from MoS; to the sensitive gases, leading to a decreased carrier density
in MoS;. As a result, the resistance of n-type MoS; increases. On the contrary, NH3
molecules adsorbed on the MoS; act as charge donors and transfer electrons to the MoS»
monolayer, increasing the electron carrier density of the n-type MoS; monolayer and re-
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ducing its resistance.[59] Due to the high-speed charge transfer and the high adsorption
energy between them and gas molecules, the LOD of the MoS; gas sensor can reach 49.96
ppb.[60] In post-transition metal sulfide, tin sulfide (SnS) is a p-type semiconductor that
belongs to a family of layered group IV monosulfide and has similar puckered structures as
black phosphorus.[10, 61] The anisotropic crystal structure can enable unique response to
external stimulation. Thus, SnS nanoflakes have been used for sensing toxic and VOC gas,
like NO», acetone, and alcohol.[62]

The advantages and disadvantages of MOX, CNM, and metal sulfides-based gas sensors
are listed in Table 1.3. Metal sulfides-based sensor can work at room temperature with high
sensitivity which is superior than that of MOX. The sensing performances of metal sul-
fides are similar with CNM-based devices, except for their sizeable and tuneable bandgaps,
which makes such materials suitable for the applications of transistors, further inducing
unique sensing behavious. In addition to intrinsic metal sulfides, lots of researchers used
different advanced methods to improve their sensing properties. For instance, functionaliz-
ing metal sulfide (e.g. by defects or dopants), constructing heterojunction (Schottky junc-
tion, p-n, n-n, and p-p semiconductor junction), and using transistor. In the next chapter,
I will make a full comparison of the gas sensing performances between different types of
metal sulfide-based sensors, including the crystal structure, synthesis methods, gas sensing
behaviours, and mechanisms.

Table 1.3: Advantages and disadvantages of metal oxide, CNM, and metal sulfides gas sensors

Type of devices

Advantages

Disadvantages

Metal oxide

CNM

Metal sulfide

Short response time, low cost, long-term
stability, scalable fabrication.

High electron mobility at low tempera-
ture, low energy consumption, high gas
response, mechanical flexibility, scal-
able fabrication.

High electron mobility at low tempera-
ture, low energy consumption, high gas
response, good compatibility, mechani-

Low electron mobility at low tempera-
ture, high operating temperature, high
power consumption, low gas response
Low selectivity, long recovery time, rel-
atively high cost, lack of long-term sta-
bility, lack of scalable fabrication

Sluggish recovery, relatively high cost,
lack of long-term stability, lack of scal-
able fabrication

cal flexibility.

1.4. AIM AND SCOPE OF THIS DISSERTATION

In this dissertation, scientific research has been conducted on metal sulfide-based devices
for the detection of humidity and NO; gases in real-time. The aim of this dissertation is to
answer the following research questions:

Main question: How to improve the gas sensing performance of the pristine metal sulfide-
based sensor?

Answer: Typically, there are three methods to improve the pristine nanomaterials-based
gas sensor. One is a morphological design of nanostructures, such as surface treatment
for increasing the surface area or introducing defects to enhance the adsorption energy
(Chapter 4). The second method is using the bandgap alignment technique to modulate the
charge transfer density and bandgap barrier of in the interface the metal-semiconductor or
semiconductor-semiconductor contact (Chapter 3, 4, and 5). The third method is using a
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transistor-based sensor. FET devices can directly transform the interactions between target
molecules and channel materials into readable electrical signals (Chapter 5).

According to the main question, four sub-questions are derived and discussed as follow:
Q1: How does the Schottky barrier improve the gas sensing response of the pristine metal
sulfide-based sensor?

Al: Due to different band gaps and work functions, metal and metal sulfides would join
together to form Schottky junction at the interface. A thicker electron depletion layer forms
on the surface region of metal-metal sulfides compared with the pure one. The target gases
can react with more adsorbed oxygen ions. Thus, more trapped electrons can return to the
conduction band of the metal sulfides resulting in a more considerable change in resistance,
namely a higher response. To know the mechanism, I fabricated a humidity sensor based
on SnS-metal Schottky contact (Chapter 3).

Q2: How does heterojunction improve the limit of detection of the metal sulfide-based
sensor?

A2: Most of the heterostructures-based device exhibit band offset where the carriers (i.e.,
electrons) at the higher energy level flow across the interface to the unoccupied states until
the Fermi energy equilibrates. It induces fast charge transfer in the interface, which is so
sensitive to the change of environment, such as gas or other chemical molecules (Chapter 4
and 5).

Q3: What are the effects of defects or oxygen vacancies on the gas sensing performance of
the metal sulfide-based sensor?

A3: To improve gas sensing performance, I made a MOX/metal sulfide heterostructure
in Chapter 4. These heterostructures have numerous oxygen vacancies (OVs), which is the
most common type of defect in oxides. It can increase the concentration of surface adsorbed
oxygen and modify the baseline resistance of the device. Thus the device shows high gas
sensing response and ultralow limit of detection.

Q4: What is the difference between the gas sensing performances of the metal sulfide-based
devices in chemiresistor mode and transistor mode?

A4: To know the gas sensing performance of the metal sulfide-based device in chemiresis-
tor mode and transistor mode, a thin film transistor was fabricated and measured the gas
response without and with applying back gate voltage, respectively (Chapter 5).

1.5. OUTLINE OF THIS DISSERTATION

Following, a summary of the topics treated in each chapter of this thesis is given:

Chapter 2 presents a state-of-the-art metal sulfides-based gas sensor. This chapter starts
with introducing the synthesis method of nanostructured metal sulfides, and their applica-
tions in gas sensors. It also points out the bottleneck of metal sulfides-based gas sensors
and presents the way of improved gas sensing performance.

Chapter 3 begins with the contribution of the thesis. This chapter presents a high-
performance SnS nanoflakes-based humidity sensor which is benefited from its Schottky
nature of SnS-metal contact. The gas sensing mechanism is analyzed through DFT and
Schottky barrier theory. It also shows a flexible humidity sensor with a polyimide substrate.
The envisioned applications of the device in the detection of breathing patterns and non-
contact fingertips movement are introduced and discussed towards its potential use in the
smart home system.
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Chapter4 presents ultrasensitive NO2 gas sensor based on OVs rich SnO,/SnS nanos-
tructure, which can detect ppb-level NO; gas concentration at room temperature. In this
chapter, design, fabrication, and simulation of the device are reported systematically in
detail. The potential applications of the device are discussed.

Chapter5 starts with the first principle analysis of the tunable behaviour of WS2/IGZO
heterostructure under external stimulation (such as electric field, strain, and gas molecules).
Based on the theoretical review, the WS»>/IGZO device is fabricated and used for gas sens-
ing. It also comparatively analyzes the tunable polarity transport behaviour under the dif-
ferent gas concentrations with chemiresistor and transistor mode, respectively.

Chapter 6 gives the main conclusions of the thesis and recommendations for future
research.
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METAL SULFIDE-BASED GAS
SENSOR: STATE-OF-THE-ART

In this chapter, I present the state-of-the-art of metal sulfide-based gas sensors. Firstly,
the underlying crystal structure and characteristics are generally described. Secondly, the
top-down and bottom-up synthesis methods are present systematically. Then, various gas-
sensing concepts of metal sulfide-based devices, including chemiresistor, functionalized-
metal sulfides, Schottky diode, heterojunction, and FET sensor, are comparatively present.
Finally, the challenges and perspectives of metal sulfide-based gas sensors are discussed to
confirm our research objective further.
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2.1. METAL SULFIDE CHARACTERISTICS

ULFIDE is the simplest inorganic sulfur anion with the chemical formula, or a com-
S pound containing one or more S ions.[ 1] Metal sulfides are compounds in which the
sulfur anion is combined with a metal or semi-metal cation or cations to form MxSy (i.e.,
MS, M5 S, M3S4, and MS»). Usually, different metal sulfides having the same stoichiomet-
ric proportion possess similar crystal structures.[2] As shown in Figure 2.1, metal monosul-
fides mostly correspond to group VIII, IB, IIB, IIIA, and IVA metal. Monolayer group VIII,
IB, and IIB monosulfides (e.g., ferrous sulfide (FeS) and zinc sulfide (ZnS)) show tetrahe-
dral crystal habits.[3] Gallium sulfide (GaS), one of group IIIA monosulfides, present a
hexangular crystal structure with four sequential atom planes in the order of S-M-M-S.[4]
The crystal structures of group IVA monosulfides (e.g., germanium sulfide (GeS), tin sulfide
(SnS) and lead sulfide (PbS)) are constituted by the puckered M-S atom permutation.[5, 6] It
is analogous to the crystal structure of black phosphorus (BP). However, group IVA mono-
sulfides are much more stable than black phosphorus. Common S-M-M-S monolayers of
group IITA monosulfides present mirror-plane symmetry. Group IVA monosulfides with
BP-like crystal structures also exhibit excellent anisotropy, which is sensitive to external
stimulation.[7, 8]

Transition Metal Post-transition Metal A VA VA

Metalloid @ Monosulfide @ Disulfide

Al Si P S
IVB VE VIB VIIB = VIII = 1B IIB

L]
Ti \' Cr | Mn®| Fe Co Ni Cu Zn Ga | Ge® As Se

Zr Nb | Mo | Tc Ru | Rh | Pd | Ag | Cd In sn®| sb Te

Hf Ta w Re | Os Ir Pt®| Au | Hg Tl Pb Bi Po

Figure 2.1: Periodic table with symbols indicating metal sulfide.

Layered MS, materials with various elemental compositions have been extensively in-
vestigated, and the elements from group IVB-VIIB and IVA can be used to form metal
disulfides.[9] Monolayer MS» possesses a sandwich crystal structure where one M atomic
layer is located between two S atomic layers. Generally, they have 1H and 1T phases,
which depend on the metal coordination by the six S atoms. As shown in Figure 2.2, the 1H
phase has hexagonal symmetrical triangular prism coordination, and the S atoms in differ-
ent atomic layers of the 1H phase crystal are equivalent and mirror-symmetric. The crystal
structure of the 1T phase has octahedral coordination and tetragonal symmetry. In contrast
to the 1H phase, the arrangement of S atoms destroys the mirror symmetry. Crystal structure
plays a decisive role in the performance of metal sulfides. Materials of the same composi-
tion with different crystal phases have different properties. 2H phase group VIB disulfides
are usually semiconducting, however, the corresponding 1T, 1T’, and Td phase crystals
are metallic. Group IVA disulfides, such as GeS;, and SnS», are usually semiconductors.
Semiconducting metal disulfides, such as MoS,, WS», and SnS», have been investigated
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for application in FETs. Compared to other disulfides, group VIB disulfides possess high
carrier mobility. Table 2.1 introduces the characteristics and applications of nanostructured
metal monosulfides and metal disulfides. It is found that numerous metal sulfides possess
several crystal phases, which can be controlled by altering the fabrication processes and ex-
ternal stimulations.[2, 10, 11] Based on phase engineering, Kappera et al.[12] demonstrated
that the metallic 1T phase of MoS; in contact with metal electrodes has lower contact resis-
tances of 200-300 Q - um, which is superior than that of only 2H phase (semiconducting)
MoS;, suggesting that the 1T/2H interface controls carrier injection into the channel.

Metal monosulfide Metal disulfide

SR IS
P a? i 4494 8¢

BP-like S-M-M-S 1H 1T

Figure 2.2: Representative crystal structures of metal sulfides.

2.2. PREPARATION METHODS FOR METAL SULFIDE NANO-
MATERIALS

To transform its electronic and optical properties into applications, many methods have been
developed to prepare metal sulfides with customized nanostructures. In general, the existing
techniques for the synthesis of metal sulfides are physical and chemical. To facilitate the
classification, we divide the current preparation methods into two technologies based on
"top-down" and "bottom-up" manufacturing methods.

2.2.1. TOP-DOWN APPROACHES

Typically, for most of the metal sulfides, there is strong covalent bonding in the hexagonal
layer and weak van der Waals (vdW) interaction between the adjacent layers. It is an excel-
lent way to achieve nano-sized materials with high quality through a top-down approach,
which refers to slicing or successive reduction of their parent bulk crystals, including sput-
tering, electrospinning, lithography, ball milling, and exfoliation methods. Because the ex-
foliation method is simple, low-cost, and provides high-quality 2D metal sulfides materials,
here I mainly introduce different exfoliation methods.

MECHANICAL EXFOLIATION

Mechanical exfoliation (ME) has been used for achieving high-quality graphene success-
fully, which is a simple, low-cost and efficient method.[34—36] Consequently, lots of re-
searchers employed the Scotch-tape method for exfoliating other layered materials. Usu-
ally, the bulk materials of MoS, or WS are used as the starting materials, where parts are
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Table 2.1: Characteristics and applications of nanostructured metal sulfides.

Crystal Electric con- Band  gap  Fabrication Application Ref.
structure ductivity [eV] method
SnS  Orthorhombic p-type Indirect 1.1 PVD photodetectors, gas  [13]
sensor
GaS Hexagonal Semiconductor Indirect 2.52  LPE Hydrogen evolution  [14]
reaction
GeS Orthorhombic p-type Indirect2.34  CVD FET [15]
ZnS Hexagonal n-type Direct 3.7 Hydrothermal Gas or optical sensor [16]
CdS Hexagonal n-type Direct 2.42 Spray pyrolysis Solar cells, gas sensor  [17]
CuS Hexagonal p-type Direct 2.5 Deposition Solar cells, gas sensor  [18]
PbS Hexagonal n-type Bulk 0.37; 3 Deposition Solar cell, photonics, [8]
nm 1.30 gas sensor
NiS Rhombohedral p-type 0.5 Hydrothermal Photocatalyst [19]
MoS; 2H hexago-  (2H) Semicon-  (Bulk) Indi- CVD, ME FET, optical or gas [20]
nal ductor rect 1.29 Sensor, supercapacitor
1T (1T) Metal Direct 1.8 [21]
WS, 2Hhexago-  (2H) n-type (Bulk) Indi- CVD,ME FET, photodetector, [22]
nal rect 1.3
1T (1T) Metal Direct 2.1 Gas sensor
SnS; 4Hhexago-  n-type Indirect CVD, ME FET, photovoltaics, [23]
nal 2.308
Indirect Photodetector
2.033
ZrS; 1T rhom-  n-type Indirect 1.7 CVD Photovoltaics [24]
bohedral
HfS; IT rhom-  Semiconductor Indirect 2.0 ME FET, phototransistor [25]
bohedral
NbS; 2H hexago-  Metal 0.73 CVD Superconductivity [26]
nal
TaS; IT rhom- Metal 0.7 CVD Photodetector, [27]
bohedral
2H hexago- Superconductivity
nal
VS, IT rhom- Metal 0.3 LPE Gas sensor, superca-  [28]
bohedral, pacitors, ion battery
2H hexag-
onal
TiS3 Monoclinic  n-type Direct 1.13 ME, CVT Photodetector, gas  [29]
sensor
ZrS3 Monoclinic  n-type Direct 2.56 CVT Photodetector [30]
HfS3 Monoclinic  Semiconductor / CVT Transistor, photode- 31]
tector
TaS3 Orthorhombic Metal / / Transistor, gas sensor [32]
In,S3 Tetragonal n-type Direct 2.02 CVD Photodetector, gas  [33]

sensor
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peeled off several times with adhesive tape and pushed into the substrate surface.[37] Af-
ter releasing the tape, nanostructured metal sulfides contact the substrate due to the vdW
force to the substrate surface (see Figure 2.3a). Li et al.[38] prepared three layers TaS»
nanoflakes on SiO7/Si substrate by the Scotch tape-based ME method. Similarly, SnS
thin flakes were obtained via tape exfoliation and Au-exfoliation and then transferred onto
SiO2/n++Si substrates, where a single crystal of SnS was used as the functional material
for FETs.[39] ME produces single-crystal flakes of high purity and cleanliness that are suit-
able for fundamental characterization and for fabricating individual devices.[21, 40] The
thickness and size of the nanomaterials synthesis by ME method cannot be systematically
controlled, limiting their use in large-scale fabrications. Besides, the ME-metal sulfide
flakes need to be transferred to the other substrate for further use.

I Tensile
force
(a) Mechanical - -
exfoliation o i
Layered material i
Exfoliated nanosheets
Wedge
effect
Liquid

hear,
(b) d_ . 3 Sheargm)y
exfoliation | . ored material " Teffect
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Figure 2.3: Schematic representation of various “top-down” fabrication techniques for large-scale synthesis of
electrode materials: (a) Mechanical exfoliation, whereby a tensile force (possibly produced by Scotch tape) can
peel off the constituent layers. (b) Liquid exfoliation where the sheets are sheared off by sonicating the bulk ma-
terial in a liquid medium. (c) Intercalant-assisted exfoliation where a metal ion (usually Li+) is used to intercalate
into the bulk precursor in a liquid media coupled with ultrasonication, which shears the sheets apart.[41]

LIQUID PHASE EXFOLIATION

Liquid phase exfoliation (LPE) is another typical method of fabricating nanomaterials,
which exfoliates bulk metal sulfides materials in solutions.[42, 43] There are two ways
to exfoliate them. One is the exfoliation through mechanical ways such as sonication,
stirring, shearing, grinding, and bubbling (see Figure 2.3b). It is a high yield method to
obtain exfoliated nanosheets with a reasonable and controllable flake size. LPE nanosheets
can easily be used to realize hybrid films and composites by mixing two dispersions. N-
methyl-2-pyrrolidone (NMP),[44, 45] dimethylformamide (DMF),[46] dimethyl sulfoxide
(DMSO)[47] are typicallly used as solvents for the exfoliation of metal disulfides. How-
ever, because their boiling points are high, it is hard to remove them from the exfoliation
solvents and difficult to achieve pristine flakes.

The other method is ionic intercalation, where lithium ions are typically used to interca-
late between the metal sulfides layers and enlarge the interlayer spacing (see Figure 2.3c).
Matte et al.[48] introduced an ion intercalation method to produce monolayer MoS, and
WS>. MoS; and WS, powder were mixed with n-butyllithium/ hexane solution firstly, and
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then soaking the precursor for 72 h at 373 K. However, with the ion intercalation method it
is difficult to control the size of the flakes, and it has a low productive.

2.2.2. BOTTOM-UP STRATEGIES

The nanostructured metal sulfides flakes based on top-down methods are mostly thick and
small. It is necessary to develop methods for synthesizing large-area and uniform layers, so
that it can be used in the wafer-scale fabrication of electronic devices and flexible, transpar-
ent optoelectronics. Here, the bottom-up method is the build-up of a nanomaterial atom by
atom, molecule by molecule or cluster by cluster.

CHEMICAL VAPOUR DEPOSITION

Chemical vapour deposition (CVD) has been one of the most current research methods for
synthesizing large-area graphene[49, 50] and graphene analogs like boron nitride[51, 52].
For large area metal sulfides fabrication, it begins with solid-state precursors of metal,
such as molybdenum trioxide (M0QO3),[53] tungsten trioxide (WO3),[54] molybdenum pen-
tachloride (MoCls),[55] germanium chloride (GeCly),[56] stannic iodide (Snlz),[57] or
metal of Mo and Zn.[58, 59] Then, H»S-gas or vaporized solid S is used as the sulfur
source for fabricating metal sulfide thin films on the substrates. The substrates are often
silicon, silicon dioxide, silicon nitride, and sapphire. In order to achieve high crystalline
and stoichiometric layers, the growth temperatures for CVD are 700-1000 °C (see Figure
2.4a). And the addition of a metal catalyst, such as Au, is encouraged to obtain high-quality
films.[60, 61] Recently, Lim e al.[62] synthesized wafer-scale, homogeneous, and stoi-
chiometric MoS, layers at a low temperature of 450 °C through a plasma-enhanced CVD
(PECVD) technique by using solution-processed (NH4)2MoS4 thin films (see Figure 2.4b).
Whitham et al.[56] deposited GeS; thin films on silicon wafers at a lower temperature of
130 °C through this method, which makes it possible to deposit on plastic and flexible
substrates.

Metal-organic CVD (MOCVD) is another way to prepare single crystal epitaxial films,
where organometallic materials are used as precursors. This method has been used in the
fabrication of MoS2,[67] WS>, [68] SnSx,[69, 70] ReS2[71] and CdS [72] thin films. Kang
et al.[66] successfully fabricated monolayer films of MoS, and WS, on a 4-inch SiOy
substrate, where they used gas-phase precursors of molybdenum hexacarbonyl [W(CO)s],
(C2H5)2S and Hp. The monolayer metal sulfide films synthesized by MOCVD can be used
immediately for the batch fabrication of integrated circuitry consisting of photodetectors,
light emitting diodes, and FETs on a wafer scale.

Atomic layer deposition (ALD) is a subclass of the CVD technique, which enabled
precise film thickness control because it is grown by exposing the substrate surface to se-
quential and repeated precursor vapours of gas molecules.[73, 74] ALD is associated with
non-overlapping sequential pulses, where the molecules react with the substrate surface in
a self-limiting mode. Therefore, based on this method, various inorganic films on wafer-
scale can be fabricated with layer-by-layer precision, including oxides, nitrides, metals,
and chalcogenides thin films.[75, 76] Recently, MoS, growth by ALD using Mo(CO)g and
dimethyldisulfide (CH3SSCH3, DMDS) as Mo and S precursors on a SiO»/Si substrate at
100 °C has been demonstrated.[77] Other metal sulfides, such as WS», SnS>, SnS, and ZnS,
have been successfully deposited on SiO» substrates.[78, 79]
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Figure 2.4: Three types of growth routes for TMDs. (a) LPCVD for the growth of MoS; from MoO3
precursors.[63] (b) PECVD synthesis of MoS, from (NHy),MoS4 precursor.[64] (c) Schematic diagram of the
ALD system.[65] (d) Diagram of our MOCVD growth setup.[66]

The greatest advantage of the CVD method is that the large-size single layer or few-
layer 2D metal sulfides can be synthesized. However, it is still difficult to prepare het-
erostructures (i.e. MoO3,/WxS, monolayer or multilayers) because WO3 or MoOj3y re-
quires a higher temperature of 1000 °C for vaporization.

PULSED LASER DEPOSITION.

Pulsed laser deposition (PLD) is a physical vapor deposition (PVD) method, which can
reproduce the components of the target precisely onto the substrate. Unlike CVD, it has
a lot of advantages, including low cost, high growth rate, good control of thickness and
morphology, low growth temperature, and its ability to grow on the chemically active
surface.[80, 81] Recently, Serrao et al.[82] prepared highly crystalline thin films of MoS;
on aluminium oxide (Al203)(0001), gallium nitride (GaN)(0001) and silicon carbide-6H
(SiC-6H)(0001) substrates. Serna et al.[83] realized the deposition of MoS; layers on
single-crystal (sapphire and quartz), polycrystalline (HfO7), and amorphous (SiO3) sub-
strates. Loh et al.[84] report the fabrication of ultrathin layers of hybrid 2H-1T WS, grown
by PLD on substrates of the noble metals Ag and Au. Similarly, SnS epitaxial films were
grown on MgO(100) substrates by PLD using a H»S gas as an S source. By using a Nd:YAG
laser to irradiate the metal sulfides target, nanoparticles (NPs) of SnS» and ZnS thin films
have been synthesized with pulsed laser ablation technique.[85, 86] Thermal evaporation
is one of the simplest techniques of PVD. Shimizu et al.[87] used thermal evaporation to
synthesize gold (Au) mediated hexagonal wurtzite structured ZnS nanostructures including
nanobelts, nanosheets, and nanorods. A one-step thermal evaporation synthesis of ZnO-
ZnS heterostructure nanowire (NW) arrays was also carried out using ZnS powders.[88]
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However, there are many sulfur defects generated from the pulsed laser, when the growth
temperature is less than 300 °C.

HYDROTHERMAL AND SOLVOTHERMAL SYNTHESIS.

The hydrothermal technique is one of the best methods to produce a variety of pure and
nanostructured materials with desired properties. Generally, metal salts are used as precur-
sors in the hydrothermal system, which reacts with sulfur or other sulfide source materials in
a stainless-steel autoclave at ~80-200 °C. The properties of the particles can be controlled
by changing the pressure and temperature conditions.[89, 90] Yan et al.[91] developed WS>
quantum dots (QDs) with high quality via ultrasonication and a hydrothermal process from
bulk WS5. The solvothermal method is similar to the hydrothermal method except that an
organic solvent is used, instead of water, as the precursor medium. Unlike the hydrothermal
approach, the reaction temperature is above the critical point of the solution; therefore, the
pressure is high.[92, 93] Bhord ef al.[94] reported the synthesis of SnS nanorods through
a simple solvothermal method, which was carried out using precursors of stannous chlo-
ride (SnCl:H20), sodium sulfide (NaS) and the solvent of dimethylformamide (DMF).
Hydrothermal and solvothermal methods are widely used for synthesizing porous and het-
erostructured materials, but randomly aligned nanostructures can be obtained.

Other bottom-up methods, such as combustion, micro-emulsion, precipitation, sulfida-
tion, microwave irradiation, electrodeposition, and spray pyrolysis, are used for synthe-
sizing metal sulfides. Moreover, a variety of other techniques, i.e., ion exchange method,
template engaged technique, and self-assembly method, etc. have been applied for prepar-
ing metal sulfides.

In my work, high-quality single-crystal SnS nanoflakes were obtained through ME
methods; to achieve large surface area and high-quality materials, I used LPE method for
preparing SnS nanosheets which were the foundation materials of SnO,/SnS heterostruc-
tures; to improve charge transfer in the interface, few-layer WSy thin film that grown
through CVD method was adapted for forming WS»/IGZO heterojunction.

2.3. DEVICE FABRICATION

In order to fabricate metal sulfides-based devices, suspension and transfer methods are often
required.

2.3.1. SUSPENSION METHOD

There are two suspension methods for fabricating the device. One is dip coating metal
sulfide nanoflakes, nanosheets, nanorods, or nanotubes to the substrate with pre-made elec-
trodes (see Figure 2.5a). The other way is evaporating/sputtering metal (Ti, Cr, Au, Pt,
and Pb) to the top of metal sulfide thin film that was synthesized on the substrate through
bottom-up methods (see Figure 2.5b). The metal sulfide-based transistor can be obtained
through the same process, as shown in Figure 2.5¢,d). It is an efficient way to fabricate the
device through the suspension method, however, the uniformity of nanomaterials coverage
in the electrodes is uncontrolled.



2.4. SENSING PARAMETERS 27

Metal sulfide nanoflakes/

nanosheets/ nanorods/ nanotubes Metal sulfide A
Au \ 4  Au thin film Nz u N
(a) Sapphire (b) Sapphire
Metal sulfide nanoflakes/ .
nanosheets/ nanorods/ nanotubes Metal sulfide

thin film Au
' —

Figure 2.5: Schematic of the structure of metal sulfide-based gas sensor. (a) Dip coated and (b) bottom-up synthe-
sized metal sulfide-based chemiresistor gas sensor. (c) Dip coated and (d) bottom-up synthesized metal sulfide-
based transistor.

2.3.2. TRANSFER METHOD

To extend the applications of metal sulfides, people tried to transfer them to different target
substrates to realize various functions. For wearable electronics applications, metal sulfides
have excellent flexibility, thus they can be applied to polymer substrates such as poly(methyl
methacrylate) (PMMA), polyaniline (PI), and polyethylene terephthalate (PET). However,
they typically cannot be synthesized on the flexible substrates directly due to the high syn-
thesis temperature. Therefore, it needs to be transferred onto flexible substrates from an-
other (growth) substrate. There are mainly two transferring methods, dry transfer and wet
transfer. Usually, a dry transfer is used for the ME bulk crystal, and wet transfer is used in
the CVD-grown metal sulfides.

In the dry mechanical method, first ME is performed and then the method in Figure
2.6a,b is used to transfer this flake onto a target substrate.[95] For the wet transferring
method, an adhesion layer (polystyrene or PMMA) is spin-coated on metal sulfides. Then,
it separated the metal sulfides film from the original substrate through chemically etching or
just through the film’s surface tension. Then, the floating adhesion layer/ metal sulfides are
picked up by the target substrate. Finally, the adhesion layer can be removed by acetone.
(see Figure 2.6¢). A large-size thin film of metal sulfide can be transferred to any substrate.

However, the surface of the thin film is easily broken during the process. For instance,
the pressure from the stamp during the dry-transfer process or the surface tension of water
or solution can induce the generation of a crack in the thin film. Besides, the removal
of the polymer layer is usually incomplete and results in surface contamination because
of undissolved polymer residues. The polymer contaminants have adverse effects on the
intrinsic properties of metal sulfides, and the reliability of devices fabricated.

2.4. SENSING PARAMETERS

There are a set of parameters defined to evaluated and compare the performance of differ-
ent sensors, including response, sensitivity, selectivity, limit of detection, dynamic range,
working temperature, response and recovery time, and stability.

Response. The response is defined as the change in measured resistance (R), current (I),
conductance (G=I/V; the symbol is not to be confused with Gibbs free energy), capacitance
(C), power gain, and resonant frequency (fy) for a given analyte concentration unit with
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Figure 2.6: (a) Schematic diagram of the dry transfer setup. (b) Diagram of the dry transfer process.[90] (c)
Schematic of the surface-functionalized wet transfer process.

respect to the signal under the absence of analyte molecules. It is defined as:

(Xgas —X0)/X0 = AX/Xg 2.1)

where X=R, I, G, C, or gain, Xgys is the device’s signal due to the presence of the target gas
and X is the baseline signal (no analyte gas). Thus, it can be inferred from Eq. 2.1 that
different gas concentrations will produce different sensor responses, as presented in Figure
2.7(a).
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Figure 2.7: Sensing parameters (schematics). (a) Time dependence of the sensor response for different gas con-
centrations. (b) Response curve to chemical doping. Different responses can be observed for electron donating gas
species (orange curve) and electron withdrawing gas species (blue curve). The response time and recovery time are
shown as #res and #rec, respectively.[97] (c) Typical relationship between gas response and target gas concentration.
[98]

Sensitivity. The gas sensitivity of a device is the slope of the calibration curve, that is,
sensor response versus target gas concentration, according to the International Union of
Pure and Applied Chemistry JUPAC) definition. The maximum sensitivity is then achieved
when working in the linear regime, as shown in Figure 2.7(b). Eventually, the sensor is
reaching saturation when these curves flatten. If it is difficult to obtain a linear relationship,
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for instance different slope values are observed in different concentration ranges, the term
"response” is recommended to be used as a measure of sensor performance.

Selectivity. The selectivity refers to discrimination between gasses in a mixture, allowing
adsorption of the desired species while remaining insensitive to others. The selectivity
coefficient/factor (K) of "target gas" to another gas is defined as:

K =SA/Sp 2.2)

where S5 and Sy are the sensitivities of the sensor to a specified target gas (A) and another
gas (B), respectively.

Limit of detection (LOD). LOD is the smallest concentration of an analyte that can be
detected concerning the noise level of the detector, under a given set of experimental con-
ditions such as humidity, pressure, and temperature. Mathematically this is defined as:

LOD > 30/S (2.3)

where S is the sensitivity and o is the noise level in the absence of the analyte gas.
Dynamic range is the analyte concentration range between the LOD and the highest con-
centration detectable before saturation of the device response.

Working temperature (T) is the temperature that corresponds to maximum sensitivity.
The response time (fres) and the response time (fr¢5) are two critical response characteris-
tics. As shown in (see Figure 2.7¢), the (fes) is defined as the time taken to achieve 90%
of the total response of the device. Initially, the response varies quite rapidly, stabilising
when approaching to the equilibrium value. The (frec) is defined as the time required for
recovering 90% of the original value of the physical quantity to be measured. The response
characteristics of a specific device might vary for different gases, but they are also highly
dependent on the device architecture, the exposure time, and the analytical techniques used
to generate the signal.

The stability describes the ability of a sensor to provide consistent and reproducible results
for a specific time. This parameter becomes of high importance when sensors are exposed
to hazardous, corrosive, or high-temperature atmospheres.

An ideal electrical sensor would possess high sensitivity, dynamic range, high selectiv-
ity, stability, low LOD, excellent linearity, and small recovery and response times. Ulti-
mately, all these parameters are used to characterize a particular material or device’s prop-
erties, determining its final application.

2.5. VARIOUS SENSING CONCEPT OF METAL SULFIDE-BASED

DEVICES

2.5.1. CHEMIRESISTOR GAS SENSORS

PRISTINE METAL SULFIDES-BASED GAS SENSORS

As mentioned in Section 1.3.3, the basic sensing principle of metal sulfides acts as charge
acceptors or donors. Their shallow valence band, small effective mass, and diverse struc-
tures enable a robust quantum size effect and promising applications in gas sensing. The
typical direct narrow band gap IV-VI compound semiconductors, such as SnS, PbS, and
GeS, have similar puckered structures as black phosphorus.[99, 100] and used for detecting
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toxic (NO7, NH3, H»S) and organic (acetone, ethanol) gas molecules. The response and
recovery time is fast (5 s-36 s). [8, 101, 102] The classical II-VI compound semiconductors
mostly have a direct wide band gap, including CdS and ZnS. They have high response and
selectivity to VOCs gases, including isopropanol, methanol, ethanol, acetone, and methyl-
benzene. However, most of their operating temperature is relatively high (200 °C-300 °C).
[103, 104] Other metal monosulfide-based gas sensors, like CuS, NiS also have potential
applications in Hy and SO gas sensing.[105-107] According to Kim’s research, 75% of
publications up to 2017 are focused on MoS; along with WS, (14%), SnS> (9%), etc.[108]
The predominance of MoS over other metal disulfide is because the material is the easiest
material to synthesize and the most stable among transition metal sulfides. As shown in
Figure 2.8, most of the metal sulfides are composed of metal atoms sandwiched between
two layers of hexagonally disposed of close-packed sulfur (S) atoms; the weak vdW forces
connect the adjacent S layers. They have a larger electronegativity, potentially enhancing
gas adsorption sites. Thus various transition metal sulfides, including ReS», TaS;, and VS5,
were used for gas sensing in NOx, NH3, O», and humidity, and have very low LOD, high
response and low operation temperature (OT).

Figure 2.8: Typical pristine metal sulfide-based gas sensors. (a) Schematic and (b) optical image of the MoS;
monolayer sensor.[109]
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Figure 2.9: (a) Schematic of Pd-doped MoS;-based sensor. Inset image is the AFM image Pd on SiO, substrate.
The scale bars indicate a distance of 400 nm. [110] (b) Image analysis for intrinsic point defects in ML MoS,.[111]
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Table 2.2: Literature study on gas sensing performance of doped or defective metal sulfide nanomaterials or
devices.

Material Type Analyte Method Performance Ref.
MoS,  Pd-doped H, Experiment LOD: 50 ppm, RT [110]
Pt-doped H,O Experiment Response:~4000 (85%RH), Response  [112]
/recovery time 91.2 s/153.6 s
Al-, Si-, P-doped NO,,NH; DFT Si-doped MoS; is the most stable sys-  [113]
tem.
Ni-doped H;S, SO, DFT Chemisorption [114]
Ni-doped COF,, DFT Interaction between COF, molecule [115]
CF4 and Ni-doped MoS; is stronger than
that of CFy.
Cu-doped CO, NO DFT Strong interaction, low powered single ~ [116]
electron transistor
Au-, Pt-, Pd-, or CO,NO DFT Chemisorption [117]
Ni-doped
V-, Nb-, Ta- CO, NO,, DFT The doped metal atoms interact [118]
doped H,0, NH3 strongly on the S defect site of
monolayer MoS,.
B, N, P and Al SO, DFT Al/MoS; has the best adsorption en-  [119]
doped ergy.
Ni-, Fe-, Co- SO, Experiment [120]
doped DFT
Au-, Cu-, and CO,H,O DFT CO strongly binds to MoS; in pres- [121]
AuxCuy-doped ence of Au, Cu, atom or AuyCuy clus-
ters
WS, Ag nanowires NO; Experiment Response (667%) [122]
SnS, 2D (sulfur vacan-  NHj3 Experiment Response (420%) 2
cies)

FUNCTIONALIZED METAL SULFIDE-BASED GAS SENSORS

Doping and defect substitution is a versatile and new tool for changing the chemical and
electronic properties of 2D layered materials and boosting these materials. Chemical dop-
ing is an effective way to alter the binding configurations, modify electronic and transport
properties, and enhance the application of materials as a gas sensor. Chemisorption is found
to be thermally more stable and enhanced by dopants. Similarly, the introduction of defects
can change the electronic structure, and chemical reactivity of the metal sulfide’s surface,
more and more groups used defective metal sulfide to obtain greater sensitivity. Ma et
al.[117] studied the adsorption of CO and NO molecules on the Au, Pt, Pd, or Ni-doped
MoS; monolayer through first-principles analysis. The effect of non-metal doping of MoS>
with boron, phosphorus and chlorine for NO, NO;, and NH3.[113] Figure 2.9 shows a hy-
drogen sensor with few-layered Pd-doped MoS; and various point defects in CVD-MoS;.
[110, 111] The gas sensing performance has been improved after functionalization.[124]
Qin et al.[123] demonstrated an enhanced NH3 sensor based on 2D SnS, with sulfur va-
cancies, which are synthesized by chemical exfoliation. Compared with the bulk SnS that
shows none response to NH3, the gas sensors exhibit excellent NH3 gas sensing perfor-
mance at room temperature. When exposed to 500 ppm NH3, the response time, 16 s, is the
shortest among all the NH3 gas sensors based on metal sulfides. The enhanced sensitivity is
dominated by the high energy defect sulfur vacancies on the surface of 2D SnS;. However,
most of the gas sensing behaviours of functionalized metal sulfides were analyzed through
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density functional theory (DFT) calculations, which are listed in Table 2.2. It is a lack of
experimental reports on the influence of defects on the gas sensing performance of metal
sulfide-based devices.

qPp2 dPp1

(a) (b) (c) (d)

Figure 2.10: Band alignment of (a) Schottky diode, (b) p-n junction, (c) n-n junction, and (d) p-p junction. Ec, EF,
and Ey are the conduction band edge, Fermi level, and valence band edge of the semiconductor, respectively. @p,,
@, and @ are the metal work function (measured in volts), the semiconductor work function, and electron affinity,
respectively. @po, Vpi, and ), are the barrier height, built-in potential barrier, and depletion width, respectively.
Other symbols have their usual meaning.

2.5.2. SCHOTTKY DIODE

Typically, the metal-semiconductor (M-S) junction is a type of heterostructure where metal
is in close contact with a semiconductor material. The rectifying M-S junction is called
a Schottky junction, while the non-rectifying junction forms ohmic contact. Recently, re-
searchers found that when atomically thin and semimetallic 2D graphene or rGO contact
with a semiconductor, they can also create a Schottky or an Ohmic contact, which depends
on their electron affinity values. As shown in Figure 2.10a, the electrons flow from the con-
duction band to the semiconductor layer until they reach equilibrium. A depletion region
is generated when the charge flows across the junction. It forms a barrier of Vy,; across
the junction and impedes further charge transport across it. The barrier height from the
metal side remains unchanged, while the change of barrier height (¢p) of semiconduc-
tor could depend on the bias across the junction. The adsorption of analytes is a kind of
dopants for the semiconducting material, which could change the doping level of materials
and modulate the @p( in turn. Because the formation of the Schottky junction enables high
gas sensing performance, the modulation of band alignment has been widely used during
Schottky diode-based gas sensor designing.

For metal-metal sulfide junction, many groups modulate the gas sensing behaviours
through change the materials of electrodes. Kim ef al.[125] demonstrated improved COx
gas sensitivity of MoS;-based gas sensor by controlling the ¢y. They used different metal
as the materials of electrodes, Au, Ag, and Al, and found that they have different selectivity
of gas molecules. As shown in Figure 2.11, because of the Schottky barrier modulation
(SBM) effect, the response to CO gas is improved in devices with an increase in ¢p. Es-
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pecially, the MoS; gas sensor on different electrodes shows responds selectively to CO and
CO» gases, indicating the Schottky contacted metal sulfide-based sensor could be applied
for improving the sensitivity. Besides, vdW vertical heterojunctions of graphene and semi-
conductors have attracted considerable attention as emerging transducers for chemical sen-
sors. Similarly, an Schottky barrier can be formed in the interface due to the difference in the
work function. Unlike conventional Schottky diode gas sensors, graphene/semiconductor
heterojunction has more adsorption sites on the surface of graphene, inducing efficient
transduction. Pham et al.[126] comparatively analyzed the gas sensing performances of
CVD MoS; with Au metal electrodes (Au-MoS>-Au), graphene electrodes (Gr-MoS;-Gr),
and graphene/Au electrodes (Au/Gr-MoS,-Gr/Au). The resulting Au/Gr-MoS>-Gt/Au op-
toelectronic gas sensor under red light illumination showed a significant enhancement of the
device sensitivity toward ppb level of NO; gas exposure reaching 4.9%/ppb (4900%/ppm)
after using graphene/Au electrodes.
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Figure 2.11: (a) Schematic of the fabrication of the metal-MoS, Schottky contacted gas sensor. (b) Band diagram
of MoS; with metal electrodes. (c) i) Sensing characteristics of NO, for 2L MoS; with Al, Ag, and Au electrodes.
Band diagram of ii) Au/MoS; gas sensor and iii) Al/MoS; gas sensor before and after NO; exposure. (d) Sensing
characteristics of CO for 2L MoS, with Au and Ag electrodes. Band diagram of ii) Au/MoS, gas sensor and iii)
Al/MoS; gas sensor before and after CO exposure. [125]

2.5.3. HETEROJUNCTIONS BASED GAS SENSOR

Heterojunctions based on metal sulfide can be easily constructed and present superior elec-
tric and photoelectric properties compared with pristine metal sulfide.[127, 128] 2D het-
erojunctions can be classified into three typical band alignments (Figure 2.12).[129] Type-I
band alignment is with a straddling gap, resulting in both electrons and holes accumulat-
ing on the same side. Type-II band alignment is with a staggering gap and is the most
widely investigated heterojunction, where the electrons and holes are separated into differ-
ent layers. Type-III band alignment is with a broken gap and particularly appropriate for
tunneling applications. Because the conduction band and the valence band overlap, the tun-
neling transport of electrons from one side to the other is feasible. Type-III alignment has a
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stronger ability to separate electrons and holes than that of type-II, which can contribute to
reducing the interfacial Coulomb scattering.

- -
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Type-| Type-ll Type-lll

Figure 2.12: Schematic diagrams of type-I, II, and III band alignment heterojunctions. [129]

P-N JUNCTION

A p-n heterojunction usually present type-II or type-III band alignment due to the special
position of their Fermi levels in the bandgap. As shown in Figure 2.10b, electrons and
holes flow in reverse directions until equilibrium is achieved, which forms a thick space-
charge region that further narrows the electrical transport channels. Through the hydrother-
mal method, MoS2/SnO; p-n heterojunctions have been fabricated and used for ethanol,
trimethylamine (TEA), and NO; gas sensing, see Figure 2.13.[130-132] They exhibited
high sensitivity, lower OT, excellent sensing selectivity, and outstanding long-term stabil-
ity. Mostly, in p-n heterostructure gas sensors, the main current often flows through either of
two dissimilar materials. The major conduction path is determined by the difference in the
areal coverage of the two materials present in the heterostructure devices. If the areal cov-
erage of one material falls below a certain value compared to the other material with higher
areal coverage, the sensing response of the heterostructures is dominated by the gas sensing
properties of the material with higher areal coverage. Moreover, the effects of the inter-
facial bonds on the gas-sensing properties are necessary.[133] Since a random connection
of two different crystals would lead to dangling bonds and voids in the interfacial region,
the charge transfer is hindered to a large extent. Electrons can be trapped in the interfa-
cial dangling bonds; thus, it needs additional energy to cross the electron-depletion layer
induced by the interface states. It will reduce the number of electrons traveling across the
interface. Therefore, a low density of the interface state at the contact interface is favored
to promote the desired electron transfer and further enhance the gas-sensing performances
of p-n junction-based devices.

N-N OR P-P JUNCTION

Recently, various n-n and p-p heterostructures have been proposed to improve the gas sens-
ing performances. Most of the n-n and p-p junction gas sensors are based on metal oxide
nanomaterials, such as SnO3/Ti0»,[134] Sn0>/Zn0O,[135] SnO32/Sn304,[136] TiO2/Zn0,[137]
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Ca0/Zn0,[138] and ZnO/Inp03,[139] whose enhanced performances are attributed to the
heterocontact of the two semiconductor surfaces. Regards to metal sulfides-based n-n and
p-p heterojunction, Zhang et al. [140] optimized the NH3 sensing behaviour by using
SnS»/ZnS hierarchical nanoflowers. Benefited from metal oxide hybrids, the gas sensors
based on metal sulfide n-n junction, such as CdS/CeQO»,[141] CdS/ZnO,[142] ZnS/ZnO,[143]
and ZnS/CuO,[144] have been used for detecting VOC toxic gases. The electrons flow
across the heterojunction from the higher Fermi level to the lower one, which induces band
bending and the formation of depletion layer in the interface. It improves the transfer effi-
ciency of the interfacial charge and increases the adsorption of oxygen species. A depletion
layer and accumulation layer is formed in the case of n-n (Figure 2.10c) and p-p (Figure
2.10d) heterointerfaces, respectively. The depletion/accumulation layer could be further
affected by the adsorption of oxygen gas onto the surface, which contracts the conduction
channel by extracting (giving) electrons from the conduction band of the semiconductor
and enhances the response toward the analytes. The semiconductor with a lower Fermi en-
ergy acts as a metal in the Schottky junction. At that point, introducing different analytes at
the heterointerface could alter the conductivity in various ways depending on the types of
analyte and heterointerface (n-n or p-p) present at the heterojunction.
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Figure 2.13: (a) Schematic of MoS,/SnO; heterojunctions. (b) Dynamic response of MoS2/SnO; heterojunc-
tion toward various TEA concentrations at 230 °C. (c) Schematic illustration of the energy band of M0S,/SnOy
heterojunctions. Model for the MoS,/SnO; heterojunction sensors in air (d) and TEA vapor (e).[131]

2.5.4. FIELD-EFFECT TRANSISTORS (FETS)

A field-effect transistor (FET) gas sensor has attracted many research interest because of its
sensitive detection and miniaturization.[145, 146] As shown in Figure 2.14, a typical FET
sensor consists of a sensing semiconductor as a channel material, and two metal electrodes
served as the source and drain electrodes, respectively, through which the conductance of
the channel can be modulated by applying different bias voltages on the gate electrode
through a thin dielectric layer. Gas detection can be realized by measuring the change
of drain current before and after exposure to the target gases under a constant voltage.
The electronic structure of the sensing material will be changed when adsorbing the gas
molecules, causing the change of its conductance. 2D semiconducting sheets are of par-
ticular interest in FETs due to their high charge carrier mobility and ultra-high surface-to-
volume ratio, resulting in high sensitivity. FETs device has been used to detect many kinds
of gases, such as CO, NO, NH3, NO3, SO2, Hp, and VOCs. They can be characterized also
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by low power requirement and can be miniaturized for the development of portable sen-
sors, eventually supported on flexible foils. However, most of the FET gas sensors are still
not enough in the aspects of device instability, poor reproducibility, and limited large-scale
production, even though in a fast response and selectivity.[147]

(a) (b) (c)

$i0,

Highly doped Si Back Gate

Figure 2.14: (a) Optical image of the MoS, transistor sensor on the chip. (b) SEM image of a two-layer MoS,
transistor. (¢) Schematic of MoS; transistor sensor.[148]

2.6. METAL SULFIDES-BASED DEVICES FOR NO, AND HU-

MIDITY SENSING APPLICATIONS

2.6.1. NITRIC DIOXIDE (NO,) SENSORS
The most abundant air pollutants, NO>, can irritate the human respiratory system at high
concentrations. Long exposures in low NO, concentrations induce the development of
asthma and respiratory symptoms. Different types of NO; gas sensors based on metal sul-
fides are summarised in Table 2.3. Wang ef al.[101] synthesized large-size SnS thin crystals
and used them for gas sensing. The devices present high sensitivity, superior selectivity, low
detection limit (<100 ppb), and reversibility to NO, at room temperature. PbS thin films
were synthesized and applied in NO; concentration detection, which exhibited a response
of 35 % for 50 ppm NO; at 150 °C with a rapid response time of 6 s.[149] Recently, Sonker
et al.[150] used a sol-gel method for fabricating CdS nanoparticles, which can detect 20
ppm NO; gas with a response of ~173 at 70 °C. Donarelli’s group [151] and Kim’s group
[152] prepared MoS; flakes-based chemiresistor gas sensors through LPE methods, and
investigated the NO> and O sensing behaviour, respectively, which showed low LOD of
ppb level. Xu et al.[153] synthesized ultra-thin WS, nanosheets through hydrothermal and
calcination process, which showed a high response of 9.3% after exposure to 0.1 ppm NO;
gas at room temperature (RT). Kim er al.[154] proposed a gas sensor for detecting ace-
tone and NO; based on large-area WS, nanosheets which were synthesized by sulfurizing
the deposited WO3 atomic layer. The response after exposure to 500 ppm NO; gas was
about 16% but with incomplete recovery. The LPE-WS, flakes-based gas sensor showed
p-type sensing behaviour and excellent detection limits in dry air for NH3 and NO; (1 ppm
and 100 ppb, respectively) operationally at 150 °C.[155] Ou et al.[156] fabricated SnS;
flakes-based gas sensor, presenting high selective and reversible NO; sensing at 160 °C,
where the LOD at ppb levels. Moreover, the gas-sensing performance of WS, was im-
proved by surface functionalization. Ko et al.[122] proved that the WS, gas sensor showed
a dramatically improved response (667%) and recovery upon NO> exposure after AGNW
functionalization.

Regarding metal-metal sulfide Schottky junction, many groups modulate the gas sens-
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ing behaviours through changing the electrodes. Liu et al.[157] noticed that there is a con-
siderable level of Schottky barrier existing in the Ti/Au electrodes and CVD-MoS; contact
interface because the output characteristics of the devices showed the rectifying character-
istics typically. The devices showed conductance change by 2-3 orders of magnitude upon
exposure to sub-ppb level concentrations of NO, and NH3. Besides, vdW vertical hetero-
junctions of graphene and semiconductors have attracted considerable attention as emerging
transducers for chemical sensors. Similarly, an Schottky barrier (¢p) can be formed in the
interface due to the difference in the work function. Unlike conventional Schottky diode gas
sensors, graphene/semiconductor heterojunction has more adsorption sites on the surface of
graphene, inducing efficient transduction. Tabata ef al.[158] deeply analyzed the NO; gas
sensing performance of the Graphene/MoS; heterojunction-based gas sensor, where the ¢p
was modulated by bias- and gate-voltage.

Table 2.3: Literature Study on NO;, Gas Sensing Performance of Metal Sulfide-based Heterostructures Devices.

Material Sensing Synthesis C(NO;) Response LOD  fye trec OT(°C) Ref.
type method (ppm) (%) (ppb) () (s)
SnS Chemiresistor Solvothermal 0.1 20 / NA 5 RT [101]
CdS Chemiresistor Chemical 20 17300 / 331 207 70 [150]
route
PbS Chemiresistor Chemical 100 T4 / 20 36 38 [8]
bath deposi-
tion
MoS, FET ME 5 15 / ~800 1500 RT [148]
(green
light)
WS, Chemiresistor Hydrothermal 0.1 9.3 100 300 1500 RT [153]
SnS; Chemiresistor HEBM 10 2000 / 6 40 250 [154]
Chemiresistor Solvothermal 10 3633 / ~170 ~140 120 [152]
NbS, Chemiresistor CVD 10 2832 241.02 3000 9000 RT [26]
Ag doped- Chemiresistor ALD, depo- 500 667 / 300 600 RT [124]
WS, sition
Al /MoS, Chemiresistor ME 10 ~100 / ~300 ~1200 RT [125]
Au/Gr- Chemiresistor CVD 0.025 3.3/ppb 0.1 ~1000 ~700 RT [126]
MoS,-Gr/Au (red
light)
MoS; /SnO;  Chemiresistor Hydrothermal 5 18.7 / 75 NA RT [132]
MoS, /ZnO Chemiresistor Hydrothermal, 50 31.2 200 3600 3900 200 155
CVD
rGO-MoS;- Chemiresistor Hydrothermal 0.2 27.4 / 25 34 75 [156]
CdsS
WS, / WO3 Chemiresistor annealing 2 1010 1.0e5 / / 150 [157]
WS, /ZnS Chemiresistor LPE 5 3250 10 4 ~400 RT [158]
SnS; / SnO, Chemiresistor CVD 8 530 1.0e3 159 297 80 [159]
SnS; / Si0; Chemiresistor CVD 10 701 408.9 272.8 3800.4 RT [160]
SnS, /1GO Chemiresistor Hydrothermal 8 9.8 8.7 NA 76 RT [161]
PbS QDs / Chemiresistor Hydrothermal 100 ~23 / 30 235 RT [6]
MOSZ
ZnS / CuO Chemiresistor Hydrothermal 5 1055 / 45 170 RT [144]
(Uv
light)

Benefited from the interfacial Coulomb scattering and strongly charged transfer, vari-
ous types (p-n, n-n) of heterojunction-based devices have been used as NO> gas sensors.
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MoS7/SnO» p-n heterojunctions have been fabricated and used for ethanol, TEA, and NO;
gas sensing.[131, 132] They exhibited high sensitivity, lower OT, excellent sensing selec-
tivity, and outstanding long-term stability. Shao et al.[159] fabricated RGO-MoS;,-CdS
nanocomposite films via solvothermal treatment and analyzed the sensing performance,
which showed a largely enhanced response of 27.4% toward 0.2 ppm NO;, about 7 times
higher than that of RGO-MoS; based sensor. Moreover, Guo’s group and Xu’s group syn-
thesized SnO2-SnS; p-n heterojunction by the oxidation of SnS, at 300 °C, and used it
for NO, and NH3 gas sensing, respectively.[160] With respect to n-n heterojunction metal
sulfide-based gas sensor, Li ef al.[ 14 1] modified CdS nanowires (NWs) with CeO» nanopar-
ticles, and found that the 5 wt% CeO,/CdS heterostructures exhibited a much higher re-
sponse to 100 ppm ethanol (about 5200%), which was 2.6 times larger than that of pure
CdS. It is also found that most of the metal sulfides heterojunction are constructed with
metal oxides, which can be attributed to the strong interaction between the oxygen ions and
gas analytes and the high adsorption energy of the defects (oxygen vacancies).

A FET gas sensor has been used for NO> gas sensing because the conductance of the
channel can be modulated by applying different bias voltages on the gate electrode. Late
et al.[148] comparatively analyzed the gas sensing behaviours of single-layer (SL) and
multilayer (ML) MoS, transistor-based sensors towards NO>, NH3, and humidity in dif-
ferent conditions. They found that the SL-MoS; sensor was unstable, so they compared
the sensing performances between 2L and five-layer (5L) devices. The resistance of both
FETs decreases when exposed to NH3 but increases upon exposure to NO;,. The positive
bias voltage enhanced the sensitivity of NO; but decreased that of NH3, and the SL-MoS;
sensor showed a stronger response to a bias voltage, suggesting that the carrier concen-
tration in S5L-MoS, was more susceptible to the bias voltage. Similarly, WS2[161] and
ReS;[162] FETs were used for detecting different gases, such as Oz, NH3, and NO». Alter-
natively, to further improve the gas sensing response, a gate-tunable gas sensor based on a
graphene/MoS; vdW heterojunction had a high response to NO; of 103, and the magnitude
of the response strongly dependent on the bias and back-gate voltages.[ 58] Since the inter-
action between the gas molecule and sensitive layer (the FET channel material) enables an
obvious electron transfer between them, which can further change the carrier concentration,
mobility, and semiconductor work function of the device, and finally affect the transistor
current.[147, 163]

2.6.2. HUMIDITY SENSORS

The humidity sensor can not only be used to monitor the patient’s respiration profile con-
tinuously but also to determine the dehydration state. There is evidence that the changes
in the humidity of exhaled air influence the asthmatic symptoms. Yang et al.[164] re-
ported a humidity sensor based on ReS; nanosheets, and found the devices exhibit fast
response/recovery time and excellent sensitivity. Feng er al.[165] fabricated a flexible
touchless positioning interface based on the fast response and sensitive moisture detection
through VS; nanosheets. Guo et al.[166] fabricated transparent and flexible WS, based
humidity sensors for electronic skin, which wide relative humidity range (up to 90%) with
fast response and recovery times in a few seconds.[166] To improve the performance, Bur-
man et al.[112] decorated MoS; with Pt nanoparticles, and used it for humidity sensing.
The sensor showed a high response of ~4000 times at 85% RH. The response and recovery
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times were ~92 s and ~154 s, respectively, with repeatable behaviour. The sensor per-
formance was found to be stable when tested over a few months. MoS,/Zn0O [167] and
MoS»/VS, [165] were constructed and used for humidity detection, which exhibited fast
response and recovery time in few seconds and ultra-high response of 579850%.

After comparing different pristine metal sulfides, it is found that SnS and WS> can
detect low gas concentration. Thus SnS and WS, are chosen as gas sensing materials in
my work. The sensing concept of metal-metal sulfides Schottky barrier, p-n heterojunction,
and transistor will be introduced in my devices to improve gas sensing performance further.

2.7. CONCLUSIONS

In this chapter, I summarized the state-of-the-art of metal sulfides materials and their gas
sensing applications. In the first section, the basic characteristics of various metal sulfides
are listed. Different from many metal oxides, metal sulfides often have a shallow valence
band and due to their availability in a variety of shapes, sizes, crystalline forms, chemi-
cal compositions, and their excellent response to external stimulation. Thus, metal sulfides
have a range of potential novel properties that can contribute to high gas sensing behaviours.
There are generally two preparation methods, the top-down and bottom-up techniques. The
most common “top-down” approaches are mechanical exfoliation and liquid phase exfolia-
tion methods, which can be used for obtaining high-quality 2D or nanomaterials. However,
most of the exfoliated materials are of small size and fragmented. Regarding “bottom-
up” processes, chemical vapor deposition and hydrothermal methods are used widely for
synthesizing SL-, FL- or ML-metal sulfides thin films. After preparing metal sulfides, sus-
pension and transfer methods can be used to fabricate different kinds of gas sensors. The
critical sensing parameters are sensitivity, response time and recovery time, sensing range,
selectivity, and LOD.

After comparing gas sensing performance of various metal sulfides-based gas sensors,
it is found that the pristine metal sulfides (i.e., SnS and WS7) can detect ppb-level NO;
gas. To improve the sensitivity, a Schottky diode of Ti/Au-MoS; showed 3 orders of gas
sensing response. The Schottky barrier can be formed in the interface due to the difference
in the work function between metal and metal sulfides, which can enables high gas sensing
performance. Thus many groups modulate the gas sensing behaviours through change the
materials of electrodes. To decrease the LOD, heterojunction is often used in metal sulfides-
based devices. The SnS,/rGO heterojunction device can detect sub-ppb NO>. Most of the
metal sulfides heterojunction are constructed with metal oxides, which can be attributed to
the strong interaction between the oxygen ions and gas analytes and the high adsorption
energy of the defects (oxygen vacancies). Furthermore, high response to NO, of 10° was
achieved by using FET mode, where the magnitude of the response strongly depends on
the bias and back-gate voltages. It is attributed to the interaction between the gas molecule
and sensitive layer (the FET channel material), which enables an obvious electron transfer
between them, and further changes the carrier concentration, mobility, and semiconductor
work function of the device, and finally affect the transistor current. In addition to improve
their performance, researchers used UV light to stimulate the charge transfer between the
gas molecules and metal sulfides. Thus the light source can be integrated into the device in
the future.

Based on the summary of the metal sulfides gas sensors, SnS and WS; as gas sens-
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ing materials are chosen in my work. To improve the humidity sensing response and
speed, the sensing concept of metal-metal sulfides Schottky barrier is introduced for SnS
nanoflakes. The high-quality single-crystal SnS nanoflakes are obtained through ME meth-
ods. To achieve a large surface area and high-quality materials, the LPE method is applied
for preparing SnS nanosheets, which are the foundation materials of SnO,/SnS heterostruc-
tures. The OVs in the SnO,/SnS heterostructures could enhance the sensing response and
LOD. Finally, to improve charge transfer in the interface, few-layer WS, thin film grown
through the CVD method is adapted for forming WS>/IGZO heterojunction and further
fabricated as a transistor.
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SNS NANOFLAKES-BASED
SCHOTTKY CONTACTED
HUMIDITY SENSOR

In this chapter, an SnS nanoflakes-based sensor presents high humidity sensing behaviour
both in the rigid and flexible substrate. The device is designed to promote SnS-metal Schot-
tky contacts and improve the sensitivity of the device. It is based on the Schottky nature
of SnS-metal contact. Besides expanding its application in wearable devices, we fabricate
the flexible SnS nanoflakes-based humidity sensor with polyimide substrate, which can be
well attached to the skin and exhibits stable humidity sensing performance in the natural
flat state and under bending loading. Moreover, the first-principles analysis is performed to
prove the high specificity of SnS to the moisture (H20) in the air. Benefit from its promising
advantages, we explore some application of the SnS nanoflakes-based sensors in the de-
tection of breathing patterns and noncontact fingertips sensing behaviour. Finally, a smart
home system based on the sensors is proposed to process the signal from breath and finger
touch experiments for noncontact controlling and respiration monitoring.

Parts of this chapter have been published in:"High-performance humidity sensor using Schottky-contacted SnS
nanoflakes for noncontact healthcare monitoring", Nanotechnology, 31, 5, 2019.
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3.1. INTRODUCTION

INCE the 18th century, lots of studies on humidity sensors have continued for more than

100 years owing to the substantial value of humidity control in many application fields,
such as industrial production, agriculture, and medical practice.[1] The humidity sensor’s
key parameters for detecting human breath are the sensitivity and response/recovery time.
According to the literature review in Chapter 1 and 2, it is found that tin sulfide (SnS) is an
ideal for humidity sensing due to its similar puckered structure as black phosphorus and lay-
ered materials. It has been used for detecting ppb-level NO; [2] and ppm-level alcohol.[3]
Our group proved that the gas sensing between polar gas and SnS, the strong charge transfer
and the adsorption-induced band gap states could affect the carrier density in SnS and lead
to outstanding sensing performances.[4] Water vapor is one kind of maximal proportion of
polar gases in the air, however, the application of moisture sensing based on SnS remain-
ing exclusive. Moreover, the SnS nanosheet exhibited good biocompatibility has been used
for cancer therapy, which makes it a good potential material for human healthcare.[5] The
excellent flexibility of SnS nanomaterials can be used for wearable electronics.

Here, resistive humidity sensors based on mechanical exfoliated SnS nanoflakes placed
on a SiO; and flexible substrate are proposed. The as-fabricated humidity sensors show a
room temperature humidity-sensing behaviour with short response/recovery time and broad
RH range. Besides, the devices fabricated on flexible substrates are also illustrated, which
show comparable sensing behaviour to the devices on rigid substrates. The humidity sens-
ing mechanism is explained by the interactions of gas molecules (CO;, Oz, HyO, and N»y)
and SnS through first principle analysis. Finally, the fast response speed of these sensors
allows us to observe a real-time dynamic monitoring of human breath and fingertip touch to
demonstrate potential utilization in respiration monitoring and noncontact controlling. The
achieved SnS nanoflakes-based humidity sensor with outstanding performances in the air
enables its potential intelligent noncontact healthcare application.

3.2. DESIGN AND FABRICATION

The schematic diagram of the SnS nanoflakes-based sensor’s fabricating steps is shown in
Figure 3.1, which consists of mechanical exfoliation, transferring, and a lift-off process.
The SnS bulk crystal was bought from 6Carbon Corp., China. The SnS nanoflakes were
mechanically exfoliated (ME) from the bulk crystal through thermal release tape, and then
transferred onto the SiO;/Si substrate. Due to the non-uniform distributed SnS nanoflakes,
we designed eight non-interconnected interdigital electrodes in one sensor for covering
most of the nanoflakes. The space between the adjacent electrodes was around 5 um. Af-
ter standard photolithography, the electrodes were magnetron sputtered of Ti/Au (10/30
nm) in a vacuum with a chamber pressure <6x10~° Torr, and contacted with the top of
SnS nanoflakes. After the lift-off process, the devices were annealed at 200 °C for 2 h
in argon atmosphere before testing. To fabricate the flexible sensors, we transferred the
SnS nanoflakes onto a polyimide (PI) membrane by a thermal release tape (TRT)-assisted
transferring technique. The PI membrane was pre-pasted on a Si wafer. After removing the
residual of TRT by using acetone solution, the Ti/Au electrodes were deposited onto SnS/PI
substrates.
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Figure 3.1: Fabrication process of the SnS nanoflakes-based humidity sensor. (a—c) Schematic diagrams of the
fabrication process for the sensor with rigid substrate. (a) Cleaning the SiO,/Si wafer. (b) Transferring the SnS
nanoflakes on the surface of substrate. (c) Sputtering Ti/Au electrodes. (d)The optical image of SnS nanoflakes-
based humidity sensor with rigid substrate. (a’~d’) Schematic diagrams of the fabrication process for the sensor
with flexible substrate. (a’) Pasting PI film on the top of Si wafer. (b’) Transferring the SnS nanoflakes on
the surface of PI. (c’) Sputtering Ti/Au electrodes. (d’) Removing the Si wafer. (e’) The optical image of SnS
nanoflakes-based humidity sensor with flexible substrate.

3.3. CHARACTERIZATION

The optical microscopic images were acquired with an optical microscope (OLYMPUS
TH4-200) imager with white light illumination using bright-field imaging modes and ob-
jectives. The thickness of ME-SnS was determined by using an atomic force microscope
(AFM, Bruker, Santa Barbara, CA, USA) and a Raman spectrometer (Raman, HORIBA,
LabRAM HR Evolution) excited by a 532 nm laser. The crystalline microstructure was
characterized by transmission electron microscope (TEM, JEOL JEM-2100). An optical
image of the SnS nanoflakes transferred on a 300 nm SiO»/Si substrate is shown in Figure
3.2a. Figure 3.2b shows the AFM scanning image of SnS-nanoflakes between two elec-
trodes. The inset image shows the corresponding quantitative AFM height profile. The
SnS nanoflake height is about 30 nm. The Raman spectra for the SnS nanoflake and bulk
SnS were measured using a confocal Raman microprobe (see Figure 3.2c). It shows the
Raman peaks of SnS nanoflakes detected at 95, 163, 194, and 217 cm™! , all of which match
well with those from single-crystal SnS in previous literature.[6, 7] As shown in Figure
3.2d, the high resolution transmission electron microscopy (HRTEM) image of the SnS
nanoflake shows a typical d-spacing of 0.292 nm, corresponding to the distance between
(101) planes of the orthorhombic phase of SnS. The inset image shows the selected area
electron diffraction (SAED) pattern of SnS, which reveals a single-crystalline orthorhombic
phase projected along the (010) direction. The interplanar angles defined by the intersection
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of the (101) planes of thei nanoflake is 92°and 88°, which is consistent with the calculated
dihedral angle between (001) and (101).[8]

304.4nm

-238.4nm

(c)
—— SnS nanoflake
——Bulk SnS

Intensity (a.u.)

Raman Shift (cm™)

Figure 3.2: SnS nanoflakes deposited on 300 nm SiO,/Si substrate using the mechanical exfoliation method. (a)
Optical image, (b) AFM image, inset image is the corresponding AFM height profile. (¢) Raman image. And (d)
HRTEM image with SEAD diffraction image.

3.4. HUMIDITY SENSING PERFORMANCES

To investigate the effects of humidity on the electronic properties of SnS nanoflakes-based
sensor, we performed the gas sensing experiments in the AES-4TH Testing System (Bei-
jing Elite Tech Co. Ltd.). The atmospheric conditions changing in the following order:
ambient (25 °C, 30% RH), dry air, gradually increasing humidity (RH= 3-99%), and am-
bient condition. All the gas-sensing experiments were carried out at room temperature and
atmospheric pressure. Figure 3.3a shows the experimental setup used for humidity sensing
performance. As shown in Figure 3.3b, the dry air was used as a carrier gas and injected
into the chamber for 12 min to reduce the water vapour from about 80% RH down to 3%
RH. Then, we varied the RH of 3%, 10%, 30%, 50%, 75%, and 99% in the chamber through
a mass flow controller. However, the response/recovery time is limited by the large volume
of the chamber, which is about 1.5L and needs a few minutes to be stabilized. Thus, we
moved the sensor in/out from the bottle with dry air (3% RH) to the gas collecting container
(99% RH) very fast for achieving accurate response/recovery time (see Figure 3.3c). The
RH inside gas collecting bottle was controlled by using saturated salt solutions of potassium
sulfate anhydrous (AR K»>SOj4) as described in previous literature.[9]

The electrical characterization of the SnS-based device was performed by using an elec-
trical analysis system (Beijing Elite Tech Co., Ltd, SA6101) to record the current change
in real-time (data acquisition time ~30 ms). Before the gas-sensing test, the SnS-based
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devices were stabilized in N3 in the system about 30 min for fully recovering to the initial
state. For the flexible SnS nanoflakes gas sensor, we applied the silver glue and fine Cu
wire in the electrodes and put the flexible sensor into a 150 °C temperature chamber for 5
min. After curing and dry, the sensor was pasted to the target surface. The fixed Cu wires
in the positive and negative electrodes were then connected with the electrical analysis sys-
tem. The current-voltage (I-V) measurements were taken from -1 V to +1 V, and the current
were calculated from the slope of the plot through the least square method. The response
(S%) of SnS nanoflakes-based humidity sensor is defined as the percent change in current.
S%=(Al/Ix)x100, where Al= (Ix-Igry), lary and Ix are the resistance of the sensor at dry air
(3% RH) and x% RH, respectively.

Humidity
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system

Gas outle
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system

\
\
\
\
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Figure 3.3: (a) Experimental setup used for humidity sensing performance. (b) Current change of the SnS device
versus the relative humidity (% RH) in the humidity chamber. The dry air flows into the chamber in the blue area
to decrease the % RH inside the chamber. (c) Setup for response/recovery time testing.

The sensing behaviours of SnS nanoflakes-based humidity sensor were measured under
different RH of 3%, 10%, 30%, 50%, 75% and 99% at 25 °C. Figure 3.4a shows the recti-
fying output characteristics (I-V) of the device, which indicates the presence of a Schottky
barrier between the SnS and the electrode. The maximum power consumption is about 4.8
UW. As shown in Figure 3.4b, it is found that the resistance decreased with increasing hu-
midity. Since H>O is a type of charge acceptor for SnS nanoflakes, the electrons transfer
from SnS to H>O, inducing the current of SnS increases. With increasing H»O concentra-
tion, more and more electrons discharged from SnS, thus the current gain. From this plot,
we noted that there is almost four orders of magnitude resistance variation exist in the as-
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fabricated sensor from 3% RH to 99% RH. The sensor presents a high response of 67600
% under 10% RH and 2491000% under 99% RH. The device is highly sensitive to environ-
mental humidity may be attributed to the Schottky barrier modulation upon gas molecule
adsorption, which will be discussed in Section 3.5.

For evaluating the response kinetics and cycling performance, the sensor was moved
in/out from the dry air (3% RH) to the gas collecting bottle (~99% RH) very fast according
to the saturated salt solutions method several times. The cycle performance of the sensor in
3% RH and 99% RH at a bias voltage +1 V is shown in Figure 3.4c, indicating a repeatable
and stable response of the sensor. Figure 3.4d shows the current-time (I-t) plot through
which the response and recovery time between 3% RH and 99% RH were noted as 6 s
and 4 s respectively. Compared with the reported 2D material humidity sensors (see Table
3.1), the SnS nanoflakes-based sensor response is as high as that of the graphene-based
humidity sensor. The response speed is faster than many tin-based humidity sensors.[10,
117 The sensing range is larger than those of most reported metal sulfides-based[12, 13],
nanofibers[14], and porous membrane[15] humidity sensors.
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Figure 3.4: Humidity sensing performance of the SnS nanoflakes-based sensor on rigid substrate. (a) I-V curve
measured at various RH conditions, showing an obvious slope increasing with the increasing of RH. Inset top
image is the schematic of SnS nanoflakes device, and the inset bottom image is the magnified curve of the 3%
RH. (b) The derived RH-dependent resistance changes. Inset image is the response under different RH. (c) Time-
dependent response current of three cycles of humidity switching between dry air (3% RH) and 99% RH. (d) The
response and recovery time of the sensor.

Motivated by the highly sensitive and fast response performance of the SnS nanoflakes-
based sensor, we explored the possibility of whether the sensor can be fabricated on a
flexible substrate and enable wearable health monitoring applications. Hence, the SnS
nanoflakes-based sensors on PI membrane substrate was demonstrated to verify the ap-
plication in flexible electronics. As shown in Figure 3.1(a’-e’), the fabrication process is
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similar to the sensor on a rigid substrate except for the step of pasting and separating PI film.
The sensor can be well laminated to many curved surfaces due to the excellent flexibility
of the SnS and the substrate. For instance, we pasted the flexible sensor on the surface of a
finger with double-side PI tape thickness of about 200 um and tested its current response in
flat and bend states at various RH conditions (see Figure 3.5a,b). It was observed that the
current response was slightly affected under the lower RH. When the RH exceeds 50 %RH,
the current response was enhanced. In general, the distorted structure of SnS applies less
adsorption site for HoO gas molecules, while the adsorption properties of a gas molecule on
SnS can be significantly enhanced by using strain.[16] Under low RH, the gas adsorption
of SnS is not saturated. Thus fewer occupied adsorption sites induced less charge transfer
between HpO and SnS, and the current decreased slightly. Under high RH, most of the ad-
sorption sites were occupied, the high surface reactivity induced by mechanical strain can
improve gas sensing behaviour. Thus the current is higher than that of flat state.[17] For
the dynamic RH changing test, as shown in Figure 3.5¢c, the sensor under both flat and bent
conditions exhibits a repeatable response to a periodical humidity changing between 10%
RH and 75% RH, showing similar sensing behaviour.
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Figure 3.5: (a)The testing setup for SnS nanoflakes-based flexible sensor.(b) The current response of the flexible
sensor working in flat and bent states, respectively. Top left inset: Image of SnS nanoflakes transferred onto the PI
membrane. Top right inset: Image of the flexible sensors pasted to a finger. Bottom inset: Illustration of the bent
state. (c) Dynamic response of the flexible humidity sensor in flat and bent states with the RH level periodically
changing between 10% RH and 75% RH. All tests were conducted at room temperature of 25 °C and with a bias
voltage of 1V.

Moreover, the bending performances of the SnS nanoflakes-based sensor under different
bending angles and bending cycles were investigated . The results are summarized in Figure
3.6. There is no appreciable resistance change of the flexible sensor under different bending
angles. Besides, we successively carried out a bending cycle test of 500 cycles of 30°, 500
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Figure 3.6: (a) Schematic of different bending angle. (b) The resistance of the SnS nanoflakes-based flexible
sensor under different bending angles. (c) The bending performance of SnS nanoflakes-based flexible humidity
sensor for 500 cycles at different bending angle. Bottom inset: Image of the as-fabricated flexible sensors before
bending cycle test. Top inset: Image of the sensors after bending cycle test of 500 cycles of 30°, 500 cycles of 90°,
500 cycles of 120°, and 300 cycles of 180°in sequence.

cycles of 90°, 500 cycles of 120°, and 300 cycles of 180°. It found that the sensor can also
be bent many times (above 500 cycles with the bending angle of 30°, 90°) without apparent
degradation of response after the mechanical test (see Figure 3.6b). However, the current
response of the sensor decreased after 50 bending cycles of 120°and finally failed after 300
bending cycles of 180°. It should be induced by the crack of the electrodes of the sensor,
which reminds us to use high flexible electrodes to enhance the long-term reliability of the
device. These results clearly illustrate its ability to withstand the stress of human wear in
daily life, and its potential as a wearable sensing device.

3.5. HUMIDITY SENSING MECHANISM

3.5.1. FIRST PRINCIPLE ANALYSIS

To understand the mechanism of the high humidity sensitivity of the SnS-based device, we
performed density functional calculations on the SnS-gas system. From all the gases com-
prising air, four types of gas molecules/SnS interaction, including CO3, N>, O3, and H>O,
simulations can provide insight into the sensing mechanism more comprehensive. All the
calculations were carried out by DMol3 code of Materials Studio.[23] Based on the density
functional theory (DFT), we carried out the first-principles calculations within the gen-
eralized gradient approximated (GGA) to the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional. To better describe the van der Waals (vdW) interaction, the dis-
persion corrected density functional theory (DFT-D) proposed by Grimme was employed
because the standard PBE functional cannot well describe the weak interactions. The all-
electron double numerical atomic orbital plus polarization (DNP) was used as the basis set.
The kinetic energy cutoff the plane wave was set to 500 eV on a Monkhorst-Pack k-point
scheme of 8x8x1 for geometry optimization and 16x16x1 k-points for accurate electric
properties calculations. The self-consistent convergence accuracy, the maximum displace-
ment and the convergence criterion for the force between atoms were set to be 1x1070 eV
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Table 3.1: Comparison of various resistive humidity sensor technologies with respect to reported %RH ranges,
response and recovery times, and response.

Material Measured tres (8) trec (S) Response Ref.
%RH range (%)

Tang SnS 3-99 6 4 2491 000 This
nanoflake work

Bharatula SnS, 10-97 85 6 11300 [18]
nanoflakes

Parthibavarman SnOj 5-95 32 25 3200 [10]

Late MoS, 4-84 9 17 1100 [9]

Guo WS, 11-97 0.18 0.38 235700 [12]

Feng VS, 0-98 5 12 320 [13]
nanosheets

Lin Supramolecular 10-80 0.008 0.024 400 [14]
nanofibers

Li Porous Ionic  10.89-81.75 6 4 / [15]
Membrane

Smith Graphene 5-95 0.6 04 0.31 [19]

Borini GO 30-80 0.03 0.03 100 [20]

Zhen Wrinkled 11-95 0.0125 0.0125 / [21]
graphene

He Graphene 0-97 0.02 0.017 28380 [22]
confined

poly(dopamine)

per atom, 1.0x1073 A, 0.03 eV A~!, respectively. Periodic boundary conditions were ap-
plied in the x- and y- directions. A supercell with an adequate 20 A vacuum region was
introduced in the z-direction to prevent the interactions between the adjacent SnS layers,
and all of the atomic positions were optimized until the maximum force is less than 0.002
Ha A-! (see Figure 3.7).

4

(@)%

&0 % & &
Figure 3.7: Top and side views of the most favorable configurations of (a) CO,, (b) O2, (c) H,0O and (d) Na

adsorbed on the SnS monolayer. The balls in greyish-green and yellow balls represent the Sn and S atoms, where
grey, white, red, and blue represent the Sn, S atoms, H, O, and N atoms, respectively.

To better understand the interaction and quantitative determination, the amount of charge
transfer between gas molecule and SnS monolayer at 0 K, the charge density difference
(CDD) diagram of the O atom S site configuration is plotted in Figure 3.8(a-d). The blue
region represents the charge accumulation, while the yellow region shows the charge de-
pletion. It is seen that four types of gas molecule in the air (CO2, N2, Oz and H70O) act
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Figure 3.8: Top and side views of the CDD calculation for (a) CO3, (b) Oz, (¢) H2O and (d) N, adsorbed on
the SnS monolayer at 0 K. The isosurface is taken as 3x10 e A. The blue (yellow) region represents the
charge accumulation (depletion). The negative sign of Q indicates charge transfers from SnS to the gas molecule.
Electronic localization function (ELF) of (e) CO», (f) O, (g) H2O and (h) N, adsorbed on the SnS monolayer.
The reference bar for ELF value is provided at the right side. The balls in greyish-green and yellow balls represent
the Sn and S atoms, where grey, white, red, and blue represent the Sn, S atoms, H, O, and N atoms, respectively.

as charge acceptors, and receive 0.009 e, 0.114 e, 0.055 e, and 0.002 e from single-layer
SnS, respectively. In addition, as shown in Figure 3.8(e-h), it is seen that the electron lo-
calization function (ELF) has no remarkable electron sharing between gas molecules and
SnS sheet, which indicates that the chemical bond is unformed. More detailed information
from the simulation of different gas-SnS systems, including adsorption energy (E4), equi-
librium distances (d), and charge transfer (AQ) are listed in Table 3.2. The d is the shortest
distance between the atoms of monolayer SnS and molecules. The negative sign of Q indi-
cates charge transfers from SnS to the gas molecule. The adsorption of H2O on monolayer
SnS produces relatively high binding energies (-0.388 eV) with charge transfer of -0.055
eV, indicating that SnS has good specificity and sensitivity for detecting water vapour in
the air. Besides, strong interaction with water molecules via physical absorption makes it
possible for repeatable utilization.

Table 3.2: The adsorption energy (En), adsorption distance (d), and change transfer (AQ) of different gases on
SnS.

Gas Ea (eV) d (A) AQ (e) Gas type
CO, -0.207 3.34 -0.009 acceptor
0, -0.229 3.28 -0.114 acceptor
H,0 -0.388 2.72 -0.055 acceptor

N» -0.135 341 -0.002 acceptor
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3.5.2. SCHOTTKY BARRIER ANALYSIS

From the experimental sensing results, we find that the current increase is more for high
RH levels than that of lower RH levels. The sensing mechanism is relevant to the Schot-
tky nature of SnS-metal contact (see Figure 3.9a, b). The Schottky barrier height of the
SnS nanoflakes-based device, ¢g, is equal to the sum of the semiconductor band gap (Eg)
and electron affinity () minus the work function of the metal (®y;). The work function
of Ti and SnS is 4.33 eV and 4.88 eV, respectively.[24] As shown in Figure 3.9a, it is the
Schottky-Mott band alignment of Ti/Au contacts on SnS without gas adsorption. H,O ab-
sorption moves the Fermi level of SnS toward the conduction band, decreases the Schottky
barrier (¢p) by A@pg, resulting in thinning of the ¢p and an increase of the device current
(see Figure 3.9b). For lower RH levels, because of the non-uniform distribution of water
layer and non-significant charge transfer through the sensing layer, the A@g is small, and
the response is low. At higher RH levels, the SnS continuously physical adsorbs water
layers, which increase the A@gsignificantly, inducing high sensitivity of the device. The
recovery mechanism is also attributed to the ¢p. When air flows out of the chamber, the
water molecule shifts from the adsorption sites and the conductivity decreases due to the
increased ¢p.[25].

(a) Schottky (b)
EVBC
Oy=4.3 eV Ax=3.8 eV
Dy s i
E. [ E,
aa £-10sev Er S (S S —— E
E (Dex B |, T 1O
Ti/Au sns I 80; T | E,
Ti/Au snS

Figure 3.9: (a) Energy diagram of the Ti/Au and SnS before contact. (b) Band realignment and energy diagram of
the Ti/Au and SnS after contact and the formation of Schottky barrier. Gray and red lines indicate the energy band
of the pristine SnS (solid gray), and after exposure to HyO (dashed red), respectively. x is the electron affinity of
SnS, Eg is the band gap, Ey,c is the vacuum level, Ec is the conduction band minimum, and Ey is the valence band
maximum. H,O adsorption decreases the Schottky barrier (¢p) by A@g, resulting in thinning of the ¢ width and
an increase of the device current.

3.6. APPLICATIONS

3.6.1. RESPIRATION MONITORING

Benefit from its excellent performance, we intend to apply SnS nanoflakes-based humidity
sensor into some medical applications, such as respiration monitoring. To investigate the
respiration performance, the flexible SnS nanoflakes-based humidity sensor was used and
pasted inside breath receiving mask (see Figure 3.10). The sensor is sensed and recorded
the breath rate and depth to the periodic exercise of normal, deep, and fast breathing suc-
cessfully. The apnea process was employed during the breathing, and there is no sudden
saltation for current, indicating no airflow force effects on the humidity sensor. Besides, the
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impact of breathing temperature difference on the humidity sensor response can be ignored
if it works on normal body temperature (see Figure 3.11). Therefore, the as-fabricated
sensor is only sensitive to humidity variation at atmospheric pressure. In all, the SnS
nanoflakes-based humidity sensor shows excellent monitoring and distinction abilities for
various breathing process. It is beneficial for real-time monitoring of breath change during
extreme sports, hazardous working environments, and medical treatment. According to the
signal of the breath pattern, the people can roughly predict the health condition without a
region restriction, and the doctors can make a diagnosis of the breath pattern-related disease
timely, such as obstructive sleep apnea syndrome (OSAS) and asthma, etc.[26, 27]
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Figure 3.10: The current variation response to normal, deep and fast breathing at room temperature (25 °C).
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Figure 3.11: The I-V curves of SnS nanoflakes-based humidity sensor at different temperatures.
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Figure 3.12: (a) Time-dependent response current with a fingertip vertically approaching and retracting away
from the device surface at different distances. Inset: The corresponding diagram showing the configuration of the
fingertip-sample distance related sensing properties. The RH of the test environment is about 30%. (b) Finger
approaching for a short duration of time. (c) Quick Finger slipping over the sensor. (d) Sudden finger lifting.

3.6.2. MOVEMENT OF FINGERTIP

Since the SnS nanoflake-based sensor has a high sensitivity under a low-humidity envi-
ronment, it has a potential application for detecting the surface water evaporation from a
fingertip. The RH and temperature near the fingertip are ~40% RH and ~30 °C, respec-
tively. With the fingertip vertically approaching and retracting away from the device at an
increasing distance, the RH of the surface of the sensor decreases, thus the response current
decreases (Figure 3.12a). It means that the sensor can detect small humidity changes upon
a surface, implying its potential application for noncontact detection and touchscreen. As
shown in Figure 3.12b, the sensor shows the periodical response of the finger approaching
for 20 s duration time at the same height (5 mm), which is stable and repeatable. Figure
3.12c shows quick slips of fingertip back and forth near the top of the sensor, and sharp two
peaks were observed, indicating a sudden shift in humidity level and a high resolution for
the change of movement. Conversely, Figure 3.12d shows the signals of the fast lifting of a
fingertip. All of the fast and stable sensing behaviour is owing to the fast adsorption of the
SnS nanoflakes to the released water vapour of the finger surface. The overall performance
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suggests a responsive sensitivity of the SnS nanoflakes sensor in monitoring skin evapora-
tion for applications such as detecting gestures, physiological and physical evaluation based
on perspiration, and non-invasive diagnostic of skin conditions.
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Figure 3.13: The schematic diagram of a SnS nanoflakes-based humidity sensor for smart home system. From left
to right, three types of signal source, including environment humidity vibration, human breath, and finger touch;
SnS nanoflakes-based sensor, for detecting signal and generating the V-t curve; The curve is shown in oscilloscope;
SPC, for signal processing; and one type of electrical appliances, LED lamp.

2/

3.6.3. A SMART HOME SYSTEM BASED ON SNS NANOFLAKES-BASED
SENSOR

Based on the substantial advantages of the SnS nanoflakes-based sensor demonstrated above,
we design a smart home system, comprising of a signal source, humidity sensor, a simple
signal processing circuit (SPC), and electrical appliances (see in Figure 3.13). The signal
source includes environment humidity variation, human breath, and finger touch. The in-
put signal is the original voltage curve of varied finger touch, which was detected from
the signal source by SnS nanoflakes-based humidity sensor, followed by the signals being
analog-digital converted and processed in SPC. Then, the latching relay’s output terminal is
connected with a LED lamp and a LED display. To verify the feasibility of the system, we
built and carried it in Proteus Pro7.8 software (Labcenter Electronics Ltd.). The procedure
of signal processing based on these circuits is presented in Figure 3.14. When a user is
breathing towards the sensor or moving finger upon it, the signal is detected by the sensor
and converted into a switching signal for the electrical appliances. The oscilloscope shows
the voltage-time (V-t) curve as the voltage change, and the LED display shows the voltage
value in real-time. Moreover, the SPC analyzes the sensor’s signal and controls the LED
lamp to light up if the voltage exceeds the preset threshold. This demonstration further
verifies that the SnS nanoflakes-based humidity sensor is able to be used in a smart home
system and has excellent potential in daily life, such as touch screen, noncontact controller,
and portable diagnosis system so on.
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Figure 3.14: After simple processing through single chip microcomputer (SCM), breathe or finger touch signal
can be converted into a trigger signal to control the appliances. (a) For breathing signal, if the voltage exceeds the
preset threshold of 1V, the LED lamp lights up. (b) If not, the lamp lights off. The LED display shows the voltage
value in real-time.

3.7. CONCLUSION

In this chapter, we reported ease of fabricated Schottky-contacted SnS nanoflakes-based
humidity sensors on a rigid and flexible substrate. The as-fabricated sensor exhibited good
body temperature moisture sensing performance with a high response of 67600% under
10% RH and 2491000% under 99% RH, wide RH range from 3% RH to 99% RH, and fast
response/recovery time of 6 s /4 s, competing with tin-based and TMDs-based humidity
sensors. The DFT analysis results suggest that the adsorption of HyO on SnS produces
relatively larger binding energies (-0.388 eV) with charge transfer of -0.055 eV than other
gas molecules in the air. The fast response and recovery performances result from the
Schottky nature of SnS-Ti contact. More importantly, its wide RH range, quick response
time, and excellent biocompatibility enable real-time monitoring of finger touch without
contact and different breathing patterns. Finally, we propose a smart home system based on
the sensors to process the signal from breath and finger touch experiments for noncontact
controlling and respiration monitoring, which presents intelligent potential applications for
noncontact healthcare monitoring.
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SNO,/SNS HETEROSTRUCTURES
GAS SENSOR

To further improve the sensing performance, firstly, I comparatively analyzed the humidity
sensing responses between LPE-SnS nanosheets, SnO> nanosheets, Sn0y/SnS nanocom-
posites, and SnO,/SnS heterostructure devices. The results show that the sensor based on
SnO,/SnS heterostructure that formed by the post-oxidation of LPE-SnS nanosheets in air
has excellent humidity sensing response among these four types of sensors. Accordingly, the
SnO,/SnS is used for detecting NO> gas, which exhibits a high response of 161% towards
1 ppb NO;, wide detecting range (from 1 ppb to 1 ppm), an ultra-low theoretical detection
limit of 5 ppt, and excellent repeatability. The sensor also shows superior gas selectivity to
NO3 with comparison to several other gas molecules, such as NO, H», CO, NH3, and H>O.
We have systematically investigated the gas sensing mechanism based on experiments and
density functional theory simulation. The results show that the outstanding NO; sensing
behaviour is attributed to numerous oxygen vacancies generated in the post-oxidation pro-
cess, which provides more adsorption sites, superior band gap modulation, and more active
charge transfer in the sensing interface layer. .

Parts of this chapter have been published in:"Liquid-phase exfoliated SnS as a semiconductor coating filler to
enhance corrosion protection performance", Physical Chemistry Chemical Physics, 21, 33, 2019.
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4.1. INTRODUCTION

UMEROUS studies have proved that the sensing performance of nanomaterials-based
N gas sensors can be improved through using different morphologies (i.e., nanoflakes,
nanosheets or nanorods) to increase the surface area, constructing heterojunction to enhance
the charge transfer in the interface, and introducing detects to improve the adsorption energy
between gas molecules and nanomaterials. Many metal sulfides-based heterojunction is
constructed with metal oxides, which can be attributed to the strong interaction between
the oxygen ions of metal oxides and gas analytes and the high adsorption energy of the
defects (oxygen vacancies). Tin oxides (i.e., SnO3, SnO, etc.) is the most commonly used
metal oxide materials for gas sensor. Cui ef al.[1] reported a SnO2/MoS> hybrids NO2
gas sensor that has a lower detection limit of 0.5 ppm. Hao et al.[2] presented hierarchical
SnS>/SnO7 nanocomposites to improve the sensing performance toward 1 ppm NO; at 100
°C and a detection limit of 125 ppb (response of 90%). In addition, The groups of Epifani
[3] and Li [4] have proved that SnO» with oxygen vacancies (OVs) for NO, gas detection
exhibited ultrahigh response at room temperature. They also found that the higher operation
temperature, the lower the gas sensing response. It indicates that introducing OVs is an
efficient way of enhancing gas sensing performance.

Herein, firstly, the liquid-phase exfoliation (LPE) method is employed to prepare SnS
nanosheets with a large surface area. The SnO; is combined with SnS nanosheets for
constructing SnO2/SnS nanocomposites. Simultaneously, SnO,/SnS heterostructures were
synthesized by oxidizing pristine SnS in air at 350 °C. The humidity sensing performances
of ME-SnS nanoflakes, LPE-SnS nanosheets, SnO; nanosheets, SnO,/SnS nanocompos-
ites, and SnO,/SnS heterostructure devices are comparatively analyzed. Then, the response,
selectivity and LOD of SnO,/SnS heterostructures towards NO> are tested at room temper-
ature. Finally, the gas sensing mechanism is analyzed based on density functional theory

(DFT).
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Figure 4.1: Fabrication process of the SnO,/SnS heterostructure-based gas sensor.
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4.2. FABRICATION OF GAS SENSORS

Preparation of SnS nanosheets. The SnS nanomaterial was purchased directly from 6Car-
bon Corp., China, and all chemicals were used as received without further purification. SnS
(mg) was uniformly dispersed in ethanol (ml) and subsequently stirred for 20 min to form
a suspension. The suspensions were ultrasonicated in a KH-500B benchtop ultrasonic bath
(250 W) operating at 40 kHz frequency and 100% power for 12 h. The bath was modified
by the addition of a water-cooling coil to maintain the water temperature below 30 °C dur-
ing sonication. Upon completion of the exfoliation step, the dispersion was centrifuged at
a rate of 500 rpm for 45 min to remove the remaining bulk material. The top two-thirds
of the supernatant was collected for analysis. Then, we dried the supernatant in a tempera-
ture chamber and cleaned them through distilled (DI) water several times, and the LPE-SnS
nanosheets were obtained.

Fabrication of gas sensor. The obtained SnS nanosheets (20 mg) were uniformly dispersed
in ethanol (20 ml) and subsequently stirred for 20 min to form a suspension. The result-
ing suspension was deposited onto the SiO»/Si substrate pre-printed with Au interdigitated
electrodes (IDEs). After the ethanol evaporated, the sensors were dried at 70 °C for 2 h
to purify the samples. And the SnS-based gas sensor was obtained. Then, the SnO,/SnS
was synthesized by the in-situ high-temperature oxidation method. The oxidation of the
SnS nanosheets was conducted at 350 °C for one hour in the air. According to previous
reports, the oxidation of SnS to SnOy occurred at temperatures above 325 °C through the
reaction SnS + (1 + x/2) Oz — SnOy + SO7.[5] In addition, to quantitatively investigate
the change of SnS flake under different annealing temperatures, Higashitarumizu et al. [6]
calculated the optical contrasts of the SnS after post-oxidation. They found that the optical
contrasts were almost constant after 6 h at temperatures below 350 °C, indicating that the
SnS can not be oxidized below 350 °C. Therefore, in this work, the SnS nanosheets were
oxidized under 350 °C for one hour to form SnO,/SnS heterostructure. The samples of
SnO,/SnS heterostructure-based gas sensors were obtained, as shown in Figure 4.1. The
SnO; nanosheets (20 mg) were purchased directly from Shanghai Aladdin Biochemical
Technology Co., Ltd., China. They were uniformly dispersed in ethanol (20 ml) and subse-
quently stirred for 20 min to form a suspension. The suspension was deposited onto the Au
IDEs and dried at 70 °C for 2 h. This is the SnO»-based humidity sensor. The fabrication
process of the SnO2/SnS nanocomposites sensor is the mixture of SnS (10 mg) and SnO»
(10 mg) in ethanol (20 ml) with magnetic mixer for 1 h, and the dip coating process of the
SnO>/SnS suspension to the Au IDEs.

4.3. HUMIDITY SENSING PERFORMANCES

The morphology of the SnS nanosheets, SnO, nanosheets, SnO,/SnS nanocomposites,
and SnO,/SnS heterostructure was characterized by a field-emission scanning electron mi-
croscopy (FESEM, JEOL JSM-7610FPlus) using an acceleration voltage of 5 kV and a
working distance of 8§ mm. As shown in Figure 4.2a and b, SnS has a flake-shaped mor-
phology, while the SnO,/SnS heterostructure is constructed by the SnS nanosheets and
decorated with small SnO, nanoparticles. Figure 4.2c illustrated that the size of SnO;
nanosheets is about 50 nm. Figure 4.2d show that the SnO,/SnS nanocomposites is com-
posed of SnS nanoflakes with mixed SnO; nanosheets.
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Figure 4.2: SEM characterization of (a) SnS nanosheets, (b) SnO,/SnS heterostructure, (c) SnO; nanosheets, and
(d) SnO,/SnS nanocomposites. The red bar indicates 50 nm.

Humidity sensing measurement was performed at the ambient temperature of 25 °C.
Various RH levels inside gas-collecting bottles were controlled by using several saturated
salt solutions, as described in previous literature.[7] Saturated solutions of LiCl, MgCl,,
Mg(NO3)2, NaCl, and K>SOy in a closed vessel were used to yield approximately 11%,
33%, 52%, 75%, 85% and 99% RH levels, respectively. Then, we moved the sensor in/out
from the gas collecting bottle (~25 °C, ~99% RH) to the ambient (~25 °C, ~30% RH)
fast for achieving accurate response/recovery time. Electrical characterizations of SnS-
based device were performed by using a semiconductor parameter analyzer (Keithley 4200,
Tektronix Corp.) to record the current change in real time (data acquisition time ~30 ms).
Before the gas-sensing test, all the samples were stabilized at 70 °C inside a temperature
chamber about 30 min for fully recovering to the initial state.

As shown in Figure 4.3, under 75%RH humidity condition, the SnS nanosheets-based
device response and recovery very fast, while their response is low (1260%). Even if it is
not ultrahigh as that of the ME-SnS nanoflakes-based sensor (2491000 @ 99%RH, 229000
@ 75%RH), the fast response time and sensitivity can meet the requirement of humidity
sensing. The gas sensing response of the SnO»-based device is much higher than that of
the SnS nanosheets sensor, while the recovery time is 50 s. To combine the fast response
of SnS and high sensitivity of SnO;, we mixed SnS and SnO; for achieving SnO,/SnS
nanocomposites-based device, which shows the high response of 9950% while the recov-
ery time is more than 210 s. Alternatively, the SnO,/SnS heterostructure shows a high
response of 10200%, and very short response and recovery times (5 s/3 s). It is much bet-
ter than that of ME-SnS nanoflakes sensors. The SnO,/SnS heterostructure-based sensor
exhibits excellent repeatability and wide sensing range (11%RH-99%RH), see Figure 4.4.
The results indicate that tin oxides can contribute to the high response to humidity, and
SnS is helpful for response and recovery time. Comparing the response of SnO,/SnS het-
erostructure with SnO»/SnS nanocomposites, it is found that the high sensing performance
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Figure 4.3: Dynamic response-recovery curves of (Left) (a) SnO,/SnS heterostructure, (b) SnO,/SnS nanocom-
posites, (c) SnS nanosheets, and (d) SnO, nanosheets to humidity in the concentration of 75% RH at room tem-
perature. (Right) Humidity sensing response and speed of SnO,/SnS heterostructure, SnO2/SnS nanocomposites,
SnS nanosheets, and SnO, nanosheets.
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Figure 4.4: (a) Dynamic response-recovery curves of SnO,/SnS heterostructure to moisture in the concentration
range from 11% to 99% RH at room temperature. (b) Repetitive dynamic response-recover curves of SnO,/SnS
heterostructure under 75% RH and 99% RH.

of SnO,/SnS heterostructure should not only be attributed to the heterojunction between
SnO, and SnS, but also to the morphology.

4.4. NO, GAS SENSING PERFORMANCE

4.4.1. CHARACTERIZATION

To understand the characteristics of SnO,/SnS heterostructures, a series of material charac-
terizations were carried out. The crystal structures of SnS nanosheets and SnO,/SnS het-
erostructure collected from sensing film were measured on a Philips X’pert X-ray diffrac-
tometer (XRD) with Cu Ko 1 radiation in the 26 range from 10° to 80°. X-ray photoelectron
spectroscopy (XPS) was used to investigate surface modification. The chemical mappings
of the SnS nanosheets and SnO,/SnS heterostructure were also obtained by energy dis-
persive spectroscopy (EDS, Oxford X-MaxN-50) using an accelerating voltage of 20 kV
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with a working distance of 10 mm. The crystalline microstructure was characterized by
transmission electron microscope (TEM, JEOL JEM-2100).

The nanocrystal structures were observed using a transmission electron microscope
(TEM), as shown in Figure 4.5a, the SnS nanosheets with a diameter of 10-100 nm. After
the oxidation process, the SnO,/SnS heterostructure is shown in Figure 4.5b, the typical
size of the resulting heterostructure is 50 nm. Figure 4.5c shows the typical HRTEM im-
age of SnS nanoflakes, and the magnified HRTEM image presents the lattice spacing of
0.292 nm corresponding to the distance between (101) planes of the orthorhombic phase of
SnS. The left inset image shows the selected area electron diffraction (SAED) rings of SnS,
which reveals a single-crystalline orthorhombic phase projected along the <010> direction
and indexes to the reflections of the SnS (002) and (101) planes. Figure 4.5c shows that
the fringe interval of 0.292 nm corresponds to the d-spacing of (101) SnS. Meanwhile, the
fringe interval of 0.334 nm and 0.176 nm agrees well with the d-spacing of (011) and (211)
crystal planes of SnOj, respectively. The fringe interval of 0.299 nm corresponds to the
d-spacing of (101) SnO. The HRTEM image demonstrates that many nanocrystals grow
densely on the SnS nanoflakes and form SnO,/SnS heterostructure. The SAED rings (left
inset of Figure 4.5d) further confirms that the heterostructures are polycrystalline struc-
tures. To further analyze the interfacial evolution from SnS to SnO,/SnS, atomic resolu-
tion high-angle annular dark-field (HAADF) STEM in combination with dispersive X-ray
spectroscopy (EDX) elemental mapping and electron energy loss spectroscopy (EELS) are
shown in Figure 4.6, respectively. The elemental mapping results show that there is only O,
S, and Sn in the SnO,/SnS heterostructure and all of the elements are uniformly distributed,
further confirming the existence and uniform distribution of SnO, nanoparticles in the SnS
nanosheets.

Figure 4.5: (a) TEM image, (b) HRTEM image of SnS nanosheets. (c) TEM image, (d) HRTEM image of
Sn0O,/SnS heterostructure.
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Figure 4.6: SEM image and corresponding elemental mappings of O, S, and Sn of (a) the SnS nanosheet and (b)
SnO,/SnS heterostructure. The inset images are the elemental compositions.

Since the EDX results of a light element (O) is inaccurate, the X-ray photoelectron
spectroscopy (XPS) analysis was applied to acquire the elemental ratios of oxygen to the tin.
It can also show the chemical states and chemical composition of the fabricated SnO,/SnS
nanosheets (see Figure 4.7). From the deconvolution of the Sn 3d spectra in Figure 4.7b,
the binding energies at 486.4 and 494.7 eV correspond to the Sn 3d>? and Sn 3d¥? of Sny*
species, respectively, while the peaks at 487.1 and 495.4 eV are ascribed to the Sn 3d>2
and Sn 3d%2 of Sny* species. It confirms the formation of SnO; and might be formed SnO.
We further check the peak of O 1s, which can be split into three different peaks at 530.1,
530.9, and 532.0 eV, corresponding to the Sn-O-Sn, Sn-O, and hydroxyl groups respectively
(Figure 4.7c). The S 2p spectrum is fitted with two peaks at 161.0 and 162.2 eV, which are
attributed to the S 2p>2 and 2p'/? peaks for Sp~ ions in SnS (Figure 4.7d). Overall, it
can confirm that SnO,/SnS contains SnS, SnO, and SnO». Since the atomic percentages of
Sn, S and O are 40%, 16.67%, and 43.33%, respectively, the ratio of lattice oxygen to Sn
is approximately 1.86. According to the ratio of lattice oxygen to Sn, SnO, is denoted as
SnO gg, indicating the heterostructure has different kinds of oxidation and rich OVs. From
the electron paramagnetic resonance (EPR) investigation in Figure 4.7e, it is observed that
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Figure 4.7: (a) XPS survey, and high-resolution (b) Sn 3d, (c) O Is and (d) S 2p spectra of SnO,/SnS het-
erostructure. (e) XRD patterns of the SnS nanosheets (blue) and SnO,/SnS heterostructure (red). (f) EPR spectra
comparison of bulk SnS, SnS nanosheets and SnO,/SnS heterostructure.

there are symmetrical resonance lines in the spectra located at g ~ 1.89 in SnO,/SnS and
SnS nanosheets samples except for bulk SnS, which are assigned as singly ionized oxygen
vacancies (Vg7).[8] After LPE and 70 °C annealing process, there are few vacancies on
the surface of SnS. Moreover, the intensity of SnO,/SnS’s resonance line is higher than
that of SnS, which reveals that post-oxidation can introduce more OVs to the surface of
SnS. In addition, there is another resonance line located at g ~ 2.00 that corresponding to
surface superoxide centers Sng™—0; ~, which are formed by the transfer of trapped electrons
present in oxygen vacancies to the surface adsorbed O, molecule in the reaction: (SnS + (1
+ x/2) Oy — SnOy + Sn03).[9] These superoxide radicals are strongly attached to Sny™ or
Snp* species on the surface. The XRD patterns of the obtained SnO,/SnS heterostructure
(Figure 4.7f) display peaks at 28.6°, 32.3°correspond to the (101), (021) planes of SnO
(JCPDS Card No. 77-2296), and peaks at 33.9°, 51.8°from the (101), (211) planes of
SnO; (JCPDS Card No. 41-1445), respectively, and other peaks at 32°, 45.5°and 66.8°are
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indexed to the (040), (002) and (080) planes of SnS (JCPDS Card No. 39-0354). Overall,
the diffraction patterns correspond to SnO, SnO», and SnS, which further illustrates the
structure of SnO,/SnS hybrids.
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Figure 4.8: (a) Schemitic test setup of SnO,/SnS heterostructure-based gas sensor. (b) I-V curve of SnS-based
and SnO,/SnS heterostructures-based gas sensor measured at room temperature in air. (¢) Dynamic sensing per-
formances of SnO,/SnS gas sensor toward 100 ppb NO, gas concentration at room temperature, 50 °C and 100
°C. (d) Dynamic changes of resistance of SnO,/SnS sensor toward NO, gas under concentrations ranging from 1
ppb to 1 ppm at room temperature without UV and UV at recovery only. (The bias voltage is 10V.)

4.4.2. GAS SENSING PROPERTIES

Figure 4.8a shows the test set-up for SnO,/SnS heterostructure-based gas sensor. The IV
curves of pure SnS-based and SnO,/SnS heterostructure-based gas sensor are shown in Fig-
ure 4.8b, which reveals that the conductivity of the device increases after oxidation. The
maximum power consumption in the air and NO3 is 0.21 mW and 0.5 W, respectively. Fig-
ure 4.8c shows that the lower the operating temperature, the higher the gas response, which
is attributed to rich OVs according to the previous work. In Figure 4.8d, the resistance
changes of the device towards different NO, gas concentrations were measured under two
conditions: without UV and with UV illumination (1.3 W UV lamp with 365 nm wave-
length, the light intensity is 19 mW/cm?) with at the recovery phase only. When the UV
light is applied during the recovery process, the device recovers more rapidly. Because
UV light can shift the gas sensor’s baseline, we applied UV illumination for the first 15
minutes, then in the dark for 15 minutes. Thus, it can recover to the initial value. The re-
sponses of the sensors (S) are defined as the relative change in the resistance of the sensors
in the background and those in the tested gas S = (Rgas - Ryir)/Ry;r X100%, where Ry; and
Rgas are the resistance in air and the tested gases, respectively. The response and recovery
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Table 4.1: Comparison of various gas sensor technologies with respect to reported NO, ranges, response and
recovery times, and response (%).

Sensing materials  C(NOy) LOD Temperature tres (S) trec (S) Response Ref.
(ppb) (ppb) () (%)
WO;3 500 10 200 ~3600 ~1800 150 [13]
HOF 1 40 25 17.6 19.1 ~34 [14]
CNT 1 0.1 25 120 / ~25 [15]
SnO, 1 0.2 25 ~1800 ~900 ~90 [12]
Sn0,/SnO 100 100 50 ~150 ~400 26 ppm’! [16]
Sn0,/Zn0O 400 / 200 ~300 ~300 600 [17]
SnO,/Graphene 10 0.024 150 43 408 200-300 [18]
MoS,/SnO, 500 / 25 408 162 0.6 [1]
SnS,/Sn0O; 125 / 100 299 143 ~90 [2]
SnS, 10 000 / 120 ~170 ~140 ~3600 [19]
SnS 1000 / 25 ~25 ~25 60 [20]
SnS,/SnS 400 75 25 365 1216 660 [21]
SnO; with OVs 500 / 25 / / 3525000 [4]
Sn0O,/SnS 1 0.005 25 1800 36 (UV) 161 This
work

Notes: HOF= hydrogen-bonded organic framework material, CNT= carbon nanotubes.

times of the sensors were defined as the time required for a 90% change in the gas response
factor’s full magnitude change. The recovery time is only 36 s after applied UV, which is
much faster than that without UV. In Figure 4.7c, the maximum responses of the sensor
without and with UV towards different NO, concentrations are similar, which means that
UV illumination has slight effects on the gas sensing response. Figure 4.9a illustrates the
responses of SnO,/SnS heterostructures as a function of the NO; concentrations range from
1 ppb to 1 ppm. The experimental data were fitted by exponential function as Response ()
= 69.42xC%34, where C is the gas concentration of NO;. The inset image of Figure 4.9b
shows the linear fitting log(S5)-log(C) plot, revealing the surface coverage of adsorbed NO;
molecules follows Freundlich isotherm adsorption, which is the most important multisite
adsorption isotherm for rough surfaces.[10] Moreover, our device exhibits a response of
~161% to the 1 ppb NO; (limited by our gas mixture system). This is much lower than
the recommended ambient air quality guidelines of WHO (20 ppb). As shown in Figure
4.9c and Table A.1, the signal of the as-fabricated sensor is three times more than the noise
(0.39¢73). Thus the theoretical limit of detection can be calculated from the slope of the
linear region of the response curve and the root-mean-square deviation (RMS,,yise) at the
baseline according to the International Union of Pure and Applied Chemistry (IUPAC). The
calculated LOD is as low as 5 ppt, which is much lower than that of carbon nanotubes-based,
metal oxide-based, and metal sulfide-based sensors (see Table A.2)[11-14].

Repeatability and fast response/recovery time are also critical parameters for practical
gas sensing. Figure 4.10a shows three cycles of measurements of SnS nanosheets-based
and SnOy/SnS heterostructures-based gas sensors. It is found that the repeatability of them
is excellent, while the response of SnOx/SnS heterostructures-based device is much higher
than that of the SnS device. The superior gas sensing performance is determined by the
large amount of Sng*—0; ™ centers in the heterostructures. It is essential to highlight that
the recovery time of gas sensors after applying UV illumination is only 0.3 s, which is
much faster than that of most SnO3-based sensors (SnO; modified CNTs, 408 s @ 100
ppb, and SnO7 NPs, 2400 s @ 100 ppb).[3, 22] Furthermore, we checked the selectivity of
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the sensors in the air for finding more practical application capability (see Figure 4.10b).
The device’s responses to several other gasses, including a reducing gas NH3 and H», oxi-
dizing gases of NO and CO with 500 ppm gas concentration, were measured. With the gas
concentration of 500 ppm, the sensor response toward NO and CO are 371% and 170%,
respectively, while for NH3 and Hj are -50% and -40%, respectively. Besides, the sensor
shows responses of -271% under 11%RH. Therefore, the SnOx/SnS heterostructures is an
ideal sensing platform with excellent selectivity, sensitivity, reversibility, ultra-low LOD,
and low operation temperature.
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Figure 4.9: (a) Dynamic sensing performance of SnO,/SnS sensor under different gas concentrations. (b) The
sensor response as a function of the concentration of NO, gas.(c) Time-dependent response current of three cycles

of NO, gas switching between the air and 100 ppb. (d) The gas sensor responses toward different types of gas
molecules. (The bias voltage is 10V.)

4.5. GAS SENSING MECHANISM

In the previous section, it is known that the high gas sensing performance is mainly associ-
ated with the large and rich-OVs surface and high-density charge transfer inside nanostruc-
tures. Oxidation increases the surface area and the defects on the nanostructure’s surface,
which enable abundant adsorption sites and higher binding energy. Thus a large number of
NO; and H>O gas molecules can be adsorbed by the nanostructures, and several charges
transfer between gas molecules and nanostructures consequently.

4.5.1. COMPUTATIONAL METHODS

All the calculations were carried out by DMol3 code of Materials Studio.[23] The calcu-
lation methods and parameters refers to Section 3.5.1. To understand the charge transfer
and energy distribution between them, the DFT calculations were conducted and compared
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Figure 4.10: The maximum response of SnO,/SnS gas sensor toward NO, gas under concentrations ranging from
1 ppb to 1 ppm at room temperature without UV and with UV at recovery only. (The bias voltage is 10V.)

with those of monolayer SnS. Firstly, we simulated the oxidation process between the top
SnS layer and O, gas molecule in the unit cell. After the oxidizing reaction, the SnO, layer
is obtained, where the Sn-S bond disconnects and new Sn-O bond is formed (see Figure
4.11). Since SnS is a kind of layered material, the SnO,/SnS heterojunction could be a
layered structure. The most stable adsorption configurations of NO, molecule adsorbed on
the monolayer SnS and SnO,/SnS heterojunction with OV are shown in Figure 4.12.
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Figure 4.11: Modelling procedure of SnO,/SnS heterjunction with O atom vacancy. From left to right: SnS reacts
with oxygen; Formation of SnO, layer. The bond between Sn and S atom becomes disconnected, new bond is
formed between O and Sn atom; 3 x3 supercell of SnO,/SnS heterjunction with O atom vacancy.

4.5.2. COMPUTATIONAL RESULTS

The adsorption energy (E4), charge transfer (AQ), and change of the band gap after ad-
sorption are listed in Table 4.2. The results show that AQ of pure SnS and SnO,/SnS
heterojunction with OV adsorbed with NO; are at a negative level, indicating that charge
transfers from the substrate to NO; gas molecule. On the contrary, charge transfers from
H>0 to SnO,/SnS (AQ =0.172 e). The charge density difference (CDD) presented in Figure
4.13b,c further confirms that NO, and H>O act as charge acceptor and donor with larger
charge transfer, respectively. Thus NO; and H>O can induce the current of the working
device to decrease and increase, respectively. For the adsorption of NO;, the Eo and AQ
of pure SnS is higher than that of heterojunction with OV, indicating that SnS can trap the
NO; gas molecule much easier. For the adsorption of H>O, the E5 and AQ of pure SnS is
lower, which reveals that SnO,/SnS has more sensitive detection behaviour for humidity, is
consistent with the humidity testing results in Section 4.3.
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Figure 4.12: Top and side views of the most favorable configurations of NO, adsorbed on the (a) monolayer SnS
and (b) SnO,/SnS heterjunction. The balls in greyish-green and yellow balls represent the Sn and S atoms, where
red and blue represent O and N atoms, respectively.

Table 4.2: The adsorption energy (Ep), adsorption distance (d), and charge transfer (AQ) of different gases on
monolayer SnS and SnO,/SnS heterjunction.

Gas Ea(eV) d(A) AQ (e) E, (eV)
SnS / ] ] 0.927
NO,+SnS -0.900 2.47 -0.382 0.986
H,0+SnS -0.388 2.72 -0.055 /
Sn0,/SnS with OVs / / / 0.037
NO»+ Sn0O,/SnS with OVs 0314 2.45 -0.283 0.219
H,0+ SnO,/SnS with OVs -0.426 2.303 +0.172  0.126

According to the classical relation between Eg and electrical conductivity of a materials,[24]

o = e(—Eg/ZkT) 4.1

where k and T are the Boltzmann’s constant and the temperature, respectively. It is clear
that the smaller the value of Eg, the higher the electrical conductivity at a given temperature.
Thus the conductivity of the SnO,/SnS heterostructure device increased significantly after
introducing SnOy to the top of SnS nanosheets (see Figure 4.8). After the adsorption of
NO; gas molecule over the SnS and SnO,/SnS heterojunction surface, an increase in the
band gap indicates a decrease of conductivity. Based on the Eq.4.1, the response (S) of the
device can be expressed as:

S oc o(AEg/2KT) 42)

From Table 4.2, the AE of pure SnS and SnO,/SnS heterojunction with OV after the
adsorption of NO; can be calculated as 0.059 eV and 0.182 eV respectively. Thus the
response of SnO,/SnS heterojunction with OV after exposure to NO> is higher than that of
SnS nanosheets according to Eq.4.2. It reveals that both of SnS and heterojunction with OV
can enhance the S of the device. For as-fabricated devices, the SnS substrate has a large
surface area, which can easily trap lots of gas molecules and increase the S. Meanwhile, the
SnO,/SnS heterojunction with OV contributes large S to the device even with less adsorbed
gas molecules. Therefore, the device with a high response to NO, gas molecule.
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Figure 4.13: The CDD plots for NO, on (a) monolayer SnS and (b) SnO,/SnS heterojunction. (c) The CDD
plots for H,O on SnO,/SnS heterojunction.The blue and yellow regions show charge accumulation and depletion,
respectively. The ELF plots for NO, on (d) monolayer SnS and (e) SnO,/SnS heterojunction. (f) The ELF plots
for H,O on SnO,/SnS heterojunction.The isosurface is taken as 0.015 e A3,

To further explore the interaction between the gas molecule and heterojunction, the
grade of ELF is encoded using a color scheme in which high values correspond to orange
and low values to blue (see Figure 4.13d). The ELF plot clearly shows that few-electron
sharing between NO; gas molecules and heterojunction proves a chemical adsorption nature
powerfully. However, due to the chemisorption nature, the desorption of NO; gas molecule
is difficult for SnO,/SnS heterostructures. Thus we accelerated the desorption process
through UV irradiation for the heterostructure. The ultra-narrow band gap of SnO,/SnS
heterostructures with OVs means that the photo-induced electrons can easily transfer from
the conduction band to the valence band. It leads to the absorption of more photons in the
UV light region to produce more electron-hole pairs, resulting in more O~ and NO3 ™ is
photoexcited to be Oz and NO». Finally, it accelerates the gas desorption from the surface
of SnO,/SnS. On the other side, the ELF plot shows no electron-sharing between H2O and
heterojunction, indicating physical adsorption between them. Consequently, the recovery
time of humidity sensing is much faster than that for NO>.
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4.6. CONCLUSION

Four types of SnS-based sensors, LPE-SnS nanosheets, SnO> nanosheets, SnO,/SnS nanocom-
posites, and SnO,/SnS heterostructure, are comparatively analyzed with respect to their
humidity sensing responses. The results show that the sensor based on SnO,/SnS het-
erostructure has excellent humidity sensing response among them. The SnS decorated with
SnO, nanoparticle was synthesized by the post-oxidation of LPE-SnS nanosheets in air at
350 °C. The SnO,/SnS heterostructure-based NO; gas sensor exhibits excellent humidity
and NO> sensing performance. The device shows a high response of 10870% at 75%RH,
and fast response and recovery time in seconds. It has a high response of 500% towards
500 ppt and 5800% towards 1 ppm NO; gas concentration, wide detecting range from 500
ppt to 1 ppm, competing with related 2D-materials based gas sensors. The sensor shows
superior gas selectivity toward NO; with comparison to several gas vapors such as NO,
SO,, Hy, CO, NH3 and CoH50H. Besides, humidity has slight effects on the gas sensing
performance towards NO;. The outstanding NO» sensing behaviours could be attributed
to the post-oxidation process of the SnOy particles which provide more adsorption site for
NO; gas molecule and the formed SnO,/SnS heterostructure can be efficiently modulated
by the gas concentration due to the active electrons transfer in the sensing interface layer.
Upon UV irradiation, the heterostructures can lead to the absorption of more photons in the
UV light region to produce more electron-hole pairs, resulting in more O~ and NO> ™ is
photoexcited to be O and NO,. The present study shows that fabricating semiconductor
materials with multiple heterojunction structures is an efficient way to make gas sensors
with high sensing performances, and UV-enhanced recovery behaviour, and low operation
temperature.
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WS»/IGZO HETEROJUNCTION
GAS SENSOR

In chapter 4, it is proved that metal sulfide/metal oxide heterojunction has enhanced NO;
gas sensing behaviour. In this chapter, one typical transition metal sulfide, WS>, is vertically
stacked with wide bandgap metal oxide semiconductor (IGZO) to form a heterojunction. In
section 5.2, the structural, electronic, optical, and gas sensing properties of WS2/IGZO het-
erojunction are studied by density functional calculation. Based on the theoretical results,
we design and fabricate a p-N WS2/IGZO heterojunction device in section 5.3, and analyze
the NO; gas sensing performance in chemiresistor and transistor mode, respectively.

Parts of this chapter have been published in:"Tunable electronic and optical properties of the WS,/IGZO het-
erostructure via an external electric field and strain: a theoretical study", Physical Chemistry Chemical Physics,
21,27, 2019, and "Ultra-High Sensitive NO, Gas Sensor Based on Tunable Polarity Transport in CVD-WS,/IGZO
p-N Heterojunction", ACS Applied Materials & Interfaces, 11, 43, 2019.
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5.1. INTRODUCTION

UNGSTEN sulfide (WS>), as a typical transition metal sulfide material, is a semicon-

ductor with an S-W-S sandwiches structure and an indirect band gap of ~1.9 eV. These
features enable WS to have great potential for a transistor, photodetector, solar cell, and
gas sensor application.[1-3] Xu et al. [4] synthesized ultra-thin WS, nanosheets through
hydrothermal and calcination process, which showed gas sensing response of 9.3% after
exposure to 100 ppb NO; gas at room temperature (RT). To improve the sensing response
of prinstine WS»-based device, gas sensors based on metal oxide/WS, heterojunction have
been developed. Because there exists synergistic effect, spontaneous electron transfer, and
heterojunction barriers in the interface,[5, 6] it is very sensitive to a slight external distur-
bance (electric field, illumination, strain and gas adsorption).[7] SnOz, ZnO, WO3, and
TiO; are currently prominent materials that account for about 70% of the metal sulfide gas
sensors and often used for metal oxide/metal sulfides heterojunction gas sensor. [8—10] The
NO; gas sensor based on p-n MoS»/ZnO hetero-nanostructure designed by Han ef al.[11]
exhibited high response of 3050% toward 5 ppm NO; and low LOD of 50 ppb, which is
much greater than that of pure MoS,. Through experimental and theoretical analysis, they
found that the enhanced sensing performance can be attributed to the 2D/0D structures, syn-
ergistic effects, and p-n heterojunctions between ZnO nanoparticles and MoS; nanosheets.

Indium-gallium-zinc-oxide (IGZO), an n-type metal-oxide complex semiconductor, for
constructing p-n heterojunction with WS». The large indium (In) content results in a high
n-type carrier concentration and high electron mobility(~35.8 cm?/Vs) due to the large
overlap of the In 5s orbitals, thus IGZO is more stable than ZnO and used for electronic
device.[12-14] IGZO has a wide band gap (~3.5 eV at 300K)[15], which can be formed a
Type-I band alignment with WS», resulting in both electrons and holes accumulating on the
same side. Moreover, IGZO is lattice-matched to WS in the orient of (001), IGZO would,
therefore, be advantageous for enhancing the electrical, optical and sensing properties of
the WS,.[16] Additionally, because the conductance of the sensitive layer (the thin film
transistor (TFT) channel material) can be modulated by applying different bias voltages on
the gate electrode, the interaction between the gas molecule and channel material enables
an obvious electron transfer between them. Therefore, TFT provides an excellent platform
to improve device sensitivity. Thus, high-performance TFT-type NO> gas sensors based on
IGZO or WS as the channel material were successfully fabricated by researchers.[17—-19]

In this chapter, we design a 2D WS,/IGZO heterostructure and systematically study the
different stacking orders, electronic, and optical properties of the composites without and
with the external field through first-principle analysis. Moreover, the gas sensing perfor-
mance of the heterostructure was comparatively analyzed with different gas species. Then,
based on the DFT results, the gas sensor based on p-N heterojunction is fabricated by verti-
cally stacking the sputtered amorphous IGZO film and 2D WS film synthesized by CVD.
The performance of CVD-WS2/IGZO gas sensor device under different NO, gas concen-
tration is investigated by adopting two different device configurations: chemiresistor and
transistor mode. In both cases, the mechanisms involved in the sensing process are deeply
discussed using the electronic band theory.
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5.2. THEORETICAL STUDY OF WS,/IGZ0O HETEROSTRUC-

TURE

5.2.1. COMPUTATIONAL METHODS
All the first-principle calculations for structural relaxation and electronic properties were
carried out within the DFT method as implemented in the DMol3 package of Materials
Studio.[20, 21] The exchange and correlation energy in our calculations were performed
using the generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
functional. The DFT-D (D stands for dispersion) method with TS correction was employed
to describe the van der Waals (vdW) interactions.[22] Double numerical atomic orbital
plus polarization (DNP) was chosen as the basis set, and the global orbital cutoff was set
to be 5.0 A. The k-points mesh of 12x12x 1 was utilized in the geometry optimizations
and accurate electronic characteristics calculations. The maximum force and convergence
tolerance of energy was set to be 0.002 Ha A~! and 1.0 ¢ Ha, respectively. To eliminate
the effect of periodic interaction between IGZO and WS, monolayer, a 35 A vacuum region
was introduced in the direction normal to the WS, surface (z-direction). Moreover, we used
CASTEP code to calculate the optical properties of each heterostructure with a plane-wave
energy cutoff of 450 eV.[23] The k-points mesh was adopted 12x12x 1 Monkhorst-Pack
grid considering the limited computational resources. All the calculations were applied to
dipole slab correction.

To evaluate the interaction between single-layer WS, and IGZO accurately, the binding
energy (Eyp) is gained by use of the following equation:

Ep = Etota —Ews, —Ei1Gzo 5.1

where Eia1, Ews,» E1Gzo are the total energy of the hybrid, individual layer of IGZO, and
WS, respectively. A negative E}, stands for a stable structure. In addition, we calculated the
imaginary part of the dielectric function (&) of WS,/IGZO heterostructure, which relates
to its optical properties and is defined as follows,

8m2e?

()= 5 YV [(V.K|py|e.K)[* SEK)-Ev(K)-he)  (52)
c,V K

where ¢ and v represents the conduction and valance states associated with the energies
E.(K) and Ey(K), delta function & ensures the conversation of energy, A, is the sheet area,
L is the vertical height between the sheets in the periodic supercell, () is the momentum
transition matrix, e is the charge of an electron, m, and h are the effective mass and Planck
constantly, respectively. The absorption coefficient of ¢ can be calculated as:

(@) = V2[\/ el (@) + (@) -ex ()] (5.3)

To study the properties of WS2/IGZO heterostructure, we discuss the geometric and
electronic structures of the individual WS, and IGZO firstly. The WS; considered in this
work have hexagonal lattices with a honeycomb structure, which is obtained by cleaving the
(001) plane of its bulk structures. The c-InGaZnO4 with YbFe,O4-type layered structure
has been chosen as the calculation object of pristine IGZO whose atomic positions are cited
from Ref.[24]. As shown in Figure 5.1, after structural optimizations, the lattice constants
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of the pristine monolayer IGZO and WS, are 5.696 A and 5.616 A, respectively. The
calculated results agree well with the reported values of 5.707 A and 5.606 A.[13, 25] The
unit cell of the WS2/IGZO heterostructure is composed of unit cells for both WS, and
IGZO, which presents 1.4% lattice mismatch between WS, and IGZO layers. Because the
mismatch is much smaller than that of the other heterostructure reported previously and
would not affect the calculation results,[26], which is acceptable.
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Figure 5.1: Top and side views of the atomic structure of the WS,/IGZO heterostructure labeled as AAi, AAii and
AB.

5.2.2. TUNABLE ELECTRONICAL AND OPTICAL PROPERTIES

ELECTRONIC PROPERTIES

With different stacking conformations, the monolayer WS, and IGZO can construct three
possible configurations, separately named as AAi, AAii, and AB stacking, as shown in
Figure 5.1. The AA-stacking of WS, and IGZO are matched well in the xy plane. For
AAi-stacking, the S atoms of WS, were placed on the top of the O atoms of IGZO,
whereas for AAii-stacking, the S atoms of WS, were placed on the top of the Zn atoms.
For AB-stacking, one of the O atoms of IGZO was placed at the center of a hexagon of
WS,. After geometry optimization, the corresponding structural and electronic proper-
ties of WS2/IGZO heterostructure are calculated and listed in Table 5.1. It can be found
that the buckling height of WSy (8s_g) and IGZO (8g_p) layers in all patterns decrease
slightly compared with the initial height of 3.210 A and 7.446 A, respectively. It indicates
that there exists large interface binding between WS> and IGZO. Besides, all the binding
energy (Ey,) of heterostructures are negative, suggesting that the heterostructures are ener-
getically favoured. The Ey, of AAi-, AB-, and AAii-stacking patterns varies from -0.483
eV to -0.677 eV per atom. The interlayer distance d follows the order of AAii (2.589 A)
<AB (2.732 A) <AAi (3.296 A), which corresponds to the E},. Since the shortest distance
between the S atom of WS» and the O atom of IGZO of all three patterns are larger than
that of the bonding distance (~1.74 A), revealing the absence of S-O covalent bonds in
the heterostructures. Furthermore, the charge transfer (Q) (0.029 eV) from WS, to IGZO
in AAii-stacking is higher than that in AAi-stacking (0.027 eV) and AB-stacking (0.004
eV), which further demonstrates that the interface binding force of AAii-stacking pattern
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is much higher.The positive Q denotes that the charges transfer WS, (upper layer) from
to IGZO (lower layer). All the binding energy is considerably higher than that of weak
vdW interaction, which means that the WS, and IGZO are bound to each other via other
mechanisms.[27, 28]

Table 5.1: Structure/electronic properties of IGZO/WS; heterostructure with different patterns.

Model d) 300 (A) Os-s (A) Ep(eV) 0@ E, (eV)
AAi 3.296 7.323 3.192 -0.483 0.027 1.102
AAii 2.589 7.296 3.183 -0.677 0.029 1.643
AB 2.732 7.321 3.224 -0.638 0.004 1.234
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Figure 5.2: Electronic band structures of IGZO, single-layer WS,, AAi-, AAii- and AB-stacking of WS,/IGZO
heterostructure.

The electronic structures of the three patterns of WS2/IGZO heterostructures were com-
puted and shown in Figure 5.2. All energies are relative to the Fermi level. Band structure
along the high symmetry k-points in the Brillouin zone, T'(0, 0, 0), A(1/2, 0, 0), K(1/2, 1/2,
0), M(0, 1/2, 0) are displayed. The calculated energy gap of pristine IGZO is an indirect-
gap of 1.893 eV, which is consisted of the previous results.[29] This is determined by the
conduction band maximum (CBM) located in the I" point in the Brillouin zone (BZ) and va-
lence band minimum (VBM) located in the A point. For freestanding WS, monolayer, it is
an indirect band gap of 1.826 eV with the CBM located in the M-I region and VBM located
at I point. The band structure we obtained agrees with the reported value of 1.801 eV.[30]
Notably, when the heterostructures are formed, the band structure of AAi- and AB-stacking
become direct band gap of 1.102 eV and 1.234 eV, respectively. Since the direct band gap
would allow a high absorption efficient under photoexcitation, AAi- and AB-stacking pat-
terns are suitable for applications in optoelectric devices.[31] For the AAii-stacking, the
CBM is located in the M-TI" region and VBM located at I" point of the BZ. The CBM and
VBM are similar to pristine WS; except for the narrow band gap of 1.643 eV. Besides, a
broad-gap to narrow-gap transition is observed in three patterns, indicating that the optical
properties of the three types of heterostructures are superior to those of individual WS, and
1GZ0.[32]
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Figure 5.3: The density of states for the AAi- (upper), AAii- (middle) and the AB- (bottom) stacking of WS,/IGZO
heterostructure. The Fermi level is set to zero.

To further explore the interaction mechanism between WSy and IGZO, the total and
atom projected density of states (PDOS) of AAi-, AAii- and the AB-stacking heterostruc-
tures are plotted in Figure 5.3. It can be seen that the characteristic peak in the valence
bands (VBs) from -8 to -4 eV are mainly dominated by the IGZO and partly from the WS>
monolayer. The peak in the VBs from -4 to 0 eV is primarily dominated by the WS, and
partly from the IGZO, whereas the WS, only contributes the peak in the conduction bands
(CBs) from 0 to 8 eV. Besides, the p orbitals of S and O atoms, and the d orbitals of W
and Zn atoms make the largest contribution to the states of the peak around the Fermi level.
The CB near the Fermi level is entirely contributed by the S p orbital and the W d orbital.
In addition, there exists an evident orbital overlap between the W d orbital and the O p
orbital of AAii-stacking in the energy range from -1.0 eV to 0 eV. It demonstrates that the
interlayer interaction between WS; and IGZO is strong, corresponding to the results of the
highest binding energy for AAii-stacking pattern as listed in Table 5.2.

In order to comprehensively understanding of the electrostatic interaction between IGZO
and WS layers, the charge density difference (CDD) of AAi-, AAii- and AB-stacking were
calculated based on the following equation:

AP = Pheterostructure — PW! S, —P1GZO 5.4

where Ppeterostructures PWS,» P1Gzo are the total charge densities of the heterostructure,
single-layer WS> and IGZO, respectively. As shown in Figure 5.4(a-c), the blue area de-
notes charge accumulation, while the yellow area represents charge depletion. The charge
rearrangement localized in the interlayer region, which is the result of orbital overlaps.[2]
The majority of charge is depleted at lower S atoms of WS, and upper O atoms of IGZO
and accumulated at the interface between WS», and IGZO induces the enhanced interlayer
interaction. The interaction of the A Aii-stacking pattern is larger than that of the other pat-
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terns, which is in agreement with the Q and Ey, results. Besides, since the charge transfer of
the heterostructures is positive, IGZO acts as an electron donor to the WS». To get a precise
evaluation of the bonding nature between the IGZO and WS, layer, the electron localiza-
tion function (ELF) of heterostructures is also calculated. As shown in Figure 5.4(e-f), the
grades of ELF are characterized by a color scheme in which red shows that the electrons
are highly localized and blue corresponds to the electrons with non-localized. The ELF
for heterostructures is close to zero in the interlayer region, suggesting the electrons are
incapable of forming covalent bonds between IGZO and monolayer WS.

() (e) (f) (8)

Figure 5.4: Top and side view of charge density difference of the (a) AAi-, (b) AAii- and (c) AB- stacking of
WS,/IGZO heterostructure. The blue and yellow balls represent charge accumulation and depletion, respectively.
The isovalue is set to be 0.0015 e A=3.ELF contour plots for the (e) AAi-, (f) AAii- and (g) AB- stacking of
WS,/IGZO heterostructure. Red (blue) regions correspond to large (small) ELF values.

Tunable electronic properties under external electric field. Many groups have demon-
strated that the electronic properties of 2D materials can be modified or tuned efficiently
by applying an external electric field (E-field).[33, 34] The modulation mechanism under a
vertical electric field mainly attributed to the giant Stark effect, which can lead to splitting
of degenerate energy levels and induce charge transfer between layers.[35] Moreover, elec-
tronic band engineering is experimentally meaningful, and thus, we investigate the effect
of an E-field on the heterostructure’s electrical behaviors. Figure 5.5 shows the band gap of
WS2/IGZO heterostructure as a function of vertical E-field magnitude. Two orientations of
E-field (+z, -z) along the normal direction of the infinite heterostructure plane were adopted.
The positive direction of the E-field is denoted by the arrows, as shown in Figure 5.5(a).
The strength of the E-field changes from -0.007 to 0.006 a.u. (1 a.u. =51.36 V A “1). Inter-
estingly, the band gap of heterostructure depends on the external E-field after fully system
optimization. The band gap decreases gradually with the increase of the E-field, resulting
in a semiconductor-metal transition (see Figure 5.5b). To further analyzing the modulation
mechanism of the E-field, we investigate the changes in the band gap, charge transfer, and
binding energy under different E-field, as shown in Figure 5.5¢ and d. The more negative
binding energy means that the heterostructure is more stable, and the positive Q means the
charge transfer from WS, to the IGZO. Different from the effect of the band gap as found
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above, the charge transfer from WS to the IGZO decreases monotonically with the increase
of the E-field strength in the +z direction. For AAii pattern, WS» no longer denotes charge
to the IGZO at E-field = 0.006 a.u.. Correspondingly, the binding energy increases with
increasing strength of the E-field. These results demonstrate that the band structure of the
WS»/IGZO heterostructure can be efficiently tuned, and the semiconductor-metal transition
can be achieved by applying an external E-field.
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Figure 5.5: (a) Schematic diagram of the WS,/IGZO heterostructure with applied E-field. The two arrows demon-
strate the positive direction of the E-field. (b) The band gap and (c) binding energy of the WS,/IGZO heterostruc-
ture as a function of E-field. (d) Charge transfer from WS, to IGZO as a function of E-field.

Tunable electronic properties under mechanical strain. In addition to the E-field can
tune the electronic properties of 2D materials, lots of previous theoretical and experi-
mental results showed that mechanical strain is a powerful tool in effectively modulating
it.[36-38] Since the energy bands around the Fermi level have high sensitivity to orbital
coupling/interaction-neighboring atoms within the crystal, the magnitude of mechanical
strain can determine the strength of orbital interaction.[39] Thus the electronic properties
of the WS2/IGZO heterostructure under various mechanical strains are analyzed. The ex-
ternal tensile and compressive strain is changing the lattices as € = (a - ag)/ag, where a
and qg are the strained and equilibrium lattice constants of the heterobilayer. Moreover, the
strain energy is also considered and can be expressed as AE = Eg - Ep, where Eq4 and Ejp
are the total energy of deformed and pristine heterostructure, respectively. There are three
types of mechanical strain: the first one is uniaxial strain along a vector of the unit cell,
the second one is uniaxial strain along b vector of the unit cell, and the last one is biaxial
strain along both a and b vectors of the unit cell. The ranges of uniaxial and biaxial strains
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are from -10% to 10%. After applying external mechanical strain, the heterostructures have
been fully optimized.
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Figure 5.6: Variation of the strain energy (a-c) and bandgap (d-f) for the AAi-, AAii- and AB- stacking of the
WS,/IGZO heterostructure as a function of mechanical strain. The inset image of (b) is the schematic diagram of
the AAii pattern with applied mechanical strain in a- and b- direction.

Figure 5.6 demonstrates that the electronic band structures and strain energy can be
significantly affected by applying in-plane strain for the WS2/IGZO heterostructure. The
strain energy as a function of external strain is plotted in Figure 5.6(a-c). It is found that the
strain energy of three types of heterostructure increases monotonously with the increased
mechanical strain within the range of -10 to 10% both under uniaxial and biaxial strain. It
indicates that the strain is in the range of elastic deformation. Thus the deformed structure
can be restored to its initial state when external strain is removed. Therefore, WS>/IGZO
heterostructure can be a promising candidate for a pressure sensor. The changes of band
gap values upon applying uniaxial and biaxial strains are illustrated in Figure 5.6(d-f). For
the biaxial tensile strain, the band gap decreases rapidly with an increasing strain from O to
10% for three types of heterostructures. For AAii stacking pattern, the band gap amounts
to the maximum value of 1.643 eV at the strain of 0%, and then decreases linearly with
increasing the compressive strain from 0% (0.613 eV) to -10% (0 eV). While for AAi and
AB, the maximum band gap is 1.258 eV and 1.355 eV at the strain of -1%, respectively.
And then the band gap decreases monotonically with increasing the compressive strain from
-1% to -10%. Under the applied biaxial tensile strain, the band gap of the AAi decreases
to a minimum value of 0 eV at € = 10%. The band gap decreases linearly with increasing
tensile strain under the applied tensile uniaxial strain in both a- and b- direction. But for
the uniaxial compressive strain, the band gap of the AAi-stacking firstly increases from the
original 1.163 eV to 1.264 eV under € =-3% strain, and then decreases linearly to 0.967 eV
under -10% strain. A similar phenomenon also occurs in the case of AAii and AB pattern.
Benefit from the elastic deformation under large external strain and high tunability of the
bandgap, WS2/IGZO heterostructure has the potential application of wearable electronics.
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OPTICAL PROPERTIES

Since the dielectric function and the absorption coefficient play crucial roles in character-
ization and optical applications of 2D material, we discuss the optical properties of the
WS2/IGZO heterostructure with a comparison to the WS» and IGZO monolayers in this
section.[40] Our calculated imaginary part (€,) of the dielectric function and adsorption
coefficient (o) of the WS, monolayer are similar to the calculated result of Wei et al.,[41]
indicating our calculation is reasonable. As shown in Figure 5.7, for the single-layer WS2,
the €,(w) spectrum of <1.2 eV is approximately zero due to the transition between VBM
and CBM being forbidden. The first peak locates around 2.9 eV and extends to 1.5 eV,
indicating that the WS, can absorb visible light. Besides, it exhibits the two prominent
peaks located in the UV light range (>3 eV). While the £,(®) spectrum of the single-layer
IGZO is smaller than that of WS>, which means that IGZO has relatively weak absorp-
tion for visible and UV light, notably, it exhibits one peak located in the deep UV light
range (>13 eV). Benefit from the optical properties of WS, and IGZO monolayer, the pho-
toresponse characteristics of WS2/IGZO heterostructure are extended to cover most of the
visible range and all the UV light. Moreover, the €, of three types of heterostructure is
much higher than that of IGZO monolayer, showing remarkably enhanced photons. No-
tably, WS2/IGZO heterostructure has a broad range of photoresponse, from visible light to
deep UV light, which is wider than that of WS7/ZnO, Mo0S>/Zn0O heterostructure.[42, 43]
It can be concluded the WS2/IGZO heterostructure holds the typical optical characteristics
of individual single-layer IGZO and WS and also exhibits some unique optical properties,
such as the unique dielectric function and absorption spectrum in the visible light range and
wide range of photoresponse, which shows great potential applications in optical transmis-
sion and photoelectric devices.
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Figure 5.7: (a) Imaginary part of dielectric function (&;) and (b) adsorption coefficient (@) of free-standing WS,
monolayer, pristine IGZO, and AAi-, AAii- and AB- stacking heterostructure for the polarization vectors parallel
to the two dimensional plane.

Tunable optical properties under mechanical strain. In addition to tuning up the elec-
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tronic properties, the external strain can modulate the optical properties of WS>/IGZO het-
erostructure. Since the dielectric function and the absorption coefficient of three types of
heterostructures are similar, we only discuss the modulation mechanism of AAi- and AB-
stacking, which has a direct band gap. Figure 5.8 show that the peak position and inten-
sity of the &, curve are slightly altered with the increased strain. For both AAi- and AB-
stacking, redshift behavior is observed in the primary two peaks when mechanical strain
is applied. The range of photoresponse is narrowed and mainly focuses on visible light,
UVA, and UVB (0 to 10 eV). For tensile strain, with increasing applied strain, the inten-
sity of &, in ~6 eV decreases, while the intensity of €, in ~2 eV increases. It means that
the tensile strain can weaken the photoresponse of the heterostructure to the UV light (the
main peak located in ~6 eV), and enhance the response for the visible light (the first peak
located in ~2 eV). Besides, the higher the applied tensile strain, the larger the redshift for
the heterostructure. Notably, this phenomenon is more remarkable for the uniaxial strain
in b- direction and biaxial strain in AAi- and AB- stacking. For compressive strain, with
increasing applied strain, the intensity of €, in all response photon energy is enhanced.
And the uniaxial compressive strain in a-direction induces more obvious changes in €;. As
shown in Figure 5.8c and f, it is notable that the corresponding €, curve for the UV light
region (4-8 eV) exhibits a strong absorption peak when the compressive magnitude reaches
-6% to -10%. The capability of the biaxial strain to modulate the heterostructure’s optical
properties is superior to that of the uniaxial strain. Accordingly, the heterostructure would
exhibit a high capability of absorbing UV light, an ideal nanocomposite for applications in
UV-driven photocatalysis. According to the above analysis results, it can be concluded that
WS»/IGZO heterostructure could be well tuned by external mechanical strain and has great
potential for photodetector, photocatalysis, and other optical device applications.
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Figure 5.8: The effect of external mechanical strain on the imaginary part of dielectric function (€;) of (a-c) AAi-
and (d-f) AB- pattern of WS,/IGZO heterostructure under (a, d) uniaxial strain in a-direction, (b, ) uniaxial strain
in b-direction, and (c, f) biaxial strain.
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5.2.3. GAS SENSING PROPERTIES

Here, the gas sensing behavior of WS/IGZO heterostructure was comparatively analyzed
with that of WS; monolayer. In order to characterize the adsorption strength between
gas molecules and substrate, the adsorption energy (E) is defined as Ex=Eypsrate+eas-
Egubstrate-Egas, Where Egubstrate+gas: Esubstrates and Eg, represent the total energy of gas-
adsorbed on substrate system, pristine substrate, and free gas molecules, respectively. The
negative value of E 5 indicates the adsorption is exothermic. Charge transfer in the adsorp-
tion systems of gas molecules adsorbed on the substrate was evaluated based on Hirshfeld
charge analysis, which provides an intuitive way of separating the charge related to each
atom using first-principles calculations.[44] More detailed information from the simula-
tion of different molecule-substrate systems, i.e. E A, and charge transfer (AQ), the change
of bandgap (AE,) are listed in Table 5.2. The negative sign of Q indicates charge transfers
from the substrate to the molecule. This structure has the Ep of -0.308 eV and AQ of 0.024.
Because NO; is a paramagnetic molecule, the adsorption introduces stronger doping and
produces larger Eo. The AEg; of WS2/IGZO heterostructure is larger than that of mono-
layer WS, indicating a higher level gas response can be achieved using heterostructure
based sensors compared to WS, according to Eq.4.2.

Table 5.2: The adsorption energy (E), change transfer (AQ), band gap (E), and the change of band gap (AE,)
after adsorption

Material Gas Ea (eV) AQ (e) E; (eV) AEg (eV)

WS, NH3 -0.167 0.056 0.797 1.029
NO» -0.261 -0.027 1.727 0.101

WS»/IGZO NH3 -0.214 0.057 1.595 0.361
NO» -0.308 -0.024 0.787 0.447

To further explore the interaction between the gas molecule and substrate, the charge
density difference (CDD) are presented in Figure 5.9. The blue and yellow regions show
charge accumulation and depletion, respectively. The CDD for NH3/substrate system shows
that the charge is depleted on NH3 molecule (Figure 5.9a) and charge accumulated on
the substrate surface. As a result, NH3 acts as a charge donor and provides 0.057 e to
the substrate. In the case of NO; (Figure 5.9b), the most charge accumulated on NO;
molecule surface, while charge depleted on the top surface of the substrate. The results
reveal that NO; acts as a charge acceptor with large charge transfer (-0.024 e) because the
spin-induced magnetic moment leads to stable doping. The density of states (DOS) profiles
is presented in Figure 5.10. The total DOS of NH3/substrate system (Figure 5.10a) does not
change much compared with the pristine substrate, indicating that the outstanding electronic
properties of substrate stay unaffected after adsorption. The contribution of NH3 electronic
level to the total DOS is localized between -4 eV to -2 eV in the valence band, which is far
away from the Fermi level. Similar to NH3, for NOj/substrate system (Figure 5.10b), the
DOS of the substrate with gas adsorption is almost unchanged at the Fermi level. Thus, the
electronic properties of the substrate can be well-retained.
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Figure 5.9: Charge density difference of the (a) NO;-adsorbed and (b) NH3-adsorbed on WS,/IGZO heterostruc-
ture. The isosurface is taken as 3x 107 ¢ A=3.
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Figure 5.10: DOS of (a) NH3-adsorbed and (b) NO;-adsorbed on WS, and WS»/IGZO heterostructure.

5.3. NOj GAS SENSOR BASED ON CVD-WS,/IGZO P-N HET-

EROJUNCTION

5.3.1. DESIGN AND FABRICATION

Device fabrication. An IGZO film (10 nm) was deposited onto an Si/SiO, substrate
through RF magnetron sputtering. Then, source/drain (S/D) electrodes were formed through
thermal evaporation of Ti (10 nm)/Au (30 nm). After the photolithographic lift-off process,
an IGZO thin film transistor (TFT) was obtained. To fabricate a WS7/IGZO heterojunction
TFT, the monolayer WS> film grown by the CVD process was transferred onto the fixed po-
sition of the IGZO surface and covered on the top of S/D electrodes by using a poly(methyl
methacrylate) (PMMA) supporting layer with a custom fixture. Finally, the PMMA was
removed by dipping in acetone for 10 min and ethanol for 5 min. For comparison, we also
fabricated a WS; TFT, whose procedure is similar to that of WS»/IGZO heterojunction TFT
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except for the deposition of IGZO film. The schematics and optical images of WS, TFT,
IGZO TFT, and WS»/IGZO heterojunction TFT are shown in Figure 5.11.

(f)

Figure 5.11: Schematic diagram of the (a) WS;-only, (b) IGZO-only and (c) WS,/IGZO heterojunction transistor.
Optical image of (e) WS;-only, (f) IGZO-only and (g) WS2/IGZO heterojunction transistor.

Characterization. The optical microscopic images were obtained from an optical micro-
scope (OLYMPUS TH4-200) imager with white light illumination. The thickness of CVD-
WS; and IGZO was measured by using an atomic force microscope (AFM, Bruker, Santa
Barbara, CA, USA). The Raman and photoluminescence (PL) spectra of the WS;, IGZO,
and WS»/IGZO heterojunction were obtained through a Raman spectroscope meter (Ra-
man, HORIBA, LabRAM HR Evolution) excited by a 532 nm laser. The film morphology
was characterized by field-emission scanning electron microscopy (SEM; SUPRA 55VP,
Carl Zeiss, Germany).

Gas test setup. For the investigation of the effects of gas on the electronic properties
of WS»/IGZO heterostructure on SiO», experiments were performed in the DGL-III Test-
ing System (Beijing Elite Tech Co., Ltd) with the atmospheric conditions changing in the
following order: dry air, gradually increasing NO; concentration, and dry air. All the gas-
sensing experiments were carried out at room temperature and atmospheric pressure. Figure
5.12 shows the experimental setup used for gas sensing performance.

Electrical Characterization. Mott-Schottky measurements were performed on a CHI660C
electrochemical workstation using a three-electrode cell system. In this measurement, 0.5
M NaySO4 was used as the electrolyte, while WS», platinum, and Ag/AgCl were used as
the cathode, the anode, and reference electrode, respectively. The frequency was fixed at
1 kHz. Electrical characterization of WS2/IGZO heterojunction device was performed by
using an electrical analysis system (two Keithley 2450 Source Meter, one for supplying
drain-source voltage (Vs), and the other for supplying gate-source voltage (Vgs) to record
the real-time change of current (data acquisition time ~30 ms) using the three-probe in the
gas chamber. Before the gas-sensing test, the WS»/IGZO-based devices were stabilized in
the air in the system for about 30 min to restore to the initial state fully. The current-voltage
(Igs-V¢s) measurements were taken from -1 V to +1 V. The transfer characteristics (Iys-Ves)
were recorded with constant Vg of 0.5 V. The transistor electrical parameters, namely, the
field-effect mobility (u), threshold voltage (Vy,), and on/off current ratio (Ion/Iogf), were
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Figure 5.12: Experimental setup used for gas sensing measurements.

extracted from the characteristic curves in the saturation regime. The sensing performance
of WS2/IGZO heterojunction was evaluated according to the response (S) and response
time. Here, S is defined by the relative current change as the percent change in current
divided by the initial current in different gas concentrations.

S= (Ig(vgs) _IO(Vgs))/IO(VgS) x 100% (55)

where Ig(vgs) and Ip(vgs) are the drain-source current of the device upon the introduction of
NO; gas and in dry air under different Vgg, respectively. When Vg =0V, § is the response
on the chemiresistor mode; when Vg <0V, § is the response on the transistor mode.

5.3.2. CHARACTERIZATION

The cross-section SEM images of the WS,/IGZO device are shown in Figure 5.13a, which
confirms that the vertical stacking structure and the thickness of WS, and IGZO. The AFM
scanning images of WS, and IGZO film are shown in Figure 5.13 b and c, respectively.
It can be found that the height of the WS, is ~1.2 nm, indicating that it is a monolayer
WS5.[45] The device has a channel length of 5 um and a width of 20 pm. The top surface of
IGZO contact with the Ti metal layer, and the bottom surface of WS> contact with Au film
affects the band alignment of the semiconductor materials and metals. As shown in Figure
5.14, the Raman spectra for both WS>/IGZO and WS have two main bands at 354 and
419 cm™!, which correspond to the E! 2 and A e modes of the WS, crystal.[16] It indicates
that the transferring process in both substrates (IGZO and SiO») is equivalent. Moreover,
the PL intensity of heterojunction is lower than that of WS, which further confirms that
the electrons and holes generated from separated excitons transferred from WS, and IGZO
effectively.[46]

To explain the contact barrier between semiconductors and Ti/Au metal in more detail,
we analyzed the band structures of WS; and IGZO and the work functions of Ti, Au through
first-principle calculations. Figure 5.2 shows the calculated band structures of WS, and
IGZO crystals, respectively. The band diagram structure provides the band gap values of
the metal electrodes to estimate the type-I band alignment between WS> and IGZO, as well
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Figure 5.13: (a) SEM cross-sections of the WS,/IGZO heterojunction. The AFM results of (b) WS, layer and (c)
1GZO layer.
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Figure 5.14: (a) Raman and (b) PL image under 532 nm laser.

as the position of Au and Ti work function. WS has a narrower band gap, whose Fermi
level (E¢) is almost equal to that of Au and much lower than that of IGZO. Concerning
the Ti, their E¢ is lower than that of IGZO. It indicates the contact barrier between Au and
WS> is small and negligible, while the barrier between Ti and IGZO is large and positive.
Thus, the I-V curve under the air environment shows rectification characteristics consisting
of an Au/WS; near-Ohmic contact and Ti/IGZO Schottky contact (see Figure 5.15). In
this work, WS, shows p-type semiconductor nature according to the Mott-Schottky plot
drawn between 1/C% and the potential with respect to saturated calomel electrode (SCE)
(see Figure 5.16). The flat band potential (Epp) is found to be 0.43 Vgcg with acceptor
density (N) in the range of 9.8x10'7/cm3, which agrees with the reported value (0.45
Vgcg with Ny of 10'8/cm? by Tonti ef al.[47], and 0.44 Vgcg with Ny of 9.7x 107 /cm?3
by Devadasan et al.[48]). Accordingly, three regions of the device configuration, including
heterojunction, p-channel of WS, and n-channel of IGZO, can dominate the electrical
transport of the systems.

According to its output (Figure 5.17a) and transfer (Figure 5.17b) characteristics, the
WS2/IGZO heterojunction-based TFT show excellent and symmetrical ambipolar behaviour,
which can be attributed to the p-channel of WS, and n-channel of IGZO. Gate-induced
holes in WS, will dominate the system’s electrical conductivity after applying negative
Vgs, and the transistor shows p-type behaviour. However, the positive Vg induces the
increment of electrons and finally leads to the transistor show n-type behaviour. In gen-
eral, the emerging ambipolar properties with both p- and n-type conducting channels reveal
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Figure 5.15: I-V characteristics of the individual WS, (a) and IGZO (b) without gate bias, showing a near-ohmic
behaviour and Schottky behaviour for Au/WS; contact and Ti/IGZO contact, respectively.
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Figure 5.16: Mott-Schottky plot for p-WS, thin film in 0.5M Na;SOj4.

great potential applications in future electronics and oscillators for the WS»/IGZO hetero-
junction. The current between gate and source (Igs) is far less than I, indicating there is
no current leakage. The on/off current ratio of the WS2/IGZO heterojunction-based TFT
is 5090. This ratio degrades compared to the device based on IGZO, which on/off current
ratio is 25530. This is induced by the wet transfer process of CVD-WS,, which enlarge
the distance of the interface between WS, and IGZO.[49, 50] The mobility of transistors
are obtained using p= [L/(WC;V4)]-[(dlgs/dVgs)], where (dlgs/dV gs)is the slope of linear
region of transfer curves, C;j is the gate capacitance of the gate insulator per unit area, L and
W are the length and width of the channel, respectively (L=5 pm and W=20 um, as shown
in Figure 5.11¢).[51] The field-effect mobility increased from ~0.3 to 23.8 cm?/Vs after
the WS film is introduced. The maximum power consumption is 1.3 uW.

5.3.3. GAS SENSING PROPERTIES OF WS,/IGZ0O CHEMIRESISTOR

The responses to NO2 gas among WS»-only, IGZO-only and WS»/IGZO based devices
were investigated firstly. As shown in Figure 5.19a, WS, IGZO, and WS»/IGZO based
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Figure 5.17: (a) Output characteristics of the device, showing the symmetrical ambipolar behavior. (b) Transfer
characteristics during the period of sweeping gate voltage in linear (black line) and logarithmic (blue line) scales.
(Vs =0.5V, Vg =-40 V1o 40 V).

(a) 1E-09 | (b) 1E-08

1E-09 |

1E-10 |
1E-10 |

les (A)
s (A)

1E11 |
1E-11 |

1E-12

1E-13 " " n s "

v, V)

Ve )
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behaviour, respectively.

sensor has Sws, = 430%, Sigzo = -70%, and Sws,/IGZO = 5470% when exposed to 50
ppm NO3, confirming that WS2/IGZO has much better NO; sensing behaviour than that of
only WS> and IGZO. The superior gas sensing performance could benefit from the hetero-
junction structure. However, three types of devices have a very long recovery time, which
might be related to the chemical adsorption of NO; on the surface. Then, to evaluate the
NO; sensing performance of the WS2/IGZO heterojunction chemiresistor sensor, the dy-
namic current change was measured under the different gas concentrations of NO ranging
from 1 ppm to 300 ppm. As shown in Figure 5.19b, with increasing gas concentration, the
current of the device increases. The response of the device after exposure to different con-
centration NO; are shown in Figure 5.19c¢. It can be found that the lower the concentration,
the longer the recovery time needed. Thus we unified the recovery time with 30 minutes
for ease of comparison. The device presents high response (S) of 230% under 5 ppm and
18170% under 300 ppm NO3, which is much higher than that of ultra-thin WS, nanosheets
(S=9.3% @ 1 ppm NO3) and WS> nanosheets decorated by Ag nanowires (S = 667% @
500 ppm NO»).[4, 52] Figure 5.19d shows the responses of WS2/IGZO heterojunction as
a function of the NO; concentrations in 1 ppm to 300 ppm. The experimental data were
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fitted by exponential function as:

Response(S) = 648.28 x €6 (5.6)

where C is the gas concentration of NO>. Also, the linear fitting results of log(S) versus
log(C) (see the inset image of Figure 5.19d) further illustrates that the surface coverage
of adsorbed NO; molecules follows Freundlich isotherm adsorption, which is the most
important multisite adsorption isotherm for rough surfaces.[53] Besides, since the signal
is three times greater than the noise, we calculated the limit of detection (LOD) of the
as-fabricated sensor according to the International Union of Pure and Applied Chemistry
(IUPAC). The theoretical LOD can be calculated from the slope of the linear region of the
response curve and the root-mean-square (RMS) deviation at the baseline, according to the
equation:

LOD(ppb) = 3 x RMS poise/Slope (5.7)

where RMS, ise 1S the standard deviation of noise and is calculated as 0.0023, according
to 200 data points in the baseline of the response curve (Figure A.2 a,b). The calculation
process and results are present in Appendix-a, Table A.3,A 4. The calculated LOD for NO»
is 29 ppb at room temperature, which is much better than the reported values.

In addition, the response and recovery kinetics are critical to the reliability and sustain-
ability of gas sensor. Thus, we quantitatively investigated the recovery characteristics of
WS»/IGZO-based gas sensors by calculating the percent recovery. The percent recovery is
expressed as:

RCCOVCI‘y(%) = (Ig(vgs) _Ir(Vgs))/Il‘(Vgs) x 100% (5.8)

where L) and Igv,,) are the current value in dry air and after 30 min exposure to NO2
gas under different Vg, respectively. L) is the recovered current value after exposure
to dry air for 30 min under different Vgs. As shown in Figure 5.1%, the higher gas con-
centration, the larger the percent recovery, indicating that under high NO, the device can
recover faster than that under lower gas concentration. Under low NO» gas concentration,
gas molecules are easily and mostly adsorbed by the edge-sites and defects of the het-
erojunction and the interface.[9] Due to the high adsorption energy of the edge-sites and
defects, the device recovers so slowly. With increasing gas concentration, most of the gas
molecules are adsorbed by the surface of WS,/IGZO heterojunction, which easily escapes
from the adsorption site under airflow. Accordingly, we investigated the dynamic response
of the device after 3 cycles under 50 ppm NO;. Here, the device was exposed to 50 ppm
NO; for 30 minutes, and then with the flow of dry air for 90 minutes to make the sensor
fully recovered. As shown in Figure 5.19f, the result shows that the chemiresistor sensor
has good repeatability.

To study the selectivity, we measured the responses of the device to several other gases,
including a reducing gas NH3 (100 ppm) oxidizing gases of CO (100 ppm). As shown
in Figure 5.20a, the sensor response toward NH3 and CO under 100 ppm are -137% and
94%, respectively, which are far lower than that of NO,. Then, the device was measured
under different humidity environments (with a relative humidity of 10%, 30%, 50%, 65%,
and 80%). The sensor presents the maximum response of 33% (see Figure 5.20b). It is
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Figure 5.19: (a) Response of IGZO-only, WS;-only, and WS,/IGZO devices after exposure to 50 ppm NO;. (b)
Real time response of a WS,/IGZO device after exposure to NO; under different concentration. Inset image is
the magnified curve of current change under 1 and 5 ppm NO, gas concentration. (c) Response of the device
after exposure to NO, under different concentration. Inset image is the magnified curve of normalized response
under 1, 5 and 10 ppm NO; gas concentration. (d) Response versus NO; concentrations fitted by using Freundlich
isotherm adsorption model. Inset: log;oS versus logjoC with linear line fitting. (e) Percent recovery of the device
after exposure to NO, under different concentration. (f) Dynamic response of a sensor during 3 successive cycles
of exposure to 50 ppm NO,. All the test were carried out at room temperature.
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Figure 5.20: (a) The WS,/IGZO heterojunction chemiresistor gas sensor response of different types of gas
molecules.(b) Dynamic response of the WS,/IGZO heterojunction (black) chemiresistor sensor and (purple) tran-
sistor sensor to humidity. The relative humidity in the test chamber were set to 80% RH, 65% RH, 50% RH, 30%
RH, 10% RH, 30% RH, 50% RH, 65% RH, and 80% RH in sequence.

much less than that towards NO;, indicating that humidity has slight effects on the gas
sensing performance towards NO>. Accordingly, it can be concluded that the WS»/IGZO
heterojunction has good selectivity, sensitivity, low operation temperature, and unaffected
by the RH of environments.

5.3.4. GAS SENSING PROPERTIES OF WS,/IGZO TFT

The semiconducting behavior is particularly attractive for modulating the transport charac-
teristics with exposure to light or gate bias to enhance sensing performance.[54, 55] Thus
we investigated the sensing behavior of the WS7/IGZO TFT under different NO; gas con-
centration after applying different gate biases. Figure 5.21a shows the transfer characteris-
tics of the device under air and increasing NO> gas concentration. By applying the gate bias,
the response of the as-fabricated gas sensor was modulated by the carrier concentration.
Along with increasing NOy gas concentration, more electrons are accepted by WS2/IGZO
vertical stacked heterojunction, the hole current from the p-channel of WS, will gradually
strengthen. Notably, when the concentration is higher than 50 ppm, the expected tunable
polarity behaviors ranging from ambipolar to p-type behavior is observed. Since the sur-
face of WS, adsorbs more and more NO; gas molecules, the current in p-channel of WS;
increases obviously and dominates the electrical transport. Thus the transistor shows weak-
ened ambipolar behavior and distinct p-type characteristics. As shown in Figure 5.21b, the
electrical properties of the devices are tunable under different gas concentrations. When the
gas concentration of NO, increases, the mobility of the TFT increase and reach 138 cm?/Vs
under 300 ppm; while the on/off ratio decrease from 696 (1 ppm) to 72 (300 ppm).

Figure 5.21c shows the response of the WS»/IGZO transistors after exposure to NO2
with different concentration, which was measured at fixed Vgg ranging from -35 V to 35
V with a step of 5 V. After exposure to different NO; concentration, the maximum re-
sponse occurs at different gating potentials depending on the gas concentrations. The gating
potential-dependence behaviour is mainly induced by the gas doping effects, which modi-
fies the transistor’s operation ranges compared with the regime for the same gate bias under
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Figure 5.21: (a) Transfer curves of WS»/IGZO TFT under different NO; concentration. (b) Mobility and ON/OFF
current ratio of devices under different NO, concentration. (c) Gas response of the devices under different NO,
concentration after applying different gate bias. (d) Dynamic response of the device under different NO, concen-
tration at 0 V and -20 V gate bias. (e) Schematic of WS,/IGZO TFT under negative gate bias. (f) Percent recovery
of the device under different NO, concentration at 0 V and -20 V gate bias.
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Table 5.3: Comparison of various gas sensor materials with respect to reported NO, ranges (ppm), LOD (ppm),
working temperature (°C) and response (%).

Sensing materials ~ Sensor type NO, LOD TemperatureResponse (%) Ref.
(ppm)  (ppm)  (°C)
WS»/IGZO TFT 300 0.026 RT 499400@-20V g This
5 6820@-25V g work
WS, nanosheets Chemiresistor 0.1 0.1 RT 9.3 [4]
WS, /Ag TFT 500 / RT 667 [52]
WS2/WO3 Chemiresistor 100 / 150 1000 [9]
WS2/ZnS  het-  Chemiresistor 5 0.053 RT 3250 [56]
erostructure
MoS,/ZnO Chemiresistor 5 / RT 3035 [11]
heterostructure
monolayer MoS; TFT 0.1 0.1 RT 50 [57]
a-1GZ0 Chemiresistor 5 / 200 3300 [58]
Photo-induced TFT 5 / RT 20 [18]
1GZO0

the air atmosphere. For instance, at high concentrations (200-300 ppm), with a gating volt-
age of -20 V, the transistor is nearly on the saturation regime while under air at the same
gate bias, the transistors are on the linear regime. At low concentrations, the maximum
responses are obtained with a gating tension larger than -20 V, because the TFT is in the
linear regime. In all cases, the responses decrease for more negative gate bias because the
transistor is operational in the saturation regime with and without NO; gas molecules. Fig-
ure 5.21d shows that the response of the device is improved to be 499400% at 300 ppm, and
the recovery time is shortened after applying -20 V gate bias. As shown in Figure 5.21f,
the higher gas concentration, the larger the percent recovery, which is similar to that of
WS»/IGZO heterojunction chemiresistor devices. While the TFT gas sensor is with higher
percent recovery, indicating that the surface activity can be enhanced under gate voltage.
The gas-sensing performance is much higher than that of WS;-based, MoS;-based, and
IGZO-based TFT gas sensors (see Table 5.1). The results illustrated that WS,/IGZO TFT
is also a promising candidate for NO, gas sensor. To the best of our knowledge, the TFT
device has the best NO, gas sensor response comparing to all the gas sensors based on
TMDs materials.

5.3.5. GAS SENSING MECHANISM

When the WS, is combined with the IGZO, the p-N type WS2/IGZO heterojunctions are
formed, inducing a different electron transport mechanism from that of individual WS,
and IGZO. The band diagrams of WS, and IGZO before and after equilibrium is shown
in Figure 5.22. IGZO has a higher work function of 7.01 eV compared to WS, (5.89
eV), and a higher E¢f compared to that of WS;. Thus electrons flow from the IGZO to
the WS> while holes from WS, to IGZO, until their E¢ align, resulting in the energy band
bending in the depletion region at the interface between WS, and IGZ0O.[59] As shown in
Figure 5.22a, the region beneath the p-N interface creates an internal electric field, which
acts as a potential barrier for further carrier diffusion. The potential barriers and depletion
layers contribute to the low conductivity of the WS2/IGZO heterojunction in air. As shown
in Figure 5.22b, when the sensor is exposed to air, oxygen species are adsorbed on the
surface and interface layer of WS2/IGZO heterojunctions. Then, oxygen molecules can
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easily trap the free electrons from their conduction band (E,) to form ionic oxygen species
(02~ or O7).[60] When the sensor is exposed to NO», the oxidizing NO; reacts with
ionic oxygen species as well as adsorbed on the surface of heterojunctions. The adsorbed
NO; molecules attract the electrons from the heterojunction, produce NO3~ or NO, ~, and
decrease its carrier concentration. The built-in electric field is non-equilibrium, inducing
extra holes to slip from the IGZO and accumulate at the surface of WS, and the width of
the heterojunction barriers decreases. It also leads to a decrease in depletion layer thickness
and an increase in the conductivity of the device consequently.

NO,+e > NO, NO, + 0%+ 2e > NO, + 0?
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Figure 5.22: (a) Energy band structure of WS,/IGZO heterojunction in air and a NO, atmosphere, and (b)
Schematic of sensing mechanisms of WS»/IGZO heterojunction to NO, molecules.

In general, the band shape and barrier height of heterojunction can be effectively mod-
ulated by applying an external gate voltage on the back-gate silicon electrode.[01, 62] As
shown in Figure 5.23a,b, the N-IGZO has a large number of electrons, the electron drifts
from IGZO to WS; to overcome the WS7/IGZO barrier under a constant positive V.
With a negative Vg, the electron concentrations of IGZO near the SiO; dielectric substrate
decrease, which induces the E; of IGZO decrease according to the equation of electron
concentrations[63],

np = Ne X exp(~(Ec—Ep)/koT), (5.9)

where N, is the effective density of states of the conduction band, kg is Boltzman constant,
T is temperature and results in the upward band bending between the SiO; and IGZO films.
On the contrary, after applying a positive Vgs, the electrons concentration in IGZO increase
near the SiOy substrate and shift the Fermi level downwards, forming a downward band
bending (see Figure 5.23c,d). Therefore, the junction effect and gate-induced band bending
dominate the electrical transport and lead to the ambipolar behaviours. When the TFT
exposures to NO; gas, the adsorption energy and charge transfer between gas molecules
and WS»/IGZO heterojunction increase obviously due to the effects of the external electric
field from back gate voltage.[64, 65] Thus, the depletion layer thickness of TFT decreases
greater than that in chemiresistor mode, and the current of heterojunction increases with the
rising back gate voltage.

Moreover, the conductivity of the TFT increase with increasing gas concentration, and a
lateral shift of Vi, and a change of subthreshold slope can be observed, as shown in Figure
5.24a. Usually, chemical doping by gas molecules can induce massive charge transfer be-
tween the sensing materials and dopant, and finally lead to current increase and Vth shift in
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Figure 5.23: After applying negative Vgs, the band diagram of WS,/IGZO TFT (a) in air and (b) a NO, atmo-
sphere. After applying positive Vgs, the band diagram of WS,/IGZO TFT (c) in air and (d) a NO, atmosphere.
The purple region represents depletion layer.

a TFT-type gas sensor.[66, 67] For as-fabricated WS»>/IGZO TFT, the transfer curves of p-
type behaviour shift towards the positive gate voltage direction, while the n-type behaviour
towards the negative direction. It is mainly attributed to the high gas doping effects on the
WS2/IGZO heterojunction, which leads to massive charge transfer between gas molecules
and heterojunction. Thus the device is difficult to go back to off-state under high gas con-
centration, and the on/off ratio decreases (see Figure 5.24,b). Moreover, since the WS,
film at the top layer of the vertically stacking WS»>/IGZO heterojunction, most of the NO»
gas molecules can be adsorbed by p-channel WS at first. It results in high current density
inside WS, and the device presents enhanced p-type behavior.

A change of subthreshold slope is usually found in a TFT with metal/semiconductor
contact because gas concentration.[68, 69] The WS2/IGZO heterojunction TFT’s subthresh-
old slope (K¢, = dVgs/dlog(lgs) for both p- and n-type behaviour decrease sharply from O
ppm to 10 ppm and then increase slightly when the gas concentration is higher than 50 ppm.
These results can be attributed to two types of sensing mechanisms: Schottky barrier mod-
ulation and doping of the transistor channel. As shown in Figure 5.24b, when the device
exposures to low NO» gas concentration, the adsorption sites are sufficient for detecting
many gas molecules, thus a Schottky barrier built-up between the WS», IGZO, and metal
in the contact region is changed obviously and so does the Ky,. For high NO> gas concen-
tration, the adsorption sites reach saturation, which induces slight changes in Ky, and Vy,.
Both shifts of the Vi, and changes of the K¢, can be associated to the fact that the sensing
mechanism of the WS»/IGZO transistor is affected by the doped of NO; and the modulated
Schottky barrier value at the WS> and IGZO with a metal contact interface. Therefore, with
the increase in the concentration of NO>, more charges are transferred to heterojunction,
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Figure 5.24: WS,/IGZO sensing mechanism study. (a) Threshold voltage (Vy,) and (b) Subthreshold slope (K)
versus gas concentrations for NO,.

and the WS»/IGZO heterojunction-based sensor shows an ultra-high response to NO; under
gate voltage. The proposed sensing mechanism is in agreement with the fact that the device
is more difficult to recover at low concentrations, as is previously mentioned, the metal
electrodes interfaces and the edges are more favourable for binding NO, molecules, the
molecules adsorbed in the metal electrode interface with the junctions will contribute to the
Schottky barrier modulation. In contrast, those located at edges will contribute to the dop-
ing because both kinds of sites possess higher binding energy, these molecules will be more
difficult to desorbs. However, to identify where the predominant gas sensing behaviour is
taking place, further studies must be performed, it might be interesting to analyze the gas
response and the recovery time with a passivate device in the interface between the metal
electrodes and the heterojunction, and compare with a response with a passivate device in
the channel (where just the metal electrode area is exposed).

5.4. CONCLUSIONS

In conclusion, the structural, electronic, and optical properties of WS2/IGZO heterostruc-
ture have been studied by density functional calculation. The binding energy and inter-
layer distance indicate that the WS, and IGZO monolayers are bound to each other via
non-covalent interactions with enhanced binding strength. The results demonstrate that the
AAIii stacking pattern has an indirect band gap of 1.643 eV, while the AAi and AB stacking
pattern has a direct-gap of 1.102 eV and 1.234 eV, respectively. The band gap shows a
near-linear decrease behavior with the increase of the E-field both in the negative and pos-
itive direction, resulting in a semiconductor-metal transition. Besides, the structure of the
heterostructure is very robust under different E-field, revealing a great potential application
for the field-effect transistor. For mechanical strain, all the heterostructures show elastic
deformation within the range of -10% to 10% under uniaxial and biaxial strain. With the
increase of compressive strain, the band gap first increases and then decreases. While the
relationship between the band gap and tensile strain is a linear function. Moreover, we
find that the heterostructure exhibits much broad spectral responsivity (from visible light
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to deep UV light) and more pronounced optical absorption than WS, and IGZO monolay-
ers. Also, the optical properties of the heterostructure can be enhanced obviously under an
external strain. The tensile strain can weaken the photoresponse of the heterostructure to
the UV light and improve the response for the visible light, while for compressive strain,
the heterostructure shows a strong absorption peak in UV light. Besides, a red-shift is
observed when the external strain exists. The unique and tunable properties endow that
the WS»/IGZO heterostructure is a good candidate for nanoelectronic and photoelectronic
devices, such as FETs, flexible devices, sensors, photocatalysis, and photonic devices.

Based on the DFT simulation results, CVD-WS,/IGZO heterojunction-based devices
were fabricated, and their gas sensing performances were investigated in two modes, chemire-
sistor and transistor mode. The as-fabricated gas sensor has a maximum response of 18170%
on the chemiresistor mode, and 499400% on the TFT mode under 300 ppm NO; after ap-
plying -20 V gate bias. It is much better than that of only WS, and IGZO. Moreover, the
sensor shows excellent gas selectivity toward NO; with comparison to several gas vapors
such as CO, NH3, and humidity. The superior gas sensing performance could benefit from
the heterojunction of WS, and IGZO and the external electric field under the back gate
voltage. Besides, the transistor notably presents a typical ambipolar-behaviour under dry
air, while the transistor becomes p-type as the amount of NO; increases. The mobility,
on/off ratio, and the NO, gas concentration modulates the subthreshold slope of the device.
The unique tunable behaviour can be associated with the doping effects of NO» on the het-
erojunction and the modulated Schottky barrier value at the WS> and IGZO with a metal
contact interface. Consequently, the WS»/IGZO-based device is a potential candidate for
the NO; gas sensor and tunable engineering application.

However, some issues need to be studied in our future work: (1) It needs to quantitively
analyze the effects of the Schottky barrier and doping of gas molecules. Thus we need to
separate the sensing area into two parts, one part will be covered with PMMA in the contact
region of metal/heterojunction, and the other one will be only covered with PMMA in the
heterojunction; (2) the device has long recovery time which needs to be improved for future
work, such as attaching functional groups or applying UV illumination; (3)the long-term
response stability is essential for practical application, which we will deeply study in our
future works.
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CONCLUSION AND
RECOMMENDATION

CONDLUSION

The aim of my research for the last four years was to explore a high-performance gas sensor
for detecting the changes in the environment (air pollutions, humidity). In this section, I
summarize the key findings of this thesis.

Chapter 2 describes the state-of-the-art of metal sulfide-based gas sensor, including
the basic crystal structures, synthesis methods, devices fabrication methods, and the gas
sensing performances of various types of metal sulfides-based sensor. Metal sulfides have
great potential in gas sensing because they often have a shallow valence band and different
shapes, sizes, crystalline forms, and chemical compositions. After comparing gas sens-
ing performance of various metal sulfides-based gas sensors, it is found that the devices
based on Schottky diode, metal oxide/metal sulfide heterojunction, and transistor have en-
hanced gas-sensing performance. Thus in this work, I analyzed the sensing behaviour of
SnS-Ti Schottky contact humidity sensor and used SnO,/SnS heterostructures with rich
OVs to increase the NO; sensing response and decrease the LOD. Finally, a WS»>/IGZO
heterojunction-based thin film transistor is proposed to improve the NO> gas sensing per-
formance.

Chapter 3 describes our effort in the humidity sensing behaviours of Schottky-contacted
SnS nanoflakes-based sensors. We employ a mechanical exfoliation method to obtain SnS
nanoflakes and use dry-transfering and photolithography process to fabricate the sensors
on the rigid and flexible substrate. The as-fabricated sensor exhibited good body tem-
perature moisture sensing performance with a high response of 67600% under 10% RH
and 2491000% under 99% RH, wide RH range from 3% RH to 99% RH, and fast re-
sponse/recovery time of 6 s /4 s, competing with tin-based and TMDs-based humidity sen-
sors. The density functional theory (DFT) analysis results suggest that the adsorption of
H>O on SnS produces relatively larger binding energies (-0.388 eV) with charge transfer of
-0.055 eV than other gas molecules in the air. The fast response and recovery performances
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result from the Schottky nature of SnS-Ti contact. HoO absorption moves the Fermi level
of SnS toward the conduction band, decreasing the Schottky barrier (pg) by A@g, resulting
in thinning of the ¢p and an increase of the device current. Different RH levels induce
different A@p and sensitivity. The recovery mechanism is also attributed to the ¢g. When
air flows out of the chamber, the water molecule shift from the adsorption sites, and the
conductivity decreases due to the increased ¢p. More importantly, its wide RH range, fast
response time, and excellent biocompatibility enable real-time monitoring of finger touch
without contact and different breathing patterns. Finally, we propose a smart home sys-
tem based on the sensors to process the signal from breath and finger touch experiments
for noncontact controlling and respiration monitoring, which presents intelligent potential
applications for noncontact healthcare monitoring.

To further improve the gas sensing performance, such as the limit of detection (LOD)
and response for NO; gas, in the Chapter 4 we explore the SnO,/SnS heterostructures with
large surface area and rich OVs. They were synthesized by the post-oxidation of LPE-SnS
nanosheets in the air at 350 °C. To accelerate recovery time, UV illumination is applied
during the recovery process. The SnO,/SnS-based sensor exhibits excellent sensing perfor-
mance with high response of 161% at 1 ppb and 2952% at 1 ppm NO; gas concentration,
respectively, excellent repeatability, ultra-low theoretical LOD of 5 ppt, and a wide detect-
ing range from 1 ppb to 1 ppm. The heterostructures with OVs contribute a significant
response to the gas molecules due to a large number of adsorption sites, band gap modu-
lation, and active electrons transfer in the sensing interface layer. The DFT results show
that there is few-electron sharing between NO> gas molecules and heterojunction, which
proves a chemical adsorption nature powerfully. Thus the sensor can detect low concentra-
tion NO, gas molecules. However, due to the chemisorption nature, the desorption of NO;
gas molecule is difficult, which needs UV illumination to accelerate recovery time. Both
experimental and DFT simulation results support that these factors conduce to the superior
gas sensing properties in terms of higher sensitivity and ultra-low theoretical LOD toward
ppt-level NO at room operation temperature.

The third way of increasing NO; gas sensing response is based on the FET device.
In section 1 of Chapter S, we studied the structural, electronic, and optical properties of
WS»/IGZO heterostructure by DFT calculation. The results demonstrate that the band gap
of WS»/IGZO heterostructure shows a near-linear decrease behavior with the increase of
the E-field both in the negative and positive direction, resulting in a semiconductor-metal
transition, revealing a great potential application for the field-effect transistor. The het-
erostructure exhibits much broad spectral responsivity (from visible light to deep UV light)
and more pronounced optical absorption than WS> and IGZO monolayers. The heterostruc-
tures show elastic deformation within the range of -10 to 10% both under uniaxial and bi-
axial strain, and their optical properties can be enhanced obviously under an external strain.
The tensile strain can weaken the photoresponse of the heterostructure to the UV light and
improve the response for the visible light, while for compressive strain, the heterostruc-
ture shows a strong absorption peak in UV light. Moreover, the gas adsorption energy of
NH3 and NO; on the WS2/IGZO heterostructure were calculated, which shows high gas
adsorption energy with NO», indicating the potential application in NO> gas sensor.

The unique and tunable properties based on DFT calculation endow that the WS»/IGZO
heterostructure is a good candidate for nanoelectronic and photoelectronic devices, such as
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FETs, flexible devices, sensors, photocatalysis, and photonic devices. Thus, we fabricate
CVD-WS,/IGZO heterojunction-based devices in the second section of Chapter 5. The
as-fabricated gas sensor is investigated in two modes, chemiresistor, and transistor mode. It
has a maximum response of 18170% on the chemiresistor mode, and 499400% on the tran-
sistor mode under 300 ppm NO; after applying -20 V gate bias. It is much better than that of
only WS> and IGZO. Moreover, the sensor shows excellent gas selectivity toward NO; with
comparison to several gas vapors such as CO, NH3, and humidity. The superior gas sens-
ing performance could benefit from the heterojunction of WS and IGZO and the external
electric field under the back gate voltage. Besides, the transistor notably presents a typical
ambipolar-behaviour under dry air, while the transistor becomes p-type as the amount of
NO; increases. The mobility, on/off ratio, and the NO> gas concentration modulates the
subthreshold slope of the device. The unique tunable behaviour can be associated with the
doping effects of NO; on the heterojunction and the modulated Schottky barrier value at
the WS, and IGZO with a metal contact interface. Consequently, the WS,/IGZ0O-based
device is a potential candidate for the NO; gas sensor and tunable engineering application.
However, some issues need to be studied in our future work: (1) It needs to quantitively
analyze the effects of the Schottky barrier and doping of gas molecules. Thus we need to
separate the sensing area into two parts, one part will be covered with PMMA in the contact
region of metal/heterojunction, and the other one will be only covered with PMMA in the
heterojunction; (2) the device has long recovery time which needs to be improved for future
work, such as attaching functional groups or applying UV illumination; (3) the long-term
response stability is important for practical application, which we will deeply study in our
future works.

From the results in this thesis, I conclude that metal sulfide-based heterostructures are an
excellent candidate for gas sensing applications. Build up semiconductor-metal Schottky
junction, p-N heterojunction, oxygen-rich heterostructures, and the transistor can signifi-
cantly improve the gas sensing performances.

RECOMMENDATIONS IN FUTURE WORKS

Even though the results reported in this work are encouraging, there are lots of shortcomings
to be improved in our future works.

1. New nanomaterials are emerging, and different material properties can be obtained
by combining different types of materials with building various heterostructures. However,
there are also problems such as lattice mismatch, interface stress, and band bending. It
is not yet possible to determine what impact these problems will have on the final device
characteristics, but it is necessary to start with material preparation, interface science, and
combine material design with simulation.

2. The matching between materials and circuit electrodes, such as energy band and work
function, needs to be considered in terms of device design. At the same time, applications
such as low energy consumption and flexibility need to be considered.

3. At present, gas sensors still have reliability and stability problems, which are related
to the characteristics of nanomaterials. Therefore, in the future, it is necessary to protect
the surface of nanomaterials by designing materials, such as adding a passivation layer or a
non-oxidizable layer, to enhance device stability and long-term reliability.

4. TFT devices can effectively improve gas sensing performance, but in the future, it
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is necessary to control their energy consumption and turn-on voltage reasonably. Device
performance can be enhanced by designing the device structure (shape and size of gate-
drain electrodes), selecting the dielectric layer, and selecting the substrate. Some metal
sulfides (such as MoS2, WS») could play an important role in electronics for logic, memory,
and connections, enabling the extension for Moore’s law,[ ] even More than Moore.[2, 3]
There are mainly three challenges for these materials to meet industry needs in practical
devices, such as the accuracy of predicting properties, the methods of growing and testing
high-quality materials, and the assessment of the device’s performance.

5. In the future, the application of new nanomaterial devices still has a long way to
go. For example, the current of the metal sulfide device is too small, and it is necessary
to implement signal acquisition and intelligent control through a precise amplifier circuit.
Defective materials are difficult to desorb, and additional UV light sources are needed to
achieve rapid desorption, increasing the overall size and cost of the device.

REFERENCES

[1] Ming-Yang Li, Sheng-Kai Su, H. S. Philip Wong, and Lain-Jong Li. How 2D semiconductors
could extend Moore’s law. Nature, 567:169—-170, 2019.

[2] G. Q. Zhang, M. Graef, and F. van Roosmalen. Strategic research agenda of "More than Moore".
In EuroSime 2006 - 7th International Conference on Thermal, Mechanical and Multiphysics
Simulation and Experiments in Micro-Electronics and Micro-Systems, pages 1-6, 2006.

[3] Guo Qi Zhang and Alfred van Roosmalen. More than Moore: creating high value mi-
cro/nanoelectronics systems. Springer Science Business Media, 2010.



APPENDIX A

A.1. CALCULATION METHODS
The calculation procedure of LOD:

1. Perform linear fitting for the response versus NO; concentration curve of the SnOx/SnS
heterostructure-based gas sensor, followed by obtaining the slope and standard error in the
linear region.

2. Plot the response AR/R or AI/T as a function of time (sec) at the baseline before NO»
exposure, followed by executing polynomial fit (S5th order) .

3. Extract N = 10 data points at the baseline before NO, exposure (Y;).

4. Calculate statistical parameters and regular residual (Y;-Y) of 5th order polynomial
fit and the root-mean squared deviation (RMS,,yise) and LOD using Equations (1) and (2).

RMSpise(ppb—1) = (Vi/(N))l/z (A1)
VZ=3(Y;-Y)? (A.2)
LOD(ppb) = 3RMS,,sise/Slope (A.3)
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A.2. DATA OF LOD CALCULATION FOR SNOx/SNS SENSOR
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Figure A.1: Fitted response of the SnO4/SnS sensor to NO,. (a) Plots of response as a function of NO; concen-
tration. (b) Plots of 5th order polynomial fitted normalized resistance at the baseline before NO, exposure as a
function of time.

Table A.1: Polynomial fitting data of the SnOx/SnS gas sensor.

Time (s)  Y;-Y (Y;-Y)?

20 -1.766E-04 3.119E-08
40 3.464E-04 1.200E-07
60 3.130E-04 9.796E-08
80 -7.007E-04 4.910E-07
100 3.737E-04 1.397E-07
120 -4.423E-04 1.957E-07
140 3.864E-05 1.493E-09
160 -4.176E-04 1.744E-07
180 3.117E-04 9.717E-08
200 -4.139E-04 1.713E-07

Table A.2: Calculation of RMS,,oise and LOD of the SnO4/SnS gas sensor.

Sensing Slope (Response) (ppb-1) V2 RMS,pise LOD (ppb)
gas (%) Standard error (ppb-1)
NO; 0.22 0.0216 1.52E-06 0.39E-03 0.005 (= 5 ppt)




A.3. DATA OF LOD CALCULATION FOR WS,/IGZ0O GAS SENSOR
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A.3. DATA OF LOD CALCULATION FOR WS5,/IGZO GAS SEN-
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Figure A.2: Fitted response of the WS,/IGZO LOD sensor to NO,. (a) Plots of response as a function of NO,
concentration. (b) Plots of 5th order polynomial fitted normalized resistance at the baseline before NO, exposure

as a function of time.

Table A.3: Polynomial fitting data of WS,/IGZO gas sensor.

Time (s)  Yi-Y (Y;-Y)?

50 7.200E-03 5.184E-05
100 -1.800E-04 3.239E-08
150 4.180E-03 1.747E-05
200 1.320E-03 1.742E-06
250 2.110E-03 4.452E-06
300 -1.580E-03 2.496E-06
350 9.150E-03 8.372E-05
400 2.261E-02 5.112E-04
450 -5.740E-03 3.295E-05
500 -7.490E-03 5.610E-05

Table A.4: Calculation of RMS;yise and LOD of WS,/IGZO gas sensor.

Sensing Slope (Response) (ppb-1) Stan- V% RMS,0ise LOD (ppb)
gas (%) dard error (ppb-1)
NO, 0.90985 0.14401 7.620E-4 8.729E-3 29
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