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Abstract 
 

2D van der Waals layered materials have been recently widely explored for electronics, 

opto-electronics, and sensing applications. Especially as layered materials-based 

field-effect transistors could be a possibility for replacing silicon-based transistor in 

chips. However, in order to overcome the device failure caused by overheating and 

apply layered materials more efficiently to electronic devices, a better understanding 

of thermal properties and thermal management methods are required. In this thesis, 

various layered materials, such as transition metal dichalcogenides MoS2 and WS2; 

PtSe2 and SnSe2 were prepared by different techniques for the study of thermal 

management. Two main techniques have been extensively applied to measure the in-

plane and cross-plane thermal conductivity of these materials using Two-laser Raman 

thermometry and Frequency domain thermoreflectance, respectively. 

SnSe2 and MoS2 free-standing membranes of varying thickness (16 – 190 nm) were 

fabricated by a combination of mechanical exfoliation and dry-transfer methods. The 

results obtained show that the in-plane and cross-plane thermal conductivity of the 

layered materials increase with increasing thickness and that in-plane thermal 

conductivity of layered materials decreases with increasing temperature. In SnSe2, the 

thickness-independent thermal conductivity anisotropy ratio was found to be about 

~8.4 and the temperature-dependence thermal conductivity became gradually weaker 

with decreasing thickness. 

PtSe2 crystalline (1 – 40 layers) and polycrystalline thin films were synthesized using 

the molecular beam epitaxy technique. Furthermore, the ballistic cross-plane heat 

transport was up to ~30 layers in PtSe2, and the cross-plane thermal conductivity of 

polycrystalline films was about 35% lower than that of a 20-layers-thick crystalline 

PtSe2 film of the same thickness. PtSe2 had the short acoustic phonon lifetimes in the 

range of picoseconds and an out-of-plane elastic constant of 31.8 GPa with a layer-

dependent group velocity ranging from 1340 ms-1 in bilayer to 1873 ms-1 in eight layers.  

The next, to control the thermal conductivity of MoS2, annealing and nanopatterning 

were applied to increase and decrease the thermal conductivity of MoS2 materials, 

respectively. MoS2 nanosheets were synthesized using the solution-exfoliation 
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method and fabricated for free-standing membranes. It was found that the thermal 

conductivity of MoS2 nanosheets-based film improved by about 140% after annealing. 

Additionally, MoS2 free-standing membranes of varying thickness (4.5 – 40 nm) were 

fabricated in the same way as layered SnSe2 membrane, we studied of the in-plane 

thermal conductivity as a function of thickness, porosity, and temperature in both 

pristine and nanopatterned suspended MoS2 membranes. After nanopatterning with a 

focused ion beam, we obtained a more than a 10-fold reduction of the thermal 

conductivities for the holey period of 500 nm and a value below 1 W/mK for the period 

of 300 nm, which shows the layered MoS2 is much more sensitive to the holey array 

made by nanopatterning than silicon and silicon carbide. The results were supported 

by equilibrium molecular dynamic simulations for both pristine and nanopatterned 

MoS2. We also applied the nanopatterned MoS2 for heat routing applications for 

blocking and guiding heat away from the hotspot through a pre-defined path in the in-

plane direction. Accordingly, the patterned regions act as a high thermal resistance, 

and only four patterned lattice periods of 300 nm yielded a thermal resistance of      

4·10-6 m2K/W with, highlighting the great potential of MoS2 in thermal management 

applications. 

Finally, the samples included MoS2 and WS2 nanosheets were synthesized using the 

solution-exfoliation method. MoS2 and WS2 nanosheets were applied for high-

performance humidity sensors with fast responsivity and long working time, and 

another interesting finding is that the metal salts coated sensors showed reversed 

sensing behaviors owning to changes in their morphology during measurement. 
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Preface 
 

This PhD Thesis summarizes my work at the Phononic and Photonic Nanostructures 

Group of the Catalan Institute of Nanoscience and Nanotechnology (ICN2) during the 

period from January 2019 to July 2022. In accordance with decision of the commission 

of the PhD Programme of Physics at Universitat Autonoma de Barcelona, Spain, this 

thesis is presented as a collection of articles. 

The articles are listed below in order of appearance in the thesis: 

Article 1. Peng Xiao, Emigdio Chavez-Angel, Stefanos Chaitoglou, Marianna 
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Sachat. Anisotropic Thermal Conductivity of Crystalline Layered SnSe2. Nano 
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Jamet, Guillermo Arregui, Zekun Chen, Francesc Alzina, Clivia M. Sotomayor 
Torres, Emigdio Chavez-Angel. Effect of crystallinity and thickness on thermal 
transport in layered PtSe2. Npj 2D Mater Appl, 6, 32 (2022). 

Article 3. Peng Xiao, Alexandros El Sachat, Emigdio Chávez Angel, Ryan C. 
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Sotomayor Torres, and Marianna Sledzinska. Heat Routing in Nanopatterned 
MoS2. Manuscript submitted to ACS nano (2022). 

Article 4. Peng Xiao, Davide Mencarelli, Emigdio Chavez-Angel, Christopher 
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Each article is preceded by a section that contains an introduction to the topic and 

summary of the results.  
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1. Motivation and Introduction 
 

All organisms adapt to their living environment, especially to the ambient temperature, 

as almost all living things can feel temperature changes. After humans learned to think, 

they studied how to keep warm and found they could judge the ambient temperature 

of things through changes in shape, the colour of and the distance from fire, and that 

thermal insulation materials could maintain temperature. Temperature has been 

crucial for the development of humankind and has been systematically studied since 

temperature scales first appeared in the Renaissance. For examples, Carlo Rinaldini 

(1615-1698) defined twelve steps between the melting point of ice and the boiling point 

of water.1 During the first Industrial Revolution, Benjamin Franklin (1706-1790) and 

Jean Ingen-Housz (1730-1799) were the first to study thermal transport properties. 

Ingen-Housz used hot oil as a stable heating source to heat up seven kinds of metal 

rods (gold, silver, copper, tin, steel, iron, and lead) with the same length and diameter, 

to observe the speed of propagation of the fusion of max along the metal rods. 

Afterwards, thermal research accelerated and made significant progress. Joseph 

Fourier (1768-1830) conducted experiments and devised the first mathematically 

method for estimating thermal conductivity of a material. James David Forbes (1809-

1868) found that wrought iron has different thermal conductivities at different 

temperatures and Henri Hureau de Senarmont (1808-1862) observed the anisotropic 

thermal conductivities in various crystals.2 At the same time, thermal knowledge of 

materials guided people to design and improve products, and a wide variety of 

materials were used in a variety of applications. For example, highly thermally 

conductive materials such as copper and aluminium were machined into a radiator for 

transferring heat flow. More recently, high-temperature-resistant materials with low 

thermal conductivities have been used for rockets and space shuttles to block heat 

flow, and low thermal conductivity materials with good electrical performance have 

been used in the thermoelectric devices to convert temperature gradients to electrical 

energy.  

Over the past two hundred years, a better understanding of thermal properties and the 

rapid development of technologies has helped to improve society and living conditions, 

but these developments have also created many global problems. Advances in 
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industrial productivity has accelerated the consumption of fossil fuels (such as coal, 

crude oil, and natural gas) and generated tons of carbon dioxide. In 1824, Joseph 

Fourier proposed the greenhouse effect, i.e., the accumulation of CO2 and other gases 

that absorb solar energy and warm up our planet. The newly generated carbon dioxide, 

one of the main greenhouse gases, has started to destroy the earth’s heat balance 

and ecosystem and there is urgent need to control the greenhouse effect to stop the 

increase in global temperatures. 3 One solution is to cut down the use of fossil fuels 

and replace them with green energy such as electrical energy generated by solar cells, 

wind turbines, and water turbines. Additionally, temperature gradients formed between 

heat sources from mechanical movement, chemical reactions, and even solar 

irradiation have been utilized to generate electrical energy using thermoelectric 

devices. Since the 1960s, Moore’s law based on silicon technology has powered the 

information technology revolution but1960s this will be difficult to continue.4 One of the 

main reasons is that electrons move increasingly faster through increasingly smaller 

silicon circuits, the chips overheat. The chip is the brain of modern technology. New 

good performance materials were desired to solve the heating problem to enrich the 

capacity and speed of chips. 

In particular, layered materials, including graphene, transition metal dichalcogenides, 

and the post-transition metal dichalcogenides have been proposed as replacements 

for silicon for next-generation electronics. The main advantage of these materials is 

that the thickness of individual layers can be at the sub-nanometer level with a van der 

Waals gap between the layers without bonding. This means, that carrier mobility can 

be maintained at the sub-nanometer range to overcome the short-channel effect.5 

Many kinds of layered materials, especially molybdenum disulphide (MoS2), have 

been applied in electronic applications. However, the lack of thermal management of 

layered materials is slowing down their adoption in electronic applications. For 

instance, hotspots created by current flow in field-effect transistors (FETs) can 

damage the layered materials,6 and the electron flow affected by temperature is also 

problematic. In order to address these challenges, better thermal management is 

required for various kinds of layered materials. 

The intrinsic thermal conductivity of layered materials has been reported in various 

publications. Layered MoS2 has shown a thickness-dependent in-plane (kr) thermal 

conductivity from 34.5 ± 4 W/mK for a monolayer to 85 - 112 W/mK for bulk.7 
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Subsequently, the kz of layered MoS2 was studied by A. Sood et al, which increased 

from 0.8 ± 0.5 W/mK at 20 nm to 2 ± 0.8 W/mK at 100 nm.8 The anisotropic ratio 

between the kr and kz of layered MoS2 has been found to be about 50, which has been 

used to estimate the difference in thermal transport properties in different directions in 

layered MoS2. The large anisotropic thermal properties of the layered materials are 

due to their layer system structure, which makes phonon scattering difficult at the van 

der Waals gap without bonding. Work on MoS2 has only started in the last ten years, 

but thermal properties of many other layered materials have not yet been studied yet. 

It will make sense to study the kr and kz of some other high-potential layered materials 

at the same time.  

An emerging issue is that the reported kr values have not always been consistent,7 

because there are many factors that can affect the thermal measurement results of 

layered materials. For example, when the layered materials were placed and 

measured on some substrates, the interface thermal conductivity was not considered 

or well estimated because of a lack of good measurement techniques or references. 

Moreover, the measured thermal values had a big error bar when measuring the free-

standing membrane due to the small free-standing area. Additionally, assist polymer 

residues attached to the surface of layered materials have shown big effects on the 

thermal property measurement of ultrathin layered materials, especially monolayers, 

due to the fact that polymer was used to support and transfer the ultrathin layered 

materials because of their ultra-fragile nature. In addition, the layered materials cannot 

always be kept for a long period in an ambient environment, as humidity and oxygen 

can damage the surface of ultrathin layered materials very quickly. Herein, it has been 

considered important to systematically study the effect of humidity and oxygen on the 

layered materials. To do synthesize and measurement of materials in the same lab to 

avoid the affection of oxygen and humidity from the transportation also should be 

considered.  

Layered materials have also been considered as potential materials for high-

performance thermoelectric devices, because of their excellent electronic mobility, 

ultrathin nature, and high Seebeck efficiency, especially the layered SnSe that has a 

good Seebeck coefficient of ~500 µV/K.9 But thermoelectric performance of layered 

materials were estimated small because of their relatively high thermal conductivity.10 

The main strategies for reducing the thermal conductivities of layered materials for 
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improving their thermoelectric performance was considered is to increase the 

boundary scattering of phonons by doping, amorphization, nanopatterning, etc.11,12 

But the methods for reducing the thermal conductivity of layered materials have been 

rarely reported in the literature.  

In recent decades, based on Fourier’s Law of thermal conduction, many technologies 

have been developed to study the thermal properties of materials. For instance, the 

steady-state methods including the absolute method,13 the steady-state infrared 

method,14 etc. were applied for thermal conductivity measurements of macro-size 

objects in a simple way.15 These new technologies tend to be miniaturized and 

simplified for the thermal measurement of smaller and smaller materials which are 

placed in a small vacuum chamber and are good for the measurement of thermal 

properties at low temperature, whereas a high vacuum is good for improving thermal 

measurement accuracy by avoiding the effects of humidity, oxygen, etc. Therefore, 

some technologies such as 3-ω method,16,17 laser thermometry,18–20 time-domain 

thermoreflectance method,8,18 frequency-domain thermoreflectance method,18,21 

micro-bridge method,22  and Volklein method,23 etc. have been developed for the 

thermal measurement of low-dimensional materials. 3-ω method and frequency 

domain thermoreflectance have a similar mechanism, both can heat up a sample 

surface periodically and measure the temperature oscillations for calculating the kz. 

Laser thermometry and the micro-bridge method can make the temperature gradient 

on the sample suitable for direct thermal conductivity measurement. Time-domain 

thermoreflectance can measure the reflectivity of a reflected pulsed laser with respect 

to time, which can be matched to a model for calculating thermal properties. In the 

Volkein method, a film bolometer is first calibrated, and then another film is deposited 

on the bolometer for thermal properties measurement. The difference is that the 3-ω, 

micro-bridge, and Volkein methods need a current flow on an electrode to heat up the 

samples, and the fabrication process of an electrode deposited on the sample surface 

and the electrode itself always irreversible changes material properties.  

In contrast, laser-based techniques including TDTR and FDTR, and laser thermometry, 

do not need to contact the materials during measurement. TDTR and FDTR are 

normally used to study the kz of materials by applying a pulse laser. Laser infrared 

thermometry is the main type of laser thermometry and has been widely used in 

industrial and medical applications. In the past few decades, Doppler Broadening 
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Thermometry has been developed for measuring gas temperature,24 but has not been 

used for other thermal property measurement.  

The main laser thermometry used for thermal conductivity measurement is Raman 

thermometry which is based on the Raman effect. In 1928, C.V. Raman revealed the 

Raman effect, in which a different frequency light compared to the incident light (called 

as Raman shift) is generated when the electromagnetic waves of the incident light 

interact with molecules.25 This happens because according to the laws of quantum 

theory, the molecules gain or lose amounts of energy during the collision between 

photons and molecules i.e., the collision is inelastic. Raman spectroscopy was quickly 

developed after the power laser replaced sunlight as the excitation light because the 

Raman effect is very weak at on part in a million of the incident light. Nowadays, 

Raman spectroscopy is widely used to identify molecules by providing their structural 

fingerprint. Since Raman spectroscopy is sensitive to the vibrational frequency of the 

chemical bonds, which depends on temperature, the temperature changes in materials 

can be expressed by the Raman shift. In general, infrared spectroscopy and Raman 

spectroscopy are complementary techniques but the selection rule is different. Herein, 

Raman spectroscopy has been used to measure the thermal conductivity of materials 

when its laser is also used for heating up the materials. These techniques are named 

one-laser Raman thermometry (1LRT) or two-laser Raman thermometry (2LRT) 

according to the number of lasers used. Raman thermometry has become widely used 

for the study of kr of layered materials.18–20 

Additionally, this thesis focuses on techniques and methods to improve the thermal 

management of layered materials. To make sure that the measurements were high-

quality and fresh, most of the samples were synthesized and prepared in our lab. We 

studied study the thermal conductivity of the new layered materials, such as SnSe2 

and PtSe2, and also tried the nanopatterning and annealing method to actively control 

the thermal conductivity of layered MoS2. Kr of all samples was measured using the 

1LRT or 2LRT. kz of all samples was measured using the frequency domain 

thermoreflectance. We also studied the humidity effects on the properties of layered 

materials. The contents of the individual chapters are given below. 

Chapter 2 presents the main techniques used for sample preparations, including the 

Chemical Vapor Deposition (CVD) synthesis method for MoS2 and WS2 monolayer 
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and few-layers, and the mechanical exfoliation and the dry-transfer method for various 

layered MoS2, SnSe2, and WS2, and the solution-exfoliation method for MoS2 and WS2 

nanosheets. In particular, two kinds of techniques used to fabricate the holey layered 

membrane are discussed together with Raman thermometry and Frequency-domain 

thermoreflectance techniques used for the thermal conductivity measurements. 

Chapter 3 describes a study of the kr and kz of the layered SnSe2 using two-laser 

Raman thermometry and Frequency domain thermoreflectance, respectively. Also 

explored are the influence of film thickness on the thermal conductivity of SnSe2 and 

the temperature-dependent kr of SnSe2. In this study, the kr and cross-plane phonon 

mean free path (MFP) distribution of SnSe2 was extracted using the mean free path 

reconstruction method.  

In Chapter 4, the phonon dynamics and thermal properties of crystalline and 

polycrystalline PtSe2 thin films of varying thickness (1 to 40 layers) are explored. The 

low-frequency Raman spectra and pump-probe coherent phonon spectra of these 

samples are presented as part of a discussion on their layer-breathing modes, out-of-

plane elastic constant, layer-dependent sound velocity, and acoustic phonon lifetimes. 

The kz of the PtSe2 films affected by the crystallinity and size is also explored, and the 

thermal results are verified using the first-principles Boltzmann transport equation.  

Chapter 5 contains a study of the thickness-dependent kr of layered MoS2 free-

standing membrane before and after nanopatterning characterized using a two-laser 

Raman thermometry. Also presented is the temperature-dependent thermal 

conductivity of the nanopatterned MoS2 membrane with results verified by the 

equilibrium molecular dynamics (EMD) simulation. In addition, a thermal insulator and 

heating guidance based on the nanopatterned MoS2 is discussed. 

In Chapter 6, study on the humidity sensing properties of solution exfoliated MoS2 and 

WS2 nanosheets is presented. In particular, we found that humidity sensing behaviour 

of MoS2 and WS2 nanosheets with the metal coating was reversed after a certain 

working time. The mechanism is explained through an electric model simulation.  
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2. Experimental Methods 
 

2.1 Preparation of layered materials 
 

The discovery of graphene has motivated the scientific community to extensively 

explore potential applications of this material due to its remarkable physical-chemical 

properties.26,27  Graphene is commonly referred as a two-dimensional atom thick 

membrane with sp2 hybridized carbon atoms configured in a hexagonal or 

honeycomb-like structure. 28 The basic physical studies in the research community 

require the high quality of layered materials, especially the monolayer graphene, and 

layered TMDs materials.  

Layered materials are mainly synthesized by two techniques: bottom-up growth and 

top-down exfoliation. Bottom-up growth means that the layered materials are formed 

by small molecules, atoms, and metal ions, which are decomposed from the related 

precursors under some extreme force such as high-temperature, electron field, 

magnetic field, and chemical forces. The bottom-up growth of layered materials can 

be realized by CVD, Metal-organic CVD, Physical vapour deposition (PVD), Molecular 

beam epitaxy (MBE), Sputtering, a simple oven for the sulfurization of metal layers, 

and even chemical reaction or decomposition in solution. Like most materials, the 

layered materials were first found in nature. Top-down exfoliation methods such as the 

mechanical exfoliation and solution-exfoliation, are applied to synthesize nano-size 

layered materials from the natural crystals. It is worth mentioning that the exfoliated 

graphene by Andre Geim and Kostya Novoselov opened the horizon of the two-

dimensional world. For the wide range of applications of layered materials, nanosheets 

exfoliated from natural crystals in solution by sonication are an ideal material, because 

the fabrication method is simple, cheap, highly efficient, and environmentally friendly. 

In this thesis, we focus on three techniques: CVD, Mechanical-exfoliation, and 

solution-exfoliation because they are cost-effective, and the most common techniques 

applied in the research field of layered materials. Additionally, the three techniques 

have several advantages. The CVD system can deposit the materials on a substrate 

using chemical vapour by a chemical reaction occurring in a certain part of the CVD 
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system’s furnace. This enables the synthesis of high-quality and large area-monolayer 

and few-layers TMDs which can be applied in the application of monolayer TMD-based 

applications. However, many factors such as pollutants from the reaction chamber and 

air, the unstable ratio of different precursors, temperature, pressure, humidity, 

temperature gradient of reaction chamber can affect the quality of the synthesized 

layered materials, by changing their lattice structures, creating dopants, defects, and 

pendulums. Herein, the CVD-synthesized layered materials show a bit lower 

performance in optical, thermal, and electric performance than the mechanical-

exfoliated layered materials. Mechanical exfoliated layered materials were used in the 

intrinsic thermal conductivity value measurement, but efficiency of this method for 

getting monolayer materials is quite low. Large amounts of solution exfoliated MoS2 

and WS2 nanosheets allowed us to study their humidity sensing performance. In order 

to study the thermal properties of the layered materials and their related devices. We 

have investigated the techniques to synthesize layered materials using CVD, 

mechanical exfoliation method, and solution-exfoliation method, the details of which 

are introduced as below.  

 

2.1.1 Synthesis of Graphene, MoS2, and WS2 monolayer and 
few-layers by chemical vapour deposition (CVD) 
 

Temperature and pressure are the two key indicators for CVD systems. Some CVD 

systems can reach a high temperature for sublimating or evaporating precursors, while 

others can only work in ambient pressure and are classified as Atmospheric Pressure 

CVDs (APCVD). Other CVD systems can control pressure lower than ambient 

pressure for reaction and are classified as Low-pressure CVDs (LPCVD). The LPCVD 

can synthesize relatively cleaner layered materials, because the sublimation and 

melting points of precursors, and the pollutants in chamber decrease with the 

decrease in pressure. In some cases, multi-heating zones are required for the 

synthesis of some complex layered materials because of precursors with different 

melting points or special synthesis processes, so CVD systems can also be evaluated 

according to their heating zones. Here, we used a one-heating zone APCVD to 

synthesize, graphene, monolayer and few-layers MoS2 and WS2. 
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A one-heating zone Atmospheric Pressure Chemical Vapour Deposition (APCVD) 

system was used to grow graphene. The first step was to wet cleanse the quartz tube 

and anneal it at the growth temperature (1000 °C) in ambient pressure, without any 

gases or closing the end of the tube. The quartz tube always cleaned after using it 5 

times. The system’s gas pipes were cleaned every time with a flow of Ar ~500sccm, 

H2 ~200sccm, CH4 ~50sccm for 5 minutes. A high quality of copper foil (99.999%) was 

used as the substrate for the growth of graphene, which was cleaned using a 

sonication bath in acetone, 2-propanol, and deionized water for 5 minutes 

successively. Then the copper foil was treated using the electro-polishing method. To 

do the electropolishing, the positive electrode was connected to the high-quality 

copper foil using an alligator clip, which was oxidized in a controlled way to flatten the 

surface. The new formed Cu+2 ions were transferred into the solution which turned to 

a blue colour. The negative electrode was connected to a normal copper foil and the 

electrode surface was reduced and appeared the hydrogen bubbles. The reaction was 

maintained about 90 seconds as the voltage was increased to around 3 V with the 

current at 0.34 A. The polished copper foil was cleaned by deionized water again and 

dried with a nitrogen blow. The well-prepared foil was then placed on the quartz holder 

and moved into the tube centre of the furnace. Before the growth, the copper foil was 

annealed at 1000 °C with the gas flow of Ar ~500 sccm, and H2 ~200 sccm for 1 hour. 

The growth started when the gas flow increased to Ar ~450 sccm, H2 ~50 sccm, CH4 

~1.5 sccm for 15 minutes, and the CH4 gas flow was increased to 5 sccm for the last 

5 minutes. Then graphene was full coverage on the surface of copper foil which 

surface touched the quartz holder. After that, the CH4 gas flow was set to 0 sccm, the 

furnace was turned off and the tube was taken out for fast cooling. After removing from 

vacuum and taking out the graphene/copper foil, the sample was heated up to 150 °C 

on a hot plate with a clean glass slide to wait for the colour changes until the graphene 

covered area was bright, and the uncovered area was red. 

The same APCVD system was used to synthesize MoS2 and WS2. To avoid the 

pollution of other elements, each new quartz tube was only used for synthesizing the 

same material. MoS2 and WS2 have a similar synthesis process, except for the higher 

melting point of WS2. Herein, we just discuss the synthesis process of MoS2. Only 

monolayer and few-layers MoS2 needed to be synthesized and deposited on the 

surface of the substrate, as only as extremely small amount of precursor MoO3 about 
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0.1 mg was placed under the polished SiO2 wafer. The SiO2 (400nm)/Si was used as 

the substrate for the MoS2, which was cleaned in a sonication bath in acetone and 2-

proponal for 5 minutes. Then the wafer was etched using SF6 /O2 (5 / 50 sccm) for 4 

minutes with an etching rate of 25 nm/min. The SiO2 layer thickness reduced to 300nm 

and showed a better contact between MoS2 monolayer and the 300nm-SiO2 substrate 

under an optical microscope. The other precursor sulphide used a large amount of ~1 

g to participate in the chemical reaction and create a sulphide environment to protect 

the new formed MoS2 molecules. Sulphide and molybdenum trioxide (MoO3) have 

different temperature evaporation points of ~145. 2 °C and ~700 °C, respectively. 

Therefore, the boat with MoO3 was placed in the centre of the furnace, and the boat 

with sulphide was placed at the boundary of the heating zone in the growth process. 

Excessive sulphide may affect the morphology of the monolayers but has no other 

side effects. In our study, the sulphide was cleaned at the end of the reaction in the 

high temperature environment because of its low vaporing point. In the pre-growth 

process, the boat-shape holder with MoO3 coved by a SiO2/Si wafer substrate was 

placed in the centre of the heating zone, see Figure 1 (a). The SiO2 wafer was placed 

face down on the boat. The other boat with full sulphide was placed at the boundary 

of the heating zone near to the source of the Argon carrier gas, where the temperature 

was not too high for the sulphide to keep a slow evaporation speed in the reaction.  

After placing the samples in the equipment, the quartz tube was moved about 5 cm to 

the left to move the sulphide out of the tube, see Figure 1 (a). 200 sccm Argon gas 

was flowed in the tube for about 30 minutes to remove oxygen content. The growth 

process was started by increasing the temperature in steps to 800 °C in 40 minutes, 

as shown in Figure 1 (c). The tube was moved to the right position at 700 °C to start 

the evaporation of sulphide, see Figure 1 (b). After the temperature reached to 800 °C 

it was increased to 820 °C for 10 minutes. After that, the system was cooled rapidly 

by opening the furnace and flowing the fast argon gas at a speed of 200 sccm. After 

taking out the sample, upon visual inspection, we could recognize the blue layer MoS2 

covered on the substrate. Figure 1 (d), (e), and (f) show the optical images of MoS2 

monolayer, few-layers, and thin film respectively. Characterization of thin film was 

performed by Raman spectroscopy.  
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2.1.2 Mechanical exfoliation of layered materials and the dry-
transfer technique 
 

Mechanical exfoliation was originally created for the exfoliation of graphene, then 

extended to the exfoliation of other layered materials. The early method was used 

scotch tapes to exfoliate layered materials from their nature crystals. But the adhesive 

polymer from the scotch tape could bring residue and pollute substrates. As a result, 

new mechanical exfoliation and dry-transfer technique have been developed to 

exfoliate layered materials using polydimethylsiloxane (PDMS) owning to its natural 

transparent and flexible properties. The exfoliated layered materials of MoS2, WS2, 

and SnSe2 fabricated in this thesis were exfoliated using PDMS. The flexibility of 

PDMS can be controlled by controlling the ratio between its base and curing agent 

when synthesizing. The synthesis ratios for PDMS applied in this our study is ~ 10 to 

1. In this process, PDMS attach onto the natural crystal and can be peeled off directly. 

Thin flakes can be found on the PDMS under optical microscope.  

Fig. 1. Synthesis MoS2 monolayer and few-layers using a one-heating zone LPCVD system. Optical 
images of the CVD system with the sample placed in the chamber with sulphide out of the heating 
zone (a) and the sample placed in the chamber with sulphide in the heating area (b). (c) the curve 
of the temperature distribution for the growth of MoS2. (d), (e), and (f) show the MoS2 monolayer, 
few-layers with different stacking, and MoS2 thin film, respectively. 
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The selected flakes can be transferred onto other substrates by pressing the PMDS 

to contact the flakes and substrates directly. For making free-standing layered 

materials, we developed a simple and cheap dry-transfer stage which the most 

expensive part is the 20X objective lens, as shown in figure 2. By connecting the 

camera to a laptop, we could view the sample and substrate clearly and then handle 

the transfer process. To increase the success rate for making free-standing 

membranes, gold and titanium were deposited on holey substrates for enhancing the 

adhesion between the layered materials and substrates. A uniform flake without 

wrinkles is also good for this process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. An optical image of the dry-transfer setup. 
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2.1.3 Solution-exfoliation of MoS2 and WS2 nanosheets 
 

MoS2 and WS2 nanosheets were sonicated and exfoliated in ethanol solution using a 

high-power sonicator probe system (400 W, Fisher brand FB505). Figure 3(a) shows 

a schematic diagram of the experimental steps for exfoliation and extraction of MoS2 

nanosheets in an alcohol solution. MoS2 (WS2) microcrystals (500 mg) (99.5%, Sigma-

Aldrich) were dissolved in 250 mL of 50% ethanol solution and then sonicated by the 

sonication probe with 80% amplitude and an 8 s/8 s ON/OFF pulse for 10 h. The upper 

solution without precipitate was centrifuged at a rotation speed of 7000 rpm for 10 min. 

The suspension consisting of MoS2 (WS2) nanosheets was used for the subsequent 

experiments. 

MoS2 nanosheets in size ranges <200 nm, 200-450 nm, 450-800 nm, and >800 nm 

was separated and extracted using a vacuum filtration system and a centrifuge for the 

following experiments, as shown in figure 3(b). We also modified the MoS2 and WS2 

Nanosheets by applying a coating of metal and metal salt layers. For example, Cu 

nanoparticles were coated on the surface of MoS2 nanosheets using a CuCl2 solution. 

Various volumes of 0.1 g/mL CuCl2 (99.8%, Labbox) salt solution was mixed with 15 

mL of MoS2 nanosheet solutions in a dark environment for 24 h to synthesize the 

MoS2@Cu nanosheets. Then, the Cu-coated MoS2 nanosheets were dropped into the 

solution and formed a precipitate at the bottom of the mixture. Finally, the precipitate 

consisting of Cu-coated MoS2 nanosheets and was collected by the removal of the 

upper transparent solution. WS2@ Cu, MoS2@Ag, and WS2@Ag nanosheets were 

prepared by the same procedure using the same CuCl2 and AgNO3 (99.8%, Labbox), 

respectively. Figure 3(c) shows the optical image of MoS2 nanosheets coated by 

AgNO3 and formed precipitate at the bottom of the vial. Figure 3(d) show the optical 

images of the high-power sonicator and the vacuum filtration system used.  
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2.2 Nanopatterning of free-standing holey 

membranes 
 

In order to manage the thermal conductivity of layered materials, an effective method 

is to make hole arrays on the materials by decreasing the phonon MFP. In this study, 

hole arrays were made on the CVD grown MoS2 monolayer and few-layers, 

polycrystalline MoS2 membrane, and mechanical exfoliated MoS2 few-layers to study 

the effects of hole arrays on their thermal conductivity. The details for hole array 

fabrication were presented below. 

 

2.2.1 Holey membrane fabricated by Focused ion beam (FIB) 

 

Fig 3. (a) Schematic diagram of synthesis and extraction of MoS2 nanosheets. (B) MoS2 
nanosheets solution filtered using different pore size filter membranes (200 nm, 450 nm, 
800 nm, 1200 nm). (c) the MoS2@Ag nanosheets precipitate synthesized after mixing MoS2 
nanosheets solution and AgNO3 solution. (D) Optical images of a high-power sonicatior 
system and a vacuum filtration system. 
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A Gallium Focused Ion Beam (GA-FIB) (Zeiss 1560XB Cross Beam, Germany) was 

used to etch holes as phononic crystals on the MoS2 membrane, with the parameter 

of holes etched being 2 pA, 30 kV, and 10 milliseconds. For the thermal conductivity 

measurement using optical thermometry, holes were fabricated on the free-standing 

membranes using FIB except for the center area, which was using as a heating island 

with a diameter of ~5 µm. The details of the Ga-FIB fabrication process effects on the 

free-standing MoS2 membranes are presented in Chapter 5. 

 

2.2.2 Holey membrane fabricated by E-beam lithography and 
plasma etching system  
 

Because Ga-FIB can implant gallium elements into the targets and change their 

electronic and thermal properties, we created nanopatterns on the layered materials 

by combining Electron-beam lithography and the plasma etching system. 

The schematic of fabrication process and the related fabrication parameters of 

phononic crystal on a polycrystalline MoS2 membrane are shown in Figure. 4 and 

Table 1, respectively. Large-area MoS2 polycrystalline membrane on glass substrates 

was transferred directly onto the surface of deionized water by slowly putting the 

materials into water. Because the MoS2 is hydrophobic and was separated with the 

substrate, it floated on the surface once it touched water. The floating MoS2 membrane 

was then lifted up using a free-standing SiNx holey membrane for a suspended MoS2 

membrane. The sample was then heated up to 70 C for 10 minutes to remove the 

water between the MoS2 and the free standing SiNx substrate. For the next plasma 

etching process, a nano-scale mask was synthesized on the MoS2 membrane by a 

standard Electron-beam lithography (EBL) procedure using CASR 6200 E-beam resist. 

At first, 200nm the thick CSAR resist was spin-coated on the surface of the MoS2 

membrane using a spin coater at 4000 rpm for 1 minutes. The sample was then baked 

at 150 C for 1 minute to cure the E-beam resist. The EBL system was used to expose 

the resist by following a designed pattern using an electron beam (area: 50 µm/cm2, 

dots: 0.2 pC). After the development process of the CSAR E-beam resist, an ion-

coupled plasma system (PlasmaPro 100 Cobra, Oxford) producing C4F8/Ar plasma 

was applied to etch MoS2 membranes for a designed holey array. The nanopatterned 
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MoS2 membranes was shown in Figure 5. However, the remaining issue was that the 

remaining e-beam resist could not be removed using a standard remover or acetone. 

Furthermore, use of oxygen plasma to remove the e-beam resist can easily damage 

the MoS2 layer. Consequently, we chose to use the Ga-FIB for nanopatterning of 

layered materials. This technology based on the E-beam lithography and plasma-

etching was continued to be applied for nanopatterning other materials, such as silicon 

and silicon nitride. 

 

  

Fig. 4. Schematic of the fabrication process of MoS2 phononic crystal.  
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Fig. 5. (a-b) shows optical images of suspended MoS2 polycrystalline on SiNx 
substrate. (c-d) shows the SEM images of nanopatterned suspended MoS2 
polycrystalline membranes. 

Table 1. Parameters for fabrication of MoS2 phononic crystals. 
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2.3 Raman Thermometry 
 

Light has always been explained as a classical electromagnetic wave or a stream of 

photons to introduce the Raman effect. Light scattering includes elastic scattering and 

also inelastic scattering, which happens when electromagnetic waves interact with 

obstacles. Elastic scattering is called Rayleigh or Mie Tyndall scattering and is the 

same frequency as incident light. Inelastic scattering is known as Raman or Brillouin 

scattering and has a different frequency compared to incident light. According to the 

laws of quantum theory, molecules will gain or lose energy during the collision between 

photons and molecules i.e. the collision is inelastic. The changed energy represents a 

change in the vibrational and/or rotational energy of the molecule. For the Raman 

effect, the photons transfer their energy to the matter in order to displace the electrons 

and produce and induced dipole moment. Due to the fact that a large mass of matter 

does not allow the transition of energy, most of the incident light (photons) is 

transmitted without change of frequency, and the scattering light is elastic scattering. 

But some new frequency lights have been generated in terms of energy transfer 

between the incident light and the scattering lights. The scattered photons which gain 

and lose energy are called anti-Stockes and Stockes scattering. The inelastic 

scattered wave with a frequency lower than the incident beam is referred to as a 

‘Stokes’ scattering wave while that at a higher frequency is called as an ‘anti-Stokes’ 

scattering wave. 

Raman spectroscopy is also applied to measure the local temperature of materials, 

and consequently, its thermal properties because the Raman peak linewidths and 

shifts have demonstrated to be a function of temperature.29,30 The ratio of the 

intensities of Stokes and anti-Stokes is related to the phonon population, which also 

vary with temperature. Changes of temperature, volumetric expansion or contraction 

of the crystal lattice will cause changes in the anharmonicity of the bonds for the 

displacement of atoms from their equilibrium positions. This change in the interatomic 

force is reflected in the position and linewidth of Raman peaks. Hence, Raman 

scattering could work as a temperature probe where the probe laser power is kept low 

to obtain sufficient Raman signal without heating the sample.20 Raman thermometry 

includes a source of a high intensity monochromatic light (532 nm laser), a double 
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monochromator (532 nm laser filter) to reject the excitation light, and a charge coupled 

device (CCD) detector. 

In this work, Raman scattering intensity was evaluated by the frequency shift (also 

called as Raman shift) between the scatted light and the incident light with 

wavenumber used as the typical unit of the Raman shift. Because a Raman spectrum 

plotted on a wavelength scale is very narrow and hard to read, a wavenumber scale 

for Raman spectra was used for easy comparison of linearly with energy. The Raman 

Shift of Raman Scattering was calculated by the formula, 

Δ(𝑐𝑚−1) = 10−7(
1

𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛
−

1

𝜆𝑅𝑎𝑚𝑎𝑛
). 

In previous studies, for MoS2, the Raman shift was about 380 cm-1 for E12g mode, and 

406 cm-1 for A1g mode. The position difference between the two Raman peaks 

decreased from ~ 25 to ~19 cm-1 when the number of MoS2 layers decreased from 

bulk to monolayer. The Raman shift of MoS2 shifted with changes in its temperature, 

resulting in the possibility to measure its thermal conductivity using Raman 

spectroscopy. The technique also called Raman thermometry, include One-laser 

Raman Thermometry (1LRT) and Two-laser Raman Thermometry (2LRT). The main 

advantage over electrical techniques is that no contact and the pre-processing stage 

of samples is not required.31  

 

2.3.1 One-laser Raman Thermometry (1LRT) 

 

Raman spectra of materials depend on their temperature for the changing of the lattice 

constant. After determining the relationship between Raman spectra and temperature 

of materials by measuring the Raman spectra at different temperatures (this process 

is called as temperature coefficient process), the Raman can be applied as a thermal 

couple to read the temperature of materials. According to Fourier’s law: q = - κ*ΔT, the 

thermal conductivity calculation is based on local heat flux density and temperature 

gradient. Thanks to the development of laser technology, the laser energy is high 

enough to heat up the materials, which allows us making a hot spot on the surface of 
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materials. Hence, the thermal conductivity of layered materials can be studied using 

1LRT. The thermal conductivity of an isotropic material is given by18  

𝑘(T) = −
𝑃𝑎𝑏𝑠

4√𝜋∆𝑇𝜎
  

where 𝑃𝑎𝑏𝑠 is the power absorbed by the materials, ∆𝑇 is the temperature difference 

between the hotspot made by the laser and the semi-infinite point (normally is the 

ambient temperature), and 𝜎 is the laser spot size. The 𝑃𝑎𝑏𝑠 value was calculated by 

the difference between the measured incident power and lost laser power, and the 

power lost by the laser reflectance on materials. The transmitted power was also 

considered as a part of the lost power when a material is transparent. Temperature at 

the hot spot under laser can be calculated using the temperature coefficient. Spot size 

of laser also can be measured by a digital camera or a motorized nano-precision X-Y 

axis stage. This method is accurate to extract the thermal conductivity of suspended 

thin membranes. However, the formular is not suitable for thick suspended samples 

or supported samples, whose thermal conductivity was extracted using the finite 

elements method of COMSOL Multiphysics. 

 

2.3.2 Two-laser Raman Thermometry (2LRT) 

 

In this thesis, 2LRT has been used the key technique to measure the kr of suspended 

layered materials in this thesis because 2LRT can extract the temperature distribution 

by a mapping or line scanning measurement on the suspended materials. The 1LRT 

was used but mainly for a one-point measurement for keeping the accurate of this 

measurement. The temperature distribution on the material during the 1LRT 

measurement is unknown, the temperature distribution on the material by doing the 

2LRT measurement can be seen directly. Accordingly, that 1LRT and 2LRT can be 

seen as one-dimensional and two-dimensional temperature distribution measurement 

techniques, respectively.  

The A1g peak position of MoS2 Raman spectrum was used to probe the temperature 

of MoS2 membrane in this work, because its peak intensity was much stronger than 

the 𝐸2𝑔
1  peak. The heating laser and the free-standing membrane were fixed on a 



21 

motorized stage (Marzhauser), then their relative position and the focus of the violet 

laser remained unchanged during the measurement to ensure a stable and 

uncontacted heating source. The probe laser was coupled to the Raman spectrometer 

(T64000) and scanned the sample collecting a Raman spectrum at various points. The 

probe laser spot size was 1.2 µm.   

All the samples were measured in a temperature-controlled, vacuum chamber at a 

pressure of ~ 3 × 10-3 mTorr (Linkam). The gold layer also acted as a heat sink to 

ensure that the MoS2 temperature in the supported area is the same as that of the 

environment. For calculating the thermal conductivity, a temperature distribution 

around the heating source on the free-standing membrane was required. Line 

scanning measurement is a simple way for getting a temperature distribution was 

normally carried out on the membrane using 2LRT. A probe laser (532 nm, Cobolt) 

and a heating laser (405 nm, Cobolt) were focused on the center of a free-standing 

membrane from the topside and bottom-side, respectively. The basic idea of this 

method is to measure the Raman shift along a line on the membrane using a low 

power probing laser will not heat up the sample and cause a shift of the Raman peaks. 

At the same time, the centre point of the suspended membrane was heated up using 

a high power, steady-state pump laser as shown  schematically in Figure. 6.19 Laser 

power absorbed by the membranes was measured in-situ using the configuration 

described elsewhere32,33. 

When the heating laser of the contactless 2-laser Raman thermometry heats the 

centre of the membrane, the Raman spectrum at each point along a line through the 

centre point is recorded by the probe laser. After converting the Raman peak position 

into temperature, the diffusive heat flow and the zero-temperature gradient of the 

membrane can be understood by plotting out its radial heat by Fourier’s law: P0 /(2πrt) 

=-k(T)dT/dr, where t is the membrane thickness, r is the relative position with respect 

the heating laser spot on the membrane. Then the thermal conductivity is stated as a 

function of temperature and determined by the expression:  

𝑘(T) = −
𝑃𝑎𝑏𝑠

2𝜋𝑡𝜉(𝑟)
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where Pabs is the absorbed power, and 𝜉(𝑟) = dT/d(Inr). Therefore, the temperature 

of the devices was indicated by the shift of Raman peaks. More measurement details 

are discussed in Chapters 3 and 5. 

 

2.4 Frequency-domain thermoreflectance (FDTR) 
 

As previously mentioned, layered materials show large anisotropic thermal 

conductivities. Here the kr was studied using 1LRT and 2LRT while the kz was 

measured using a FDTR setup, as shown in Figure 7.  

The FDTR has two laser sources: a 532 nm green laser and a 488 nm pump laser.18 

The green laser was used as a probe laser and in order to get a high thermoreflectance 

signal from the gold transducer film, a 100nm untransparent gold film was deposited 

on the surface of the layered materials as the transducer film. The pump laser was 

modulated with a frequency from 10 kHz to 20 MHz for heating up the transducer. Both 

lasers were focused on the same point on the samples and reflected back through an 

objective and received by a detector. To avoid damaging the detector, the reflected 

pump laser was filtered using a 488nm Notch filter. 

Fig. 6. Schematics of in-plane thermal conductivity measurement of a 
suspended MoS2 membrane using the two-laser Raman thermometry.  
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The phase and amplitude information from the thermoreflectance response signals 

measured by a lock-in amplifier, can be used in the thermal model to derive the thermal 

properties of samples. Because the phase change is more sensitive to the 

thermoreflectance than the amplitude response, in this study, the here phase signal 

was applied to analyse the thermal properties. However, as the phase signal was 

affected by the laser path lengths, and errors caused by laser modulation, detectors, 

cables, and instruments. A zero-thermoreflectance mirror was used as a sample for 

calibrating the system to correct these errors and obtain the correct phase signal. 

The kz was derived by analysing the phase signal using a model based on laser spot 

size, dimensions of the sample, and dimensions and thermal properties of the gold 

transducer film. Additionally, to ensure accurate measurement, the pump laser was 

controlled to avoid overheating of the surface, which can change the material thermal 

conductivity and thermoreflectance efficiency. More details about this measurement 

are discussed in the Chapters 3 and 4. 

 

  

Fig. 7. Schematics of cross-plane thermal conductivity measurement of a suspended 
SnSe2 membrane using the Frequency-domain thermoreflectance.  

Pump (λ=488 nm) 

Probe (λ =532 nm) 

SnSe2 
film 

Au transducer (100 nm) 

Au substrates (1.5 µm) 
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3. Anisotropic thermal conductivity of 
layered SnSe2 
 

3.1 Introduction 
 

Understanding cross-plane and in-plane heat propagation in thin films is critical for the 

thermal management of future 2D nanoelectronics devices. SnSe2 is a promising two-

dimensional material with desirable properties such as high electron mobility of 8.6 

cm2V−1s−1 at room temperature and low lattice thermal conductivity, according to 

recent first principle calculations.34–37 It has already showed excellent performance in 

field-effect transistors (FETs),38–40 phase-change memory41 and optoelectronic 

devices,42 and recently has been suggested as an ideal layered material for 

thermoelectric applications.34,35,43 In particular, the latest calculations have shown that 

at high temperatures the thermoelectric figure of merit in a and c directions can reach 

values of 2.95 and 0.68, respectively.43 

Despite extensive electrical and optical characterization of SnSe2,44–48 experimental 

studies on the intrinsic thermal properties of SnSe2 thin films are limited.49,50 Until now, 

its thickness-dependence kr has been investigated only in a few CVD samples of  short 

thickness range using the traditional opto-thermal Raman technique.49 Moreover, 

there are no reports on kz measurements in SnSe2, thus its anisotropic thermal 

properties have not been experimentally investigated so far. 

In this work, we have investigated the kr and kz of high crystalline quality exfoliated 

SnSe2 films with thickness between 16 and 190 nm using 2LRT and FDTR. We focus 

on unravelling the influence of thickness on the kr and kz of SnSe2 films and extract 

the anisotropic ratio of the thermal conductivity. In addition, using the mean free path 

reconstruction method51–53, we found that the phonons with mean free path larger than 

45 nm and 61 nm in the c and a directions, respectively, contribute above 50% of the 

total bulk thermal conductivity. 
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3.2 In-plane and cross-plane thermal conductivity of 
layered SnSe2 
 

The SnSe2 films were mechanically exfoliated from single crystals (purchased from 

HQ Graphene) and dry-transferred onto gold-coated silicon nitride substrates with 20 

and 30 μm diameter holes. The crystal and morphological characterization of the 

samples was studied by high-resolution scanning transmission electron microscopy 

(TEM), atomic force microscopy (AFM), and Raman spectroscopy measurements. We 

extracted the kr lattice constants a = b = 0.387 nm from the simulations. The chemical 

structure of SnSe2 was confirmed by Raman spectroscopy, which exhibits two Raman 

active vibrational modes at 113 cm−1 (Eg) and 180 cm−1 (A1g).  

The kr of suspended SnSe2 films at room temperature was measured by using our 

steady state 2LRT technique. In this approach, a hot spot is produced by a heating 

laser with wavelength λ1 = 405 nm fixed in the centre of a suspended film, while a 

second laser with λ2 = 532 nm measures the temperature distribution based on a 

calibration of its Raman spectra with temperature. We point out that for the kr 

measurements it is important to ensure that the phonons with large MFP are not 

affected by the lateral dimensions. In our experiments, the lateral size effect should 

not have affected the measured thermal conductivity considering that SnSe2 has MFP 

distribution (1−1000 nm) much smaller than the size of the suspended films and the 

heat sink was located 10 or 15 μm away from the heating area. Then, to improve the 

efficiency of the heat sink at the boundaries, we deposited 100 nm Au layer on the 

SiN4 substrates and later the films were deposited. All the measurements were 

conducted in vacuum at 10−3 mbar to avoid heat conduction through the air. 

To measure kz of the SnSe2 films, we performed pump- and probe experiments using 

the FDTR technique. The experimental setup is based on two lasers operating at 488 

nm (pump) and 532 nm (probe). Prior to the FDTR measurements 100 nm and 1.5 μm 

thick Au layers were deposited on the top and bottom of the suspended films, 

respectively. The top Au layers were used as transducers, while the thick bottom Au 

layers become the substrates. Therefore, our multilayer system consists of Au/ 

SnSe2/Au stacks. First, we extracted kz by fitting the experimental data in a low 

frequency range (20 kHz to 1 MHz), where the phase signal sensitivity to R1, R2, and 

heat capacity of the films was negligible. Then, we fixed kz and fit the experimental 
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data in a high frequency range (1−40 MHz) to estimate simultaneously R1 and R2. For 

the first estimate to determine the value of the free parameters (kz, R1, and R2), we 

used previous reported values of similar materials. 

In this thesis, we presented the measured kr and kz values for all the SnSe2 films with 

thicknesses between 16 and 190 nm, and both kr and kz monotonically increased with 

increasing thickness and reach the calculated bulk kr and kz values. We noted that the 

linear kz increase with increasing thickness might indicate quasi-ballistic phonon 

propagation. The origin of the kr and kz decreased with decreasing film thickness can 

be understood considering phonon diffuse (incoherent) boundary scattering at the 

surface of the films as the main scattering mechanism. In particular, at room 

temperature the only characteristic dimension that dominates phonon scattering is the 

thickness of the SnSe2 films. Thus, t is the dimension that sets a cut off to the phonon-

MFP due to diffuse boundary scattering, i.e., phonons with MFP > t will not fully 

propagate, thus reducing their contribution to kr and kz. Moreover, the similar rate of 

increase of kr and kz with increasing film thickness observed in this thesis suggests 

that phonons with MFP commensurate with the sample thickness contribute to the 

thermal conductivity. To gain a further insight on how phonons contribute to the 

thermal conductivity, we use the MFP reconstruction model to extract the cross-plane 

and in-plane phonon MFP distribution. It is seen that the MFP distribution shifts to 

longer values for in-plane transport compared to the cross-plane. In particular, we 

found that phonons with MFP ranging from 1 to 53 nm and from 1 to 30 nm contribute 

to 50% of the kr and kz, respectively. From the experimental kr and kz values, we 

directly obtained the anisotropy ratio kr / kz for each film thickness. The average value 

of kr/ kz was 8.4 ± 1. 

The observed variation of Rint can be attributed to the sample processing (exfoliation 

and transfer conditions, storage before gold evaporation, etc.), which could result in 

different interfacial energy coupling. However, we cannot exclude the possibility that 

the increase in Rint was due to reduced mechanical coupling of the films to the 

underlying Au resulting from a potential increase in sample stiffness or changes in the 

vibrational spectra as the thickness is increasing. 

To examine the dependence of kr of suspended SnSe2 films on temperature, we 

conducted single-laser Raman thermometry measurements at different ambient 

conditions. The kr of the SnSe2 films was extracted by measuring the absorbed power 

and the temperature rise of the films at the laser spot at different ambient temperatures 
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(298, 373, and 473 K) and solving the 2D heat equation. We observe a systematic 

decrease of the kr with increasing temperature for all the SnSe2 films and a maximum 

reduction of ∼56% at 473 K for the thickest SnSe2 film compared with the room 

temperature value. We observed that the dependence of kr with temperature becomes 

weaker for thinner samples. In other words, as the temperature increases, kr became 

less sensitive to the sample thickness since these phonons responsible for most of the 

heat transport had an MFP shorter than the film thickness. The weaker temperature 

dependence in thinner films seems to be reasonable given that phonon boundary 

scattering becomes dominant.  

More details are discussed in the following paper Article 1. 

 

3.4 Conclusion 
 

In conclusion, we studied the thickness dependence of kr and kz of crystalline SnSe2 

films. Both show strong thickness dependence in the 16-190 nm range, with values 

reduced by a factor of 2.5 compared with bulk values. From this result, the thermal 

conductivity anisotropy ratio was directly obtained. This anisotropy ratio was about 8.4, 

independent of the film thickness. Importantly, we have shown that at high 

temperatures, the kr of the suspended SnSe2 membrane can drop by more than 50% 

relative to room temperature. The strong dependence of thermal conductivity on 

temperature gradually diminishes as the thickness decreases due to the dominant role 

of phonon boundary scattering. Finally, using the MFP reconstruction method, we 

have shown that the major heat transfer phonons that contribute to kr with a mean free 

path of tens of nanometres at room temperature. 

Our results provide valuable information for understanding the heat transport of 

layered materials and for realizing functional devices that require highly anisotropic 

properties, i.e., thermoelectric, transistors, optical sensors, or high temperature 

operation. Highly anisotropic 2D layered materials such as SnSe2 can provide 

insulation primarily through in-plane thickness and heat flux propagation. This can be 

beneficial in heat-sensitive electronic components such as microchips that require 

directed heat flow to avoid hotspots, and in cooling circuits.54,55 Finally, changes and 

quantitative knowledge of functional thermal phonon MFPs that manipulate heat 
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transfer by either dimensional limits or temperature provide important insights into the 

design of 2D thermoelectric devices with improved thermal management. 
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4. Thermal transport in layered PtSe2 
 

4.1 Introduction 
 

Atomic thin layered semiconductors have received a lot of attention from the scientific 

community due to their extraordinary layer-dependent optical, electronic and thermal 

properties that open new prospects for the microelectronics industry.56 Vertical 

devices, which consist of one or several atoms thick 2D material and whose heat 

transport is usually vertical, already perform well with diode,57 photodetector,58 

transistors,59,60 and solar cells.61 In such devices, the thermal interface properties of 

atomically thin 2D materials vary widely depending on their thickness, the interaction 

between layers, and the degree of bonding to the substrate. Therefore, it is important 

to understand interplane heat transfer and phonon dynamics, especially for precious 

metal dichalcogenides such as PtSe2, as they are likely to be integrated into future 

high performance 2D devices.62–65 PtSe2 exhibits excellent and unique properties such 

as high charge carrier mobility at room temperature, 8 times higher than MoS2,66 better 

air stability, and better oxidation resistance than black phosphorus.60 In addition, PtSe2 

can grow at low temperatures, making it easy to integrate into practical devices.67 With 

a widely adjustable bandgap68 and layer-dependent semiconductor-semimetal 

transition behaviour,69 it is considered a promising material for use in many electronic 

devices,60 optoelectronic devices,62 and thermoelectric devices.70 Recently, band 

engineering with thickness modulation has been shown to increase the heat output of 

2-layer PtSe2 nanosheets by a factor of 50 compared with bulk PtSe2. In addition, the 

calculation results show that compressive or tensile stresses can induce a significantly 

improved n-type or p-type Seebeck coefficient in the single-layer PtSe2.71 Despite the 

great potential of PtSe2 in thermoelectric applications, there are few experimental 

studies of the unique thermal properties72  and phonon dynamics of PtSe2 films73 and 

they are still limited. Accordingly, this task explores the phonon dynamics and thermal 

properties of supported crystalline and polycrystalline PtSe2 thin films of various 

thicknesses (1-40 layers) grown by molecular beam epitaxy (MBE) on zinc oxide (ZnO) 

substrates. To do. First, a combination of low-frequency Raman and pump-probe 

coherent phonon spectroscopy was used to study the layer breathing mode (LBM) of 
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PtSe2 thin films to extract effective out-of-plane elastic constants, layer-dependent 

sound velocity, and lifetime of acoustic phonons. Next, we focused on clarifying the 

effect of crystallinity and size on the thermal conductivity of PtSe2 thin films supported 

across the plane, taking into account the interfacial thermal resistance of the multi-

layer sample geometry. Finally, the first principle of the Boltzmann transport equation 

(BTE) was used to study thermal conductivity, and the density general function theory 

(DFT) was used to calculate the harmonic and non-harmonic constants of the PtSe2 

thin film. We will clarify the microscopic mechanism of heat transport in PtSe2 thin film. 

 

4.2 Material growth, structural characterization, and 
phonon dynamics 
 

Two PtSe2 wedges were grown under ultrahigh vacuum (base pressure in the low 10–

10 mbar range) in an MBE chamber equipped with a cryo-panel and a reflection high 

energy electron diffraction (RHEED) setup. Each PtSe2 monolayer consisted of three 

atomic sublayers, in which Pt atoms were sandwiched between Se atoms. For the 

crystalline PtSe2 wedge, four monolayers of PtSe2 were deposited by co-evaporating 

Pt and Se on the ZnO (0001) substrate kept at 450 °C. The resulting RHEED patterns 

were anisotropic with a 7° of mosaicity, demonstrating the good-crystalline character 

of the film, and the epitaxy relationship was found to be ZnO (0001)[100]/PtSe2 (111) 

[100]. For the polycrystalline PtSe2 wedge, a 2.4-Å-thick Pt film was first deposited by 

magnetron sputtering at room temperature and selenized it in the MBE chamber by 

deposition of Se at room temperature and subsequent annealing at 750 °C under Se 

flux. The magnetron sputtering reactor and the MBE chamber were connected under 

ultrahigh vacuum and PtSe2 films were fully grown in situ. the equivalent PtSe2 

thickness was two monolayers (2 ML) after selenization. Two more PtSe2 films were 

finally deposited by co-evaporating Pt and Se at 450 °C to obtain a 4 ML thick 

polycrystalline film. In a second step, the sample was covered with a motorized 

mechanical mask except for a thin 1.5-mm-large band at the edge to deposit 14 ML of 

PtSe2 by co-evaporating Pt and Se at 450 °C. The mask was then retracted at a 

constant speed and stopped at 1mm from the edge to evaporate the 0–22 ML PtSe2 

wedge by co-evaporation at the same temperature. The films retained their respective 

crystalline and polycrystalline character at the end of the growth by checking RHEED. 
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Both samples were annealed at 750 °C for 10 min under Se flux after the growth to 

improve their crystalline quality. To avoid the film degradation during air transfer, a 

~10-nm-thick amorphous Se layer was deposited on the sample at room temperature. 

The crystalline, acoustic, and morphological characterizations of the samples were 

studied by Raman spectroscopy, high-resolution scanning transmission electron 

microscopy (HR-STEM) measurements. The in-plane lattice constants were found to 

be a=b ≈ 0.37 nm and c ≈ 0.52 nm. Additionally, DFT calculations gave a=0.377 nm 

and c=0.486 nm. with a being in excellent agreement with our measurements. 

Raman spectra of crystalline- and polycrystalline PtSe2 films of different thicknesses 

was characterized. The high-frequency modes (170 – 210 cm−1) originated from in-

plane and out-of-plane vibrations of Se atoms corresponding to Eg (~180 cm−1) and 

A1g (~205 cm−1) modes, respectively. In addition, a weak interlayer longitudinal optical 

(LO) mode could also be observed at ~235 cm−1. Specifically, the vibrations detected 

here were related to the out of-plane displacements of the PtSe2 layers known as layer 

breathing modes (LBM). The position of the LBM shifted to lower frequencies as the 

number of layers increased. For our system, we found C33 = 31.8 ± 0.95 GPa. 

Furthermore, the phonon dynamics of the crystalline PtSe2 samples were measured 

by pump-probe coherent phonon spectroscopy using the asynchronous optical 

sampling method (ASOPS). The decay time of LBM was measured as a function of 

the number of layers and the calculated phonon decay due to boundary scattering 

contribution. Apart from the good agreement between the theory and the experimental 

data, we observed that the phonon lifetime was not affected by the group velocity 

(thickness-dependent or constant).  

 

4.3 Thermal conductivity and interfacial heat 
transport measurements 
 

Frequency domain thermo-reflectance (FDTR), a well-established optical pump-probe 

technique, capable of measuring heat transport in and across interfaces in PtSe2 thin 

films. In our study, a customised set up using a reflected probe beam with a 

wavelength of 532 nm was aligned coaxially with the pump beam and focused with the 

pump spot to monitor the periodic fluctuations in reflectivity at the sample surface 

caused by the oscillating sample temperature. All the samples after the MBE growth 
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were coated with a 100 nm thick Au layer, which was chosen to maximize the 

coefficient of thermo-reflectance at the probe wavelength (∼2.36 × 10−4 K−1). A lock-

in amplifier (Zurich Instruments HF2LI) was used to record the amplitude and phase 

response of the reflected probe beam to the thermal wave, and the phase lag between 

the pump and probe beam as the observable quantity. More details on the 

experimental setup can be found in the following paper. 

The cross-plane thermal conductivity (kz) of the PtSe2 thin films was subsequently 

extracted by following a multilayer three-dimensional (3D) heat diffusion model that 

includes the interface thermal conductance between the different layers and 

anisotropic heat transport.74 For each experiment, we first quantified the sensitivity of 

the recorded phase signal to different parameters: kz, the volumetric heat capacity (C), 

the thermal conductivity anisotropy ratio (kr/kz); and the different interface thermal 

conductance, in a similar manner to that of Schmidt et al.74 A high-magnification 50× 

objective lens was used to produce a focused root mean square (rms) laser spot size 

(1/e2 radius) of approximately ~1.5 μm. To reduce the uncertainties associated with 

variations in the laser spot size between measurements on different films, the spot 

size was measured for each different experiment using the knife’s edge method. All 

the room temperature measurements were performed under both ambient and 

vacuum conditions. 

Before the thermal measurements on thin PtSe2 films, we performed FDTR 

measurements on a bulk PtSe2 crystal coated with 100 nm of Au in order to extract 

the anisotropy ratio of the thermal conductivities. The thermal conductivity of the 

deposited Au film was first measured using electrical conductivity. The volumetric 

specific heat of Au and PtSe2 were taken from the literature.65,75 This left us with three 

unknowns: the kz and kr of the bulk PtSe2 crystal and the Au-PtSe2 interface thermal 

conductance (GAu-bulk). The anisotropic ratio between kr and kz was extracted 

directly from the model fit of the experimental data in the low-frequency range (20 

kHz–1 MHz) using a nonlinear least-squares routine. The observed anisotropy ratio of 

thermal conductivity in PtSe2 was about 9 with kz = 4.6 ± 0.7 W/mK and kr = 41.4 W/mK, 

which is similar to the anisotropic ratios of SnSe2,21,37 InSe,76 and armchair black 

phosphorous.77 Our first principles BTE calculations gave kz = 2.84 Wm−1 K−1 and kr = 

39.0 Wm−1 K−1, kr was in agreement with the measurement.  

We performed FDTR measurements in large-area crystalline and polycrystalline PtSe2 

films of different thicknesses (1–40 ML) on ZnO substrate for studying the impact of 
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crystallinity and film thickness on the kz of PtSe2 thin films. The thickness of Au and 

PtSe2 films in the wedge sample stacks consist of Au/PtSe2/ZnO were measured by 

AFM and low-frequency Raman spectroscopy, respectively. The heat capacities of Au, 

ZnO, and PtSe2 were taken from the literature.65,75,78 Thus, the remaining unknown 

parameters were the kz value of the PtSe2 films, G1(interface thermal conductance 

between Au and PtSe2), and G2 (interface thermal conductance between PtSe2 and 

ZnO). kz was estimated by fitting to experimental data in a low-frequency range (20 

kHz-1 MHz), and G1 and G2 were estimated by fitting the data in a high-frequency 

range (1 – 20 MHz). 

Note that in FDTR measurements of thin films, the diameter of the laser spot compared 

is usually large than the thermal diffusion length during the modulation of the pump 

beam. Thus, the heat flow is expected to be mainly one-dimensional in the cross-plane 

direction.79 We used the anisotropy ratio extracted from the bulk PtSe2 experiments.  

We extracted kz value of crystalline and polycrystalline films as a function of thickness, 

which linear increase with the increasing thickness starting from 2.4 nm (4 ML) up to 

10 and 24 nm, respectively. In polycrystalline films with thicknesses t > 12 nm, kz 

showed a plateau, and a maximum kz reduction of ~35% was observed compared to 

the crystalline samples. The kz for bulk PtSe2 and thickness dependent values were 

obtained from first principles DFT-BTE calculations. We also performed Raman 

thermometry measurements in a few layers of crystalline PtSe2 films (2, 3, and 4 layers 

of PtSe2), where we found kz values in good agreement with the FDTR results. Next, 

the room temperature phonon MFP in the cross-plane direction of PtSe2 was 

estimated through the data from the FDTR and ASOPS measurement. The Λz was 

about ∼5 nm for a ten layers film. But the phonons with Λz > 24 nm in crystalline PtSe2 

films substantially contribute to the thermal conductivity while in polycrystalline films 

grain boundary scattering reduces this value to ~12 nm. This is in close agreement 

with the DFT calculations.  

More details are discussed in the following paper Article 2. 

 

4.4 Conclusion 
 

In summary, characterization techniques with a combination of FDTR, low-frequency 

Raman, and pump-probe coherent phonon spectroscopies, and state-of-the-heat DFT 
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calculations, were used to study the dynamic properties and heat transport of phonons 

in MBE-growth crystals and polycrystalline PtSe2 thin films of various thicknesses (1-

40 mL). Our work has shown the ability to quantify the effects of thickness and 

crystallinity on interplane heat transfer of PtSe2 thin films. Our results show that the 

thermal conductivity was reduced by almost 35% with polycrystalline films thicker than 

12 nm compared with crystals of the same thickness. Furthermore, from the phonon 

dynamics study of crystalline PtSe2, the out-of-plane elastic constant C33 = 31.8 GPa 

and the layer-dependent group velocities in the range of 1340 ms-1 for 2-layer to 1873 

ms-1 in 8 layers PtSe2 were extracted. Finally, we showed that the lifetime of acoustic 

phonons in PtSe2 thin films, which are the main thermal carriers of heat in 

semiconductors, was as short as picoseconds. Our results provide new insights into 

the heat transport and phonon dynamics of nanoscale layered materials for future 

design of 2D-based devices for energy harvesting and effective heat dissipation of 

thermoelectric and optoelectronic devices.  
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5. Manipulating thermal conductivity of 
layered MoS2 
 

5.1 Introduction 
 

Overheating is one of the main reasons for device failure in modern electronics. 

Managing this excess heat is a challenge and a significant recent research efforts to 

have been dedicated to control and manipulate heat transport on the nanoscale 80–84. 

A viable solution to the issue of thermal engineering and waste heat conversion could 

be 2D materials. Materials with very high thermal conductivities (κ) such as graphene 

(2000 W/mK)85,86 and hBN (700-450 W/mK)87,88 already find commercial applications 

in heat spreading. Materials with lower κ, such as semiconducting transition metal 

dichalcogenides (TMDs) (25 W/mK - 100 W/mK, for single layer and bulk, 

respectively89–93) have potential for applications in thermoelectric generation94, 

thermal rectification95 or heat routing, ie blocking or guiding the heat through a 

precisely defined path96,97.  Heat routing could have significant implications for 2D 

material-based electronics, nanoelectromechanical systems, and sensors by enabling 

the accurately dissipating of heat from hotspots without damaging the underlying 

structures. However, such devices have not yet been proven using layered materials.  

Therefore, with the advent of layered material-based electronics, an understanding of 

their thermal properties is important to enable the efficient dissipation of excess heat 

from electronic components. Fourier’s law of heat conduction is valid in layered 

materials for describing heat diffusion, which provide theoretical guidelines for layered 

materials-based applications.59,94,98 The previous sections showed that the thermal 

conductivity of layered materials can be affected by their own factors, such as type of 

material, thickness, surface roughness, point defects, vacancies, and grain 

boundaries, etc.33,99 Additionally, thermal conductivity of materials can be manipulated 

by changing substrates and annealing. Nanopatterning with periodic holey structures 

have also been utilized as able to change the thermal conductivity of layered materials 

because holey structures can give rise to new acoustic dispersions and band 

structures due to the periodic Bragg scattering as well as localized Mie scattering from 
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the individuals.100 These standard nanopatterning techniques, including 

nanolithography and FIB, have been shown to work efficiently for other materials, such 

as silicon, as a consequence of a reduction of the acoustic phonon mean free paths 

(MFPs)32,101–103. In the case of MoS2, existing theoretical work points to rather short 

phonon MFPs,  on the order of 5–20 nm89,92,104. Still, a recent theoretical study 

indicated that even nanostructures with a periodicity of about 400 nm could already 

significantly reduce the in-plane κ for monolayer MoS2105. Still, no systematic 

experimental studies of nanopatterning effects on κ in MoS2 have been reported.  

Here we first studied the annealing effected on the thermal conductivity of MoS2 

nanosheets-based membranes, where their thermal conductivities were increasing 

with the increased annealing temperature. The next we proposed a structure based 

on free-standing, few-layer, nanopatterned MoS2 for thermal routing applications. That 

is, blocks and conducts heat from a hotspot through a predefined path in the in-plane 

direction.  We started by using an EBL and ICP to fabricate a holey area on a large-

area free-standing polycrystalline MoS2 membrane. Because of the unsolved issue of 

polymer attached on the surface of 2D materials and the resulting problem of 

measuring thermal conductivity of MoS2 membranes nanopatterned by EBL, we only 

studied the effects of FIB-based nanopatterning on the thermal conductivity of MoS2 

nanosheets-based membranes. Selective patterning of specific areas makes a big 

difference in thermal conductivity within the same material. Therefore, the patterned 

area acts as a high thermal resistance. We obtain a thermal resistance of 4·10 -6 

m2K/W with only four patterned lattice periods of 300 nm, highlighting the significant 

potential of MoS2 in thermal management applications.  

We arrive at these designs via a thorough study of the in-plane thermal conductivity 

as a function of thickness, temperature, and porosity in both pristine and 

nanopatterned MoS2 membranes. 2LRT was used to measure the thermal conductivity 

of a series of free-standing MoS2 flakes with diameters more than 20 µm and 

thicknesses from 5 to 40 nm, resulting in values from 30 to 85 W/mK, respectively. 

After nanostructuring a square lattice of holes with a diameter of about 100-nm with a 

FIB, the thermal conductivity decreased by more than 90% in the 500 nm cycle, and 

a value of less than 1 W/mK was obtained in the 300 nm cycle. The results were 

supported by EMD for both pristine and nanopatterned MoS2. 
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5.2 Improving thermal conductivity of layered MoS2 
by annealing 

 

Because the method of synthesizing large amounts of MoS2 nanosheets is much 

easier and cheaper than synthesizing MoS2 monolayers. MoS2 nanosheets have been 

used for the fabrication of optoelectronic,106 and transistors,59,98,107 and thermoelectric 

devices.64,71,108 In order to study the temperature effects on the thermal conductivity of 

layered MoS2 nanosheets-based membranes, in this chapter, we studied the 

annealing method which used to increase thermal conductivity of MoS2 nanosheets 

based membrane by increasing the interface quality among the MoS2 nanosheets. 

The aim of the study was to solve the disadvantage of MoS2 nanosheets based 

membrane which has a super low thermal conductivity of ~0.1 W/mK. Herein, we 

studied the thermal conductivity of MoS2 nanosheets-based membrane affected by 

annealing in furnaces in the argon environment. The experimental data showed that 

membranes made from the solution exfoliated MoS2 nanosheets and annealed at 

varies temperatures had different thermal conductivities. 

There are two main methods used to synthesize MoS2 nanosheets:  lithium-interaction 

assisted solution exfoliation and ultrasonication exfoliation. In comparison with lithium-

interaction, the ultrasonication solution exfoliation method can produce pure MoS2 

nanosheets without additional reagent, especially lithium which can probably increase 

electrical and thermal conductivity of the materials. Additionally the ultrasonication 

solution exfoliation method is an environmental friendly.109 Accordingly, in this study 

MoS2 nanosheets were synthesized using the ultrasonication solution exfoliation 

method as mentioned in Chapter 2. The samples were fabricated by dropping and 

drying the MoS2 nanosheets solution on the free-standing 50nm thick and 1mm*1mm 

area SiNx membranes, and then annealed at 298 K, 473 K, 573 K, 673 K, and 773 K 

in the LPCVD system with the gas flow of 200scmm Argon, respectively. The argon 

gas environment can protect the structure of MoS2 nanosheets in high temperatures, 

as it prevents reaction with oxygen or water molecules. The maximum temperature 

was set as 773 K, because according to previous experience of synthesizing MoS2 by 

a CVD system, MoS2 starts to sublimate when the surrounding temperature is higher 

than 773 K. 
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The two-laser Raman thermometry system was used to measure the kr of these 

samples. Their original thermal conductivity was measured in a vacuum environment. 

Based on the analysis of the results of humidity sensors detailed in in Chapter 6, water 

molecules in ambient environment can attach on the surface of MoS2 nanosheets to 

build water ions channels that can result in the changes to electrical conductivity. We 

proposed that ambient humidity could also affect thermal conductivity of MoS2 

nanosheets-based membranes. Consequently, we also measured thermal 

conductivity of these samples at atmospheric pressure with the relative humidity ~40% 

(RH-40%) and nitrogen environment, respectively. 

Line scanning measurements were made using 2LRT to plot the temperature 

distribution on the samples. In this work, the excitation power of the green laser applied 

was about 30 µW. In order to get a clear temperature distribution curve, the blue laser 

energy was increased to 250 µW, 500 µW, and 500 µW for these samples measured 

in vacuum, RH-40%, and nitrogen, respectively. Where the A1g peak position of the 

Raman spectra of the MoS2 nanosheets on the heating point was shifted about 1.5 - 

2 cm-1. The incident heating power applied on these samples in vacuum was much 

lower than the energy applied in atmospheric pressure, because the surrounding gas 

molecules at room temperature can absorb a lot of energy from the high temperature 

area. The precise energy of the blue laser absorbed by the samples was measured 

used four photodetectors, include the incident laser power, the transmitted laser power, 

the reflected laser power, and the transmitted reflected laser power. After measuring 

the original thermal conductivity, the samples were annealed at 473 K, 573 K, and 673 

K, and then scanned again using 2LRT from -100 µm to 100 µm with a step of 2 µm. 

The sample annealed at 773 K was scanned in the same process from -150 µm to 150 

µm with a step of 5 µm. Temperature coefficient is an important parameter for 

calculating the temperature distribution of the line scanning curves according to the 

Raman shift. In this study, we measured the temperature coefficient of these samples 

in a nitrogen environment only using the green laser with a low energy of ~30 µW 

without heating up the samples. The temperature of substrates was controlled by 

increasing by current heating or cooling by the flowing of liquid nitrogen, while this can 

also be easily done at atmospheric pressure, but in a vacuum, it is more difficult due 

to the poor connection between the sample and substrate. The Raman shifts of the 

MoS2 nanosheets based membranes were recorded as the temperature of the 
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substrates increased from 113 K to 353 K with a step of 40 K. The temperature was 

maintained for 20 minutes to ensure that all of the MoS2 membranes reached the 

temperature setting point.  

The curves of two Raman peaks E12g (~ 380 cm-1) and A1g (~ 407 cm-1) as a function 

of the temperature were plotted for the calculation of the temperature coefficient for 

the samples. The data showed that the temperature coefficients of E12g and A1g were 

~-0.010 and ~-0.008 ± 0.001 K/cm-1, respectively, and these parameters did not 

change with the annealing temperatures and were applied on the MoS2 nanosheets-

based membranes. We can therefore postulate that the structure of our samples was 

not changed in the annealing process, as evidenced by our results which showed that 

annealing the MoS2 nanosheets-membranes from 473 K – 773 K only enhanced the 

interface quality of the MoS2 nanosheets without changing their structures. According 

to the calculation process of the 2LRT discussed above, the calculation of thermal 

conductivity is based on the thickness of the MoS2 nanosheets based membranes, 

and the slope of the temperature distribution in logarithmic scale of the measurement. 

Therefore, we calculated and plotted the curves of the temperature distribution as a 

function with the logarithmic scanning position. As shown in Figure 8, we measured 

the thermal conductivity of these samples in RH-40%, in nitrogen in atmospheric 

pressure, and in vacuum. The thickness of MoS2 nanosheets on the supported area 

of the samples along a scratch were first measured using scanning thermal 

microscopy (SThM). However, because the thickness of the supported area on the 

boundary of the samples was probably not the same as the thickness of the suspended 

area in the center area of the samples, the calculated thermal conductivity had a 

relatively large error bar. Herein, we used a FIB system to cut lines in the center area 

of the membranes for measuring their thickness with more accurately. The pristine 

MoS2 nanosheets-based membrane had a similar thermal conductivity of 0.1 W/mK to 

the sample annealed at 473K. Herein, we only compared the thermal conductivity of 

samples fabricated under similar conditions. The results show that as the annealed 

temperature increased from 473 K to 773K, thermal conductivity of these samples 

measured in vacuum increased from 0.08 ± 0.03 W/mK to 0.2 ± 0.04 W/mK, although 

the increase in thermal conductivity in RH-40% and nitrogen environment was not 

obviously. 
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Fig. 8. Thermal conductivity of the MoS2 nanosheets-based membranes annealing at 473 
K, 573 K, 673 K, and 773 K and measured in vacuum, RH-40%, and nitrogen, respectively. 
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5.3 Heat routing in nanopatterned MoS2 
 

In this work we have designed, fabricated and tested two heat routing structures: a 

thermal insulating ring which confines heat in a delimited area, and a heat guiding Z-

shape channel which confines heat and conducts it away from a source. The heat 

routing structures were based on free-standing, single-crystalline MoS2 membranes 

with diameter of 30 µm and thickness of 10 nm. The samples were prepared using 

mechanical exfoliation and dry transfer and FIB was employed to pattern the areas 

which delimited the heat flow. To measure the temperature distributions of the 

patterned MoS2 structures 2LRT set-up was used. The technique has been 

successfully employed for measuring thermal conductivities of free-standing 2D 

materials 33,110,111. In the thermal insulating ring, the thermal boundary conductance of 

the patterned region G = 1/R = 0.25 MW/m2K and thermal conductivity below 1 W/mK. 

We also measured the temperature distribution inside the Z-channel, decreased from 

the hotspot towards the heatsink at the membrane edges. These results demonstrated 

the efficiency of the nanopatterning of layered materials for heat management 

applications.  

These structures were based on measurements, and simulation of thermal transport 

in few-layer pristine and nanopatterned MoS2. We measured the in-plane κ of large-

area, free-standing, few-layer MoS2 membranes with thicknesses from 5 to 40 nm and 

diameters of 20 and 30 µm using 2LRT. Due to the system symmetry, in 2LRT the line 

scan Raman spectra can be collected when the probe laser linearly scans the free-

standing membrane through the center 32,33,112. Thermal conductivity of pristine MoS2 

increased from 34 ± 3 W/mK to 88 ± 5 W/mK as the thickness increased from 6 nm to 

40 nm. We observed almost linear dependence the κ as a function of thickness. A 

small minimum observed for the 6 nm thick sample can be explained as competition 

between the phonon-phonon and surface-phonon scattering113. Subsequently, 

samples with lattice periods ranging 300 to 500 nm were fabricated in these same 

membranes using a FIB, and their thermal conductivity was re-measured. In 

comparison, the patterned membranes with a = 500 nm showed a significant, 10-fold 

reduction of thermal conductivity. An additional sample with a = 300 nm showed an 

even lower thermal conductivity, below 1 W/mK which approaches the amorphous 

value91,102  
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We used MD simulations to better understand the thickness and patterning effects on 

the thermal conductivity of MoS2. The thermal conductivity was studied with the EMD 

method114 using the LAMMPS package and the REBO-LJ potential115. The increase 

in κ as a function of the MoS2 thickness obtained with the EMD simulations was in 

good agreement with the experimental results. The 4 nm thick MoS2 membranes with 

a = 500 nm showed an experimental thermal conductivity of about 3.8 ± 1 W/mK. The 

in-plane thermal conductivity calculated by EMD is 5.2 ± 2.3 W/mK, a value that was 

in agreement with the experimental values, and hence validates the aforementioned 

modelling procedure.  

Finally, for the high-temperature applications it is crucial to know the temperature 

dependence of the thermal conductivity κ(T) for both the pristine and patterned MoS2 

membranes. For the pristine membrane a 30% reduction in κ was measured as 

temperature was increased from 300 to 450 K, similar to the decrease predicted by 

the EMD. For the patterned MoS2, a reduction of about 10% was measured for the 

same temperature increase. These results confirmed that the temperature more 

strongly affects the phonon MFPs of the pristine membrane than that of the patterned 

MoS2. For the pristine MoS2, Umklapp phonon-phonon and higher order scattering are 

dominant at higher temperatures. On the contrary, for the patterned MoS2, scattering 

from the holes constitutes the majority of scattering events and thus phonon-phonon 

interactions are less significant. Even so, at 500 K the five-times difference in κ 

between the patterned and pristine MoS2 was observed, validating its potential for 

applications at high temperatures. 

More details are discussed in the following paper Article 3. 

 

5.4 Conclusion 
 
In this work, the results showed the thermal conductivity of MoS2 nanosheets based 

membrane increased by about 140% by annealing at 673K for 3 hours. The thickness 

dependent kr of layered MoS2 membrane was also demonstrated and increased from 

30 ± 3 W/mK at 4.5 nm to 88 ± 3 W/mK at 40 nm. The thermal conductivity of the 

nanopatterned area with a period 500nm was reduced by more than 90%. Thermal 

conductivity of less than 1W/mK was achieved with a period of 300 nm. The results 

were confirmed with EMD simulations of the pristine membranes and properly reduced 
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unit cells of nanostructured membranes. We demonstrated that porosity for reducing 

the same percentage thermal conductivity of layered materials could be much smaller 

than the other traditional materials such as silicon and silicon carbide. Finally, we 

designed, fabricated, and validated two heat routing structures: MoS2 thermal insulator 

and MoS2 heat conduction channel. Our findings have the potential to trigger new 

strategies for heat dissipation and passive cooling in 2D-based electronics operating 

in high temperatures and high temperature gradients environments. 
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6. MoS2- and WS2-nanosheets based 
humidity sensors 
 

6.1 Introduction 
 

Fast developments towards smart homes and cities have led to an increased demand 

for environmental monitoring of living, working and recreational spaces and is pushing 

the study of the high-performance environmental sensors. Managing optimum indoor 

humidity is a priority for every homeowner as it directly affects comfort and wellbeing, 

as well as the proper functioning of heating and air conditioning units. In electronic 

systems, especially the ones operating outdoors, humidity affects both performance 

and lifetime. In the past decades humidity sensors were mainly developed with 

materials such as metal oxides or ceramics116 due to their high mechanical and 

chemical stability and fast response to the changes of humidity. Recently, new 

humidity sensing materials including two-dimensional (2D) materials, such as 

graphene, black phosphorus, and transition metal dichalcogenides, especially MoS2 

and WS2.117–120 have been considered for sensing applications because of their 

chemically active edges, high surface-to-volume ratio, easy-fabrication methods, and 

good electrical performance.117 TMD-based humidity sensors have shown excellent 

humidity sensing properties with fast response and high responsivity,121,122 and 

substantial progress has been made on improving device flexibility and sensitivity.123–

125  

However, some humidity sensors have been shown to exhibit a decrease of 

impedance with increasing humidity (defined as the positive response)126–129 while 

other works have shown an increase of the impedance with increasing humidity 

(defined as the negative response).119,122 The positive humidity sensing mechanism is 

usually interpreted as invoking the proton hopping process (Grotthuss 

mechanism)130,131. This process describes the proton transport through the hydrogen 

bonds of water molecules or other hydrogen-bonded liquids, between nanosheets in 

the film, which results in an increase in the conductance with increasing humidity. On 

the other hand, the negative response can be explained by the electrons trapping 
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process132,133 whereby water molecules absorbed by the material can trap free 

charges, which results in a conductance decrease with increasing humidity. The 

electrical response of 2D-based moisture sensors has been reported to be ambiguous 

showing responses with opposite signs for the same material. For example, Zhao et 

al. claimed that electrons transfer from MoS2 film to the absorbed water molecule 

resulted in the negative response of the MoS2 film based humidity sensor.119 

Additionally, Mondal et al. reported that MoS2 nanosheets based humidity sensor 

showed a positive response attributed to the electron transfer from water molecule to 

MoS2 at low humidity, and proton hopping process at high humidity.129 Water 

associated protons and water trapped electrons both exist when water molecules are 

attached on the surface of materials, but so far, only limited research has been carried 

out to discuss these effects appropriately.134–137 While 2D materials have the potential 

to be applied in mass production, the reversing process can cause a certain risk and 

can be dangerous if surrounding things react with the materials, which can fully 

reverse the measurement results. Therefore, the sensing mechanisms should be 

taken into consideration to further avoid the risk of the device aging and performance 

reversal of sensing applications in the complex working environment.  

In addition, the ability to extend 2D sensing materials by using non typical layered 

materials has further expand the variety of options for ultimate control over the desired 

properties. An alternative approach to structural optimization in TMDs is to introduce 

dopants such as transition metal compounds in order to modify the electronic structure 

in an attempt to further manage humidity sensing behaviours. For example, Burman 

et al. reported an increase in humidity response of MoS2 flakes by using 

hexachloroplatinic acid (H2PtCl6), which induced Pt nanoparticles by increasing the 

number of active adsorption sites on the surface of the MoS2 flakes.138 Similarly, Wang 

et al. have reported a soft method to align the MoS2 lattice using metal chloride CuCl2 

due to the strong interactions with the hexagonal 2D lattice structure.139 
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6.2 Fast-response humidity sensors based on 
TMDs-nanosheets and metal ion composites 
 

In order to characterize the humidity sensing performance of humidity sensors based 

on TMDs materials, including MoS2- and WS2 nanosheets, MoS2 monolayer and few-

layers, we designed and fabricated a simple humidity sensor measurement system. 

Figure 9 shows the schematic and photos of the homemade first-generation humidity 

sensors measurement setup. Our humidity sensor was investigated against a 

commercial humidity sensor (HIH-5031-001) in the humidity chamber. The chamber 

had two separate inlet lines for nitrogen gas and humid air. The humidity in the 

chamber was controlled by changing the proportion of nitrogen and humid air.  The 

humidity was changed in the range of 4-80% with a period of 120s. Current response 

of all sensors was measured as a function of the RH under DC bias. The data was 

collected by a Keysight 34461A Multimeter controlled by computer with a MATLAB 

code.  

However, with the understanding of the humidity sensors and the measurement 

technique. We developed the humidity sensing measurement system with a higher 

exchange ratio between water vapor and nitrogen gas to allow a more accurate 

measurement of the fast response and recovery time of our sensors. In the newest 

system, we used two voltage sources with program-controlled output voltage to control 

the two input gas lines for the water vapor and nitrogen. The sensors and the reference 

humidity sensor were placed a smaller box (50 mm * 50 mm * 10 mm) in the main 

chamber and all cables and input gas lines were connected to our sensors and the 

reference humidity sensor through holes on the wall of the small box. Using the small 

box enabled faster and more accurate control of the humidity environment because 

controlling humidity changes in the small space inside the box was easier. All TMDs-

based humidity sensors were measured in this humidity sensing measurement system. 

In order to fabricate a higher sensitivity humidity sensor, the humidity sensing 

behaviours of MoS2- and WS2 nanosheets were characterized and the results are 

shown in figure. 10. All nanosheets-based humidity sensors showed excellent 

repeatability after working for 15 hours. Figure. 10, (A-C), (D-F), and (G-I) show the I-

V plots of humidity sensors based for WS2 nanosheets formed floating membranes, 
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WS2 nanosheets precipitate, and the composite of WS2- and MoS2 nanosheets, 

respectively.  The response and recovery times of these sensors with the other related 

parameters are listed in table 2. Metal ions can form metal nanoparticles on the surface 

of MoS2 nanosheets to enhance the quality of MoS2 nanosheets-based membranes, 

especially their electrical conductivity. Therefore, we found that MoS2 nanosheets 

which could absorb more silver nanoparticles were faster be precipitate, and this could 

be a potential method to extract MoS2 nanosheets with a small difference of particle 

sizes. Figure. 11, (A, B), and (C, D) show the humidity sensing performance of the 

MoS2@Cu and MoS2@Ag nanosheets based humidity sensors against a commercial 

humidity sensor (HIH-5031-001), respectively. To measure our devices, 1 mA current 

was applied on the sensors, and then the output voltage of the devices was detected. 

The sampling frequency was 0.8s per point. Figure. 11, (A) shows the V-T plot of the 

MoS2@Cu nanosheets-based humidity sensor, which shows the stability of its 

humidity sensing behavior in about a 140-minute measurement process. Figure. 11, 

(B) shows the individual V-T plot of Figure.11, (A), from which the response and 

recovery time of the device can be determined by counting the sampling points. Here, 

the response/recovery times of the MoS2/Cu sensor and MoS2/Ag sensor are also 

listed in Table 2.  It is noticeable that the MoS2/Ag sensor shows a better performance 

than the MoS2/Cu sensor.  
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Fig. 9. Humidity sensor measurement setup. (A) Schematic of the humidity sensor 
measurement setup, (B) photo image of the measurement setup, (C) Water vapor supply 
unit, and (D) Photo image of the humidity test chamber. 
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Fig. 10. The humidity sensitivity measurement of MoS2- and WS2 nanosheets-based 
humidity sensors against a commercial sensor. (A-C), (D-F), and (G-I) show the whole 
range, one part, and an individual v-t curve of humidity sensing measurement for a WS2 
nanosheets-based floating membrane humidity sensor, a nanosheets-based thick WS2 
humidity sensor, and a mixed MoS2 and WS2 nanosheets-based humidity sensor, 
respectively.  
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Fig. 11. The humidity sensitivity measurement of metal salts coated MoS2 nanosheets-
based humidity sensors against a commercial sensor. (A) and (B) show the entire range 
and individual v-t curves, respectively, of humidity sensing measurement for a copper-
coated MoS2 nanosheets-based humidity sensor, respectively. (C) and (D) show the entire 
range and individual v-t curves, respectively, of humidity sensing measurement for a silver-
coated MoS2 nanosheets-based humidity sensor, respectively. 

Table 2: Response and recovery time of TMDs nanosheets-based RH sensors. 
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The mechanisms of humidity sensors have been widely studied based on different 

materials, such as graphene140, graphene oxide141, and MoS2142, WS2143, and SiC 

NSs,144 and the composite of graphene oxide and MoS2.145 We surveyed the main 2D 

layered materials-based humidity sensors and analyzed their advantages and 

disadvantages. Our findings were that the water and gas molecules attached on the 

surface and interface of sensing materials could affect the resistance and capacitance 

of the sensors. The humidity sensor was monitored in a chamber by changing the 

relative humidity (abbreviated as RH), which is stated as a percentage and determined 

by the expression: 

RH% = (
𝑃𝑣

𝑃𝑠
) × 100% 

where P𝑣 and Ps are the actual partial pressure and saturated pressure of moist air at 

the same given temperature, respectively. The MoS2 nanosheets-based humidity 

sensor has some important parameters such as grain size, thickness, conductivity, 

dielectric constants, which could change the devices’ output electric properties. The 

output voltage of the humidity sensor is given by: 

V = I ∗ n ∗ Rs = I ∗ n ∗ (
ρ

𝑡
) (

𝐿

𝑊
) 

where  is the current applied on the humidity sensor, n is the number of humidity 

sensing areas, Rs is the sheets resistance of single humidity sensing area and 𝜌 is 

resistivity of the humidity sensing materials, which will be changed by the 

environmental humidity. t is the thickness of the humidity sensing materials, L and W 

is the length and width of the single humidity sensing area, which could be easily 

controlled to adjust the output voltage of the devices.  

Therefore, one way of adjusting the humidity sensing behaviors of MoS2 nanosheets 

based membrane is by changing the nanosheets size (grain size) of the MoS2 

nanosheets-based membrane. Because MoS2 nanosheets with different particle sizes 

have different absorbability of water molecular and resistivity, one of the most critical 

factors of a fast-response humidity sensor is the thickness of the humidity sensing 

materials. The sheet resistivity of a MoS2 nanosheets-based membrane is dependent 

on its thickness. Because water molecules have difficulty entering the center of the 

membrane in a short time, the response and recovery time of the humidity sensor and 
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its thickness are inversely proportional. Therefore, synthesis of a low-roughness and 

thickness-controllable membrane is emerging. In this work, we developed a new 

method to synthesize a one-layer MoS2 nanosheets-based membrane on the surface 

of water, and then lift up the floating membrane using a glass substrate. The thickness 

of the membrane could be controlled by repeating the transfer process, independent 

of the thickness of single MoS2 nanosheets. Metal nanoparticles, including silver and 

copper nanoparticles, were introduced into the MoS2 nanosheets-based membranes 

in order to adjust their conductivity and dielectric constant and optimize the humidity 

sensitivity of the devices. Due to the intervention of metal nanoparticles, the water 

absorbed ability of the composite was also modified, which also affected the response 

and recovery times of the devices.  

To compare the humidity sensing performance of the precipitate-based humidity 

sensor, the sensor was fabricated using a floating membrane and showed short 

response and recovery times because of the lower thickness and surface roughness 

of the membranes. High-quality MoS2 nanosheets-based thin membranes as humidity 

sensing materials are essential for our humidity sensors. Recently, a roll-to-roll 

deposition method has been reported to synthesis thin MoS2 nanosheets-based 

membranes.146 However, the experiment process used a lot toxic solvent, including 

ethylene glycol and n-hexane. Herein, a simple and environmentally friendly heat-

solution method was developed in our lab for synthesizing floating MoS2 nanosheets-

based membranes on ethanol solution surface by heating. The floating membrane can 

be lifted up and placed on a glass substrate with electrodes to fabricate a fast-

response humidity sensor. An interesting observation is that the MoS2 nanosheets- 

and WS2 nanosheets-based humidity sensors showed inverse humidity sensing 

mechanisms. This phenomenon is further discussed in the next part of this chapter.  

 

6.3 Reversing the humidity response of MoS2- and 
WS2-based sensors with metal coatings 
 

We report here for the first time that in MoS2 and WS2 nanosheets-based humidity 

sensors the sensing mechanism can be reversed by using transition metal salts, such 
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as CuCl2 and AgNO3. For the CuCl2 modified sensors the initial humidity response 

was positive. However, after 40minutes the response was reversed to negative and 

remained that way over several measurement cycles. This signal reversal of the 

electrical response was attributed to the formation of a continuous film on the MoS2 

and WS2 nanosheets in the humidity measurement process under a voltage drive in 

the highly repeated humid environment. In contrast, pure MoS2 and WS2 sensors 

showed a positive response throughout the whole measurement cycle.  

The most common TMDs solution-exfoliation methods include lithium-intercalation 

and high-power sonication.147 To avoid the effects of lithium or any other chemical 

compound on the humidity sensing performance, the MoS2 and WS2 micro-crystals 

were exfoliated in an alcohol solution using a high-power sonication probe. The 

morphology changes of CuCl2 and AgNO3 modified MoS2 nanosheets was studied with 

scanning transmission electron microscopy (STEM), scanning electron microscopy 

(SEM), energy-dispersive X-ray spectroscopy (EDX) and X-ray photoemission 

spectroscopy (XPS). All fabricated sensors showed excellent performance with high 

sensitivity and short response and recovery times.  

To analyse the origin of the humidity sensing mechanism reversal, the MoS2 and WS2-

based devices were monitored against a commercial relative humidity (RH) sensor 

with RH changes from 4 to 80% for over 1000 minutes. The effect of CuCl2 decoration 

on the humidity sensing response of MoS2was investigated and we studied the RH 

sensors based on pure MoS2 and on CuCl2-coated MoS2. As expected, the current 

increased from 1 nA to 600 µA with increasing Cu decoration levels. The pure MoS2 

humidity sensor showed the highest response value of R~74. The response values of 

MoS2@xCu humidity sensors decreased gradually from 10 to 0.5 with increasing 

amount of copper. The response and recovery times were defined as the times needed 

by the sensor to reach 90% of its saturation output current under increasing and 

decreasing environmental humidity. The response time of the devices was typically 

around 1 second, however, the recovery time increased from 1s, for the pure MoS2, 

to tens of seconds, for CuCl2-coated MoS2. This indicates that the detachment rate of 

water molecules from CuCl2-coated MoS2 is slower than from pure MoS2 nanosheet 

surfaces. The humidity sensing properties of the CuCl2-coated WS2 nanosheets-

based devices were also investigated. Pure WS2, WS2@100Cu and WS2@150Cu 

sensors were characterized under 0.5 V bias voltage in the testing chamber, and the 
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reversal in the humidity sensing mechanism was observed for all the CuCl2-coated 

WS2 nanosheets-based humidity sensors.  To clarify the role of CuCl2, a humidity 

sensor based on pure CuCl2 salt solution was fabricated and characterized. Its I-t 

curve was found to exhibit a positive response, which proves that the humidity sensing 

properties of pure CuCl2 do not determine the sensing characteristics of CuCl2-coated 

MoS2 or WS2 TMDs. Thus, we postulated that there is an interaction between the 

CuCl2 and MoS2/WS2 in the presence of humidity and under electrical bias which leads 

to the reversal in the humidity response. Finally, we studied the effect of Ag 

nanoparticles on the humidity sensing mechanisms of MoS2 and WS2 nanosheets. 

The MoS2@100Ag and WS2@200Ag sensors were fabricated and measured using 

the same procedure as described above and in Experimental Methods. They showed 

a negative response after stabilisation of the reversal process during the measurement. 

To summarize, the pure MoS2 and WS2 based sensors exhibited a stable positive 

response to humidity. In contrast, MoS2- and WS2 nanosheets with CuCl2 and AgNO3 

coatings-based humidity sensors exhibited a reversal in the humidity sensing 

behaviour from positive to negative.  

In order to understand the reversal in the humidity response we performed a detailed 

structural characterization of the devices before and after the measurements. SEM 

and EDX maps yielded the morphology and elemental distribution. From the preceding 

characterisation we suggested that a continuous low porosity film was formed due to 

formation of Cu(OH)xCl among both the MoS2 and WS2 nanosheets. In the as-

prepared sensors, copper chloride was presented on the nanosheets. When the 

voltage was applied in the highly repetitive humid environment, Cu2+ move slowly 

towards the negative electrode. During these cycles, the Cu atoms form the 

Cu(OH)xCl that fill the gaps in the porous layer and, in general, created a uniform 

coating on the nanosheets. The chemical state of the main elements in the 

MoS2@MCs- and WS2@MCs-based humidity sensors was determined by analysis of 

XPS spectra and showed the Cu-S bonds formed in WS2@300Cu sensing film. After 

the humidity measurement, the high intensity peak appeared as same as the 

MoS2@Cu sensing film. It also confirmed that an interface material was formed among 

the WS2 nanosheets under the voltage drive in the repeated high humidity 

environment. These results were corroborated by Raman scattering spectroscopy. 

The spectra did not show a significant change of the E12g and A1g modes of TMDS 
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before and after measurement, confirming the high stability of such materials in the 

humidity measurement.  

According to the results of the characterization, we proposed a mechanism to explain 

the inversion of the sensing mechanisms and consequently an appropriate lumped 

circuit to reproduce it. The deposition of copper chloride onto the MoS2 nanosheets 

occurs due to the coordination of copper with sulfur, which causes the precipitation of 

nanosheets from the colloidal dispersion. This ionic coating is responsible for the 

positive response in the first minutes of the measurements: when the humidity 

increases, the ions dissolve in the water channel and enhance the conductivity due to 

an extra ionic conductivity channel. This facilitates a slow cations migration to the 

negative electrode of the device. Meanwhile, the excess water leads to copper cations 

hydration and facilitates the conversion to Cu(OH)xCl, which is poorly soluble in water. 

This conversion produces a rapid decrease of ionic conductivity and results in 

formation of an insoluble dielectric coating on the MoS2 film. Furthermore, the 

decreasing porosity of the film inhibits the formation of water channels. Thus, the 

inversion from the positive to a negative mechanism reflects the evolution and 

conversion of copper from cations to hydroxychloride. In the last part of the 

measurements, when the mechanism was purely negative, water molecules attached 

on the surface of the copper coating and under an applied voltage, the charge was 

trapped in the water film mediated by the newly formed continuous film. Based on the 

sensing mechanism explained above, an equivalent circuit with two resistances 

varying with time R1(t) and R2(t) in parallel with two inductors L1 and L2 is proposed. 

Thus, this simple model works well to explain the sensing mechanism. The inversion 

from positive to negative response of the sensor was well represented by the 

domination of R1 and R2 over time. 

To further understand the reversal in the humidity sensing mechanism in our devices 

a comparison between our sensors and previously published reports was made. 

Overall, the positive MoS2 humidity sensors were mainly fabricated using overlapping 

MoS2 nanosheets. In such a loose and porous structures water molecules attaching 

to nanosheet edges and surface can form the proton transport channels between the 

overlapping nanosheets, according to the Grotthuss mechanism.131,148 Due to the high 

contact resistance between the nanosheets, the proton transport channels dominate 

the conductance in the structure. The proton transport channels conductance can be 
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affected by the water content and thus results in a decrease of the film impedance with 

increasing humidity. On the contrary, the negative MoS2-based humidity sensors were 

fabricated by various methods, using CVD growth, sulfurization, annealing, and the 

mechanical exfoliation.119,122,124,149,150 Sensor-based on the polycrystalline films were 

mainly prepared by the CVD growth, sulfurization and annealing methods at high 

temperature (300-1000 °C). After annealing, a continuous film was formed by the 

improvement of the adhesion and contact quality among their grains or nanosheets. 

The mechanical exfoliated single crystals original has good material quality. Compared 

to the positive MoS2 humidity sensors, the key difference is that the negative humidity 

sensors were fabricated using continuous films, either single- or polycrystalline. These 

films have an insignificant concentration of structural gaps or active edges, unlike the 

MoS2 nanosheets-based film. In such a case, the possibility of water forming proton 

transport channels in the film becomes limited. The electrons present in the continuous 

film were trapped by water molecules attached to the surface of the nanomaterial 

especially in the high humidity environment and this results in a negative humidity 

sensing behaviour, with the impedance increasing with increasing humidity.98,151 

Similarly, some representative WS2 nanosheets-based positive humidity sensors, 

mainly fabricated using solution-exfoliation, tungsten sulfurization and hot-wire 

chemical vapour deposited WS2 nanoparticles were also discussed here. We suggest 

that the negative humidity mechanism can be explained in the same way as for the 

negative MoS2 humidity sensors. 

More details are discussed in the following paper Article 4. 

 

6.4 Conclusion 
 

In conclusion, we fabricated a humidity sensor measurement system. Pure MoS2 

Nanosheets, MoS2@Ag Nanosheets, MoS2@Cu Nanosheets, and pure WS2 

Nanosheets based humidity sensors were characterized and showed better humidity 

sensitivity performance than the usual commercial humidity sensors, and most of our 

sensors showed a low humidity response and recovery time of few seconds. MoS2- 

and WS2 nanosheets have proved the possibility to fabricate fast response humidity 

sensors with long-term work stability. Up to now, our best humidity sensor has been 
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the MoS2@Ag nanosheets-based humidity sensor with a short response and recovery 

time of ~5.6 s and ~1.6 s, respectively when humidity of the chamber changes rapidly 

in the humidity range of 5% to 75%, and the sampling frequency of output voltage of 

the equipment is about 1.25 Hz (0.8 s). While this is not fast enough, it can reach the 

requirement for the first-step humidity measurement of our first-generation humidity 

sensor. The inversed WS2- and MoS2 nanosheets-based sensors were also 

considered to fabricate a Winston bridge for high robust humidity sensors. 

A simple method for synthesizing CuCl2 and AgNO3 modified MoS2 and WS2 

nanosheets was presented. These nanosheets were used in the manufacture of high-

performance RH sensors. The sensor is easy to manufacture, has high sensitivity and 

long-term stability, and is suitable for applications in a wide range of environments. A 

simple and effective way to adjust the electrical conductivity of the sensor by 

controlling the amount of metal salts, especially CuCl2, has also been proposed. This 

work is the first observation to show the reversal of the moisture response from a TMD-

based device. The pristine TMD-based sensor showed a positive moisture response, 

while the MoS2@MC and WS2@MC-based films showed that the moisture detection 

mechanism reverses from positive to negative in the first few minutes of measurement. 

From the analysis of morphology, composition, and real-time I-t curves, this inversion 

process can be explained by the formation of a continuous membrane under driving 

voltage in long-term moisture detection measurements. This study shows that metal 

salts help improve the adhesion of loose MoS2 and WS2 nanosheets, resulting in a 

continuous film with low porosity. The reversal of positive to negative behavior of a 

humidity sensor can be explained in the context of the sensor's "hydrogen bond 

network" to "charge acceptor" drive driven by changes in film morphology. This 

mechanism is supported by simulating sensor activity with a lumped circuit-based 

model. This work helps to better understand the moisture detection behavior of TMD-

based applications, and its morphology and metal decoration are important for 

producing high performance sensors with controllable and reliable moisture detection 

mechanisms and gives a new perspective on aging and performance reversal of 

nanosheet-based devices in complex working environments.   
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7. Conclusions and perspectives 
 

Here we summarise the main results of this thesis and the possible future work to 

further understand and manage the heat transport in the layered materials.  

 

Since good thermal management is required to maintain the specific functions of their 

prospective electronic devices based on layered materials in order to avoid 

overheating. In this thesis, we have identified layered materials for thermal 

management and humidity sensing applications. In order to better understand the 

related properties of layered materials and obtain the high-quality samples, we studied 

the materials starting from the synthesis process. As shown in the Chapter 2, the 

layered materials studied in this thesis were prepared and measured in our laboratory, 

except the PtSe2 layered polycrystalline film which was grown by a molecular beam 

epitaxy in the group of Dr. Jamet Matthieu. Monolayers and few-layers MoS2 and WS2 

were synthesized by chemical vapor deposition. Both SnSe2 and MoS2 multilayers 

suspended membranes were prepared by a combination of mechanical exfoliation and 

dry-transfer method. MoS2 and WS2 layered nanosheets were synthesized by solution 

exfoliation method. In-plane and cross-plane thermal conductivities of these materials 

were obtained using contactless laser Raman thermometry and frequency-domain 

thermoreflectance, respectively. In this thesis, two main research stands were followed 

in the quest to enhance the thermal management of layered materials.  

First, we investigated the thermal conductivity of novel and rarely studied layered 

materials (SnSe2 and PtSe2) that vary due to their structural factors, such as thickness 

and crystallinity, and environmental factors, such as temperature, pressure, and 

surrounding gases including N2 and H2O (humidity). In Chapter 3, we demonstrated 

that the kr and kz of the layered SnSe2 increased with increasing thickness, with an 

anisotropic ratio of about 8.4. The strong temperature dependence of the thermal 

conductivity became gradually weaker with decreasing thickness due to the dominant 

role of phonon boundary scattering. The MFP reconstruction method showed that the 

main heat-carrying phonons that contribute to kr and kz have mean free paths of 

several tens of nanometers. In Chapter 4, we studied phonon dynamic properties and 

heat transport in MBE-grown crystalline and polycrystalline PtSe2 thin film with a 
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thickness varying from 1 to 40 layers. The methods were FDTR, low-frequency Raman 

scattering, pump-probe coherent phonon spectroscopy, and state-of-the-art DFT 

calculations. The kz of polycrystalline PtSe2 with a thickness above 12 nm was almost 

35% lower compared to the same thickness crystalline films. The phonon dynamic 

study of the crystalline PtSe2, showed an out-of-plane elastic constant C33 = 31.8 GPa 

and a layer-dependent group velocity ranging from 1340 ms-1 in the bilayer to 1873 

ms-1 in an eight-layers sample. The acoustic phonons in PtSe2 had extraordinarily 

short lifetimes on the order of picoseconds. Additionally, in Chapter 5, we found that 

the MoS2 nanosheets-based membrane with a low crystallinity shows a low thermal 

conductivity of 0.08 ± 0.03 W/mK in vacuum and increased to 0.55 ± 0.03 W/mK in 

ambient conditions. The kind of the surrounding gases (N2, O2, H2O, etc.) effects on 

thermal conductivity of the membrane was not obvious, which should be further 

studied. We also demonstrated thatthickness going from 4.5 to 40 nm, result in an 

increase of the kr of layered MoS2 membranes from 30 ± 3 W/mK to 88 ± 3 W/mK. 

Second, we actively intervened in the thermal conductivity of the layered materials for 

better utilizing of these materials in devices, the external techniques including 

annealing and nanopatterning were explored to control the thermal conductivity of 

MoS2. Therefore, In Chapter 5, we found that the thermal conductivity of the MoS2 

nanosheets-based film and layered MoS2 supporting membrane changed by 

annealing and nanopatterning, respectively. We demonstrated that kr of the MoS2 

nanosheets-based film increased by about 140% after annealing at 673K for 3 hours. 

The thickness-dependent kr of layered MoS2 membrane was determined and shown 

to increase from 30 ± 3 W/mK at 4.5 nm to 88 ± 3 W/mK at 40 nm. The thermal 

conductivity of these samples was dropped by about 90% after nanopatterning with a 

500 nm periodic hole array, and by 99% after nanopatterning with a period of 300 nm 

periodic hole array. We demonstrated that the level of porosity to reduce the same 

percentage thermal conductivity of layered materials could be much smaller than the 

porosity needed in other materials such as silicon and silicon carbide, which showed 

that layered materials are more sensitive to the nanopatterned structures than silicon 

and silicon carbide. This approach was applied to fabricate thermal insulation and heat 

guiding. 

Finally, in Chapter 6, MoS2- and WS2-nanosheets-based humidity sensors were 

fabricated to study the humidity response of the layered materials. We found that 
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transition-metal salts including CuCl2 and AgNO3 can easily modify the surface of 

MoS2 and WS2 nanosheets, which can be further extended as a technique to modify 

the thermal conductivity of layered materials. The electrical conductance was adjusted 

by controlling the amount of metal salts for possible commercial applications. We 

demonstrated the reversal in the humidity response of TMD nanosheets-based 

devices. The inversion was explained in the context of the change from a ¨hydrogen 

bond network¨ to ¨charge acceptors¨ in the sensors driven by the change in the film 

morphology. The new mechanism was verified by a lumped circuit-based model. This 

work revealed the humidity effects on the properties of layered materials and proved 

that morphology and metal decoration are crucial for the fabrication of high-

performance sensors. The work gives a new perspective on the aging and 

performance reversal of nanosheet-based devices in complex working environments. 

 

In this thesis, we show the importance of thermal conductivity measurement of 

materials, and our data can be used to compare data measured by different 

techniques to guide the related simulation work. Many opportunities may arise from 

the results of this thesis. The thermal properties of the layered materials studied, 

exhibited a huge change when their thickness decreased to a few nanometers and the 

capability of fabricating a large area of suspended crystalline film may encourage the 

investigation of heat transport in other layered materials, especially monolayers and a 

few-layers structures where the phonon scattering mechanisms are quite different 

from bulk structures. Furthermore, fabrication of large-area (radius > 10 µm) of the 

suspended bilayer heterostructure or twisted bilayer membranes using layered 

materials would allow us to explore thermal transport at the materials’ interface and 

the misfit angle-dependent thermal conductivity. Our experimental data showed that 

layered materials are more sensitive to nanopatterning than thin films and membranes 

of silicon and silicon carbide. these investigations could pave the way to establish a 

consistent theory of thermal transport in nanopatterned layered structures using EMD 

and other simulation methods. 

In addition, layered materials patterned by nanofabrication methods could be used to 

explore thermal transport-related applications, in areas such as heat guiding, thermal 

insulation, and thermoelectricity. For example, the large anisotropic thermal 
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conductivity of layered materials and the ability to reduce thermal conductivity by 

nanopatterning with small porosity without impacting electrical conductivity, opens the 

possibility of using some high Seebeck coefficient layered materials to fabricate high-

performance thermoelectric devices. Finally, transition metal salts show the ability to 

modify the surface of layered materials through stable chemical bonds, which could 

be further investigated to understand better how metal layers effect on the phonon 

propagation in layered materials. 
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