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RÉSUMÉ 

Les matériaux 2D tels que les monocouches de dichalcogénures de métaux de 
transition (TMDs) ont attiré beaucoup d'attention en raison de leurs propriétés 
électroniques uniques et de leurs utilisations potentielles dans diverses applications en 
optique et en optoélectronique. Ces dichalcogénures représentent une alternative aux 
autres types de matériaux 2D tels que le graphène. 

Les monocouches de dichalcogénures de métaux de transition adoptent une structure 
simple de formulation MX2 (M = Mo, W, X = S, Se). Ces matériaux MX2 sont tous des 
composés lamellaires et composés de feuillets bidimensionnels similaires à celle du 
graphite. Chaque feuillet est composé des cations métalliques M insérés entre deux 
plans d' anions X. Les liaisons M-X sont de nature covalente, tandis que les liaisons 
entre feuillets sont de types Van der Waals. 

Dans le présent projet, le dépôt chimique en phase vapeur (CVD) a été utilisé pour 
synthétiser le disulfure de molybdène (MoS2) à différentes températures. La qualité du 
MoSz obtenue à diverses conditions de croissance a été systématiquement étudiée. 
Dans ce sens, des méthodes de caractérisation de surfaces telles que la spectroscopie et 
la cartographie Raman, la microscopie électronique à balayage (MEB), l' imagerie 
optique, la microscopie à force atomique (AFM) et la spectrométrie photo-électronique 
de rayon X ont été utilisées . 

Ce travail de recherche présente une méthode simple et efficace pour réaliser la 
croissance des matériaux 2D tels que le MoS2 sur un substrat solide (Si Oz/Si). Le MoS2 
possède une largeur de bande appréciable en tant que couches actives pour des 
applications reliées à 1' électronique logique et 1 'optoélectronique. Ce type de matériau 
peut également être une composante active pour diverses applications liées à la 
production de l'énergie propre comme l' hydrogène. 

Mots-clés: Croissance de MoS2, Déposition Chimique en Phase Vapeur, Métal de 
Transition Dichalcogénures, Transistor à Effet de Champs 

-----------



ABSTRACT 

Two-dimensional (2D) materials such as Transitional Metal Dichalcogenides (TMDS) 
have attracted much attention due to their unique properties and great potential in 
various applications for next generation in electronics and optoelectronics deviees 
relying on ultimate atomic thicknesses. Transition metal dichalcogenides represent an 
alternative group of2D layered materials that differ from the semimetallic character of 
graphene. Few-layered TMDs, in a common form of MX2 (M = Mo, W; X= S, Se), 
exhibit numerous fascinating properties associated with their reduced thickness. 

In the present project, we are using the Chemical Vapor Deposition (CVD) technique 
to syntheses MoS2 layers at different growth temperatures. The quality of the 
synthesized MoS2 was systematically investigated with various growth conditions. A 
detailed analysis of the CVD grown MoS2 layers was performed, including Raman 
spectroscopy, Raman mapping, scanning electron microscopy (SEM), optical imaging, 
atomic force rnicroscopy (AFM), and X-ray photoemission spectroscopy (XPS). 

In this study, we are demonstrating a simple and effective method to synthesize MoS2 
on the solid substrate (Si02/Si). The MoS2 material is a sizable band gap which is 
suitable as active layers in logic electronics and optoelectronics and as constituents in 
a variety of energy-related applications like hydrogen evolution reaction (HER). 

Key word : Growth of MoS2, Chemical Yapor Deposition, Transitional Metal 
Dichalcogenides, Field-Effect Transistors. 



MISE EN CONTEXTE 

Ce projet est consacré à la croissance et l' évaluation du potentiel des monocouches du 

disulfure de molybdène (MoS2) en tant qu 'un semi-matériau de type N. Ce semi­

conducteur d' épaisseur nanométrique est stable chimiquement, robuste 

mécaniquement, et possède une bande directe de 1.9 eV. 

La première partie de ce projet été consacré au dépôt chimique en phase vapeur (CVD) 

des monocouches du molybdène disulfure. Plusieurs paramètres tels que la température 

de four, le temps de croissance, Je débit de gaz porteur et le nombre de fours utilisés 

ont été étudiés afin de trouver des conditions optimales de croissance de ce matériau. 

L' utilisation d ' une nouvelle stratégie à deux fours pour la croissance de MoS2 a permis 

l' obtention du MoS2 de grande qualité par CVD. L ' optimisation des paramètres de 

synthèse a permis une productibilité de la croissance de MoS2 au laboratoire. En 

ajustant les conditions de synthèse, nous avons pu obtenir deux types de morphologies 

du matériau MoS2. Un type sous forme de multicouches ayant une surface de l' ordre 

du cm2 de MoS2 et un type avec des domaines individuels sous forme de monocouche 

de forme triangulaire . 

Les méthodes de caractérisation de surfaces telle que la spectroscopie et la cartographie 

Raman, la microscopie électronique à balayage (MEB), l' imagerie optique, la 

microscopie à force atomique (AFM) et la Spectrométrie photo-électronique de rayon 

X ont été utilisés pour effectuer une étude approfondie du MoS2 synthétisé par CVD. 

La deuxième partie de ce projet a été consacré à 1' intégration de MoS2 dans des 

transistors. Pour la fabrication des dispositifs , un dépôt des électrodes sur la surface de 
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MoS2 a été réalisé. L 'évaporation du métal (Au/Cr) est principalement utilisée comme 

une méthode de dépôt des électrodes dans ce travail. En utilisant un simple masque 

perforé, des électrodes en Au/Cr ont été déposés par évaporation thermique avec succès 

sur la surface de MoS2 préalablement préparée. 

Les mesures de différentes courbes électriques pour la mobilité des porteurs de charges 

(Caractéristiques de sorties (Id-Vd) et de transfert (Id-Vg)) ont été réalisées. Nous 

avons trouvé que les mobilités électroniques sont de l' ordre de 0.11-8.4 cm2/V.S. 

Ce travail de recherche expose une méthode simple et efficace pour la synthèse de 

MoS2 sur un substrat solide (Si02/Si). Le MoS2 possède une largeur de bande 

appréciable en tant que couches actives pour des applications reliées à l' électronique 

logique et l' optoélectronique. Ce type de matériau peut également être une composante 

active pour diverses applications liées à l'énergie et aux capteurs de gaz. 



- - - ----------------------------------------- -----------------

CHAPITRE 1 

GEN ERALJTÉS 

1.1 T ransition-Meta l Dichalcogenides (TMDs) 

Two-dimensional (20 ) materi a ls such as T ransiti onal Metal Dicha lcogenides (TMDs) 

have attracted much attenti on due to the ir unique properti es and great potential in 

vari ous appli cations. Since the first report concerning the d iscovery of the graphene 

material in 2004 (K. S. Novose lov et a l. , 2004), two-dimensional (2 0 ) materia ls have 

become one of the most acti ve research fi e lds leading to many applicati ons like 

photocatal ysts (Z. Zeng et a l. , 2011 ), photo sensors (Lopez-Sanchez, Lembke, Kayc i, 

Radenov ic, & Ki s, 201 3) and fie ld-effect trans istors (FET),(Radi sav ljev ic, Radenov ic, 

Brivio, G iacometti , & Ki s, 20 Il ). lndeed, it fo und that the FET transistor based single 

TMDs mono layer semi conductor behav ior w ith hi gh on/off ratios and mobility at room 

temperature (britton W.H Baugher, Hugh O.H (5)) , (Baugher, Churchill , Yang, & 

Jarill o-Herrero, 20 13). 

Few-layered TM Ds, in a comm on fo rm of MX2 (M = Mo, W; X = S, Se), (Ma, Kou, 

Li, Dai, & Heine, 20 16) exhibit numerous fasc inating properti es associated with the ir 

reduced thi ckness. MoS2 can be grown successfull y by chemica l vapor depos ition 

(C VD) method on top ofS i0 2/S i substrate by using molybdenum triox ide ( Mo0 3) and 

Sul fur (S) powders as precurso rs. ln thi s work, we focused on MoS2 synthes is at the 

di ffe rent growth temperature. CV D is known to be the most efficient method for large­

area MoS2 fi lms growth. The advantages of us in g CVD method are, the low cost, easy 
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to use and highly re liabl e technique. Different techniques are used in thi s study to 

characterize the resulting MoS2 films, like atomi c force microscope (AFM), X_ ray 

photoe lectron spectroscopy (XPS), scanning e lectron microscope (SEM), Raman 

spectroscopy and Raman mapping. MoS2 has been w idely used in the preparation of 

the nano electrodes in recent years . ln thi s study, we focused on the MoS2 sing le layer 

CVD growth . 

Transit ion metal di chalcogenides (TMDs), such as M oS2, WS2, MoSe2, and WSe2 

(Wang, Kalantar-Zadeh, Kis, Co leman, & Strano, 20 12) are cons idered to be the fam i ly 

of nanomaterial s which the ir chemical and phys ica l properties are used for many 

appli cati ons such as optoelectroni c and e lectroni c applications (Ma et a l. , 20 16), 

(Radisav ljev ic et al. , 2011 ), (Radi sav ljev ic et a l. , 20 Il ). T MDs are fl exibl e and 

stretchable 20 mate ria ls. In addition, these 2D materia ls are cons idered as soft 

semi conductors w ith a direct band gap in contrast to the ir we ll-known bulk crysta ls that 

are rigid and hard w ith indirect band gap (Lee et a l. , 20 12). 
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M = Transition mela! 
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Figure 1.1 Table shown the T MDs' famil y and the chalcogen el ements 

1.2 Structure of Mono layer TMDs 

T he structure of mono layer TMDs IS different than graphene. TMDs are not 

mono layered but in rea lity consist of three layers. T he transition metal atoms are 

sandw iched between two layers of chalcogen atoms on top and chalcogenides beneath 

(S-Mo-S) w hereas the middl e layer is Mo (Tedstone et a l. , 20 15) , (W.-b . Xu et a l. , 

2014) . Thi s spec ifi e structure makes them more stable and fl ex ibl e w ith improved 

semi conducting, meta l lie and superconductin g properti es (Radi sav lj ev ic et a l. , 20 1 1 ) , 

see the structure ofTMDs w ith a s ide view, top view and poss ible tri angul ar pri smati c 

structure (F igure 1.2) . The top v iew structure is simil ar to graphene and exhibiting a 

hexagonal shape, in which a tri angul ar pri smati c it one atom of transiti on- meta l 

surrounded together w ith six cha lcogen a toms (A taca, Sabin , & Cirac i, 20 12). 
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Crystal structures ofTMDs 

A MX2: (M: Mo, W X: S, Se, Ti) 

Chalcogen atoms 
/' M Transition-metal atoms 
/' 

B Side view C Top view D Trigonal prismatic 

Figure 1.2 The structure of mono layer TMDs si de and top views. Chalcogen a toms 

are shawn in ye ll ow and transiti o n meta l atoms are shawn in blue color 

There are three crysta l structures of TMDs mono layer ' s : 2H 1 T and 3R (Dungey, 

C urti s, & Penner- Hahn, 1998) (see figure 1.3). 2H phase is the most stable phase, 1 T 

phase refers to bulk crysta ls and 3R phase is for octahedral prismatic phase (Y. Li , 

Duerloo, Wauson , & Reed, 20 16). 
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/ ~ 
~3R 2H 

lT 

0 S e Mo 

Figure 1.3 Shows a typi ca l three structures of TMDs resulting from different phases : 

3 R, 2 H, and 1 T. (a and c are the in-plane and out-of-plane), (Sheu, 20 15) 
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1.3 Classification of Van der Waals 20 material heterostructures 

The Van der Waals heterostructures and the classification of 20 materials are shown 

in Figure 1.4. For instance, graphene has zero band gap and Boron nitride hBN as an 

excel lent insulator with higher band gaps around 5.5 eV (Song et al. , 201 0). However, 

MoS2 is wei l known to be a semiconductor with a depending change of band gap from 

indirect band gaps about 1.2 eV for the bulk MoS2 and a direct band gap around 1.9 eV 

for mono layer (Kuc, Zibouche, & Heine, 201 1 ). Figure 1.5 shows the difference 

between direct and an indirect band gap of material. 

h-BN 

TMD (MX2) 
M· W, Mo, Hf Zr Tl. 
Cr Te 
X: S, Se, Te 

Black 
Phosphorus (BP) 

- 7 2 eV (1nd1rect) 

0.6 - 2.3 eV. and 
dependmg on la er # 

Figure 1.4 Graphene and beyond : Two-Oimensional Material s can cover a broad 

range of wavelengths. 

~~~~--~--------------------------------------------1 
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Phonon mediated 
transition 
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Direct Bandgap 

E 

k 
Figure 1.5 Shows the compari son of direct and an indirect band gap of 20 materials. 

E is the energy and k is the wavenumber (Jacobs-Gedrim, 20 15) 

1.4 The applications ofTMOs 20 materia ls 

MoS2 is one of the most important inorganic compounds of TMOs 20 materia ls 

famil y. MoS2 exhibits interesting optica l, chemica l and phys ical properti es as weil as 

the depending change of band gap from indirect to direct band gap with high mobili ty 

of hi gh on/off ratio (- 108) (Radisav lj ev ic et al. , 20 11 ). TMOs they have many 

advantages because of the ir sizable band gap, which makes them good candidates fo r 

the future semiconductor dev iees (Taheri, 20 15). Figure 1.6 shows sorne applicati ons 

that could be done by using these new generati on 20 materials. ln additi on, MoS2 has 

many notations as an electrode material for water splitting (Li et al. , 20 Il ), (Kibsgaard, 

Chen, Reinecke, & Jaramillo, 20 12) . Therefore, there are many promising applicati ons 

of thin TM Os such as fi eld effect transistors of single layer MoS2 showing mobility on 

the arder 1 cm2 y - I s· 1 at room temperature (K.-K . Liu et al. , 20 12), (Radi sav ljev ic et 

al. , 20 Il ), (Y in et a l. , 20 Il ). 
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Flexible electronics 
Electro catalytic 

Solar ce li 

Figure 1.6 T he app li cations of2D materials based TMDs (Lv et a l. , 20 14) 

1.5 The chemi cal and the physical properties of MoS2 

MoS2 has the following structureS - Mo - S, two atoms of S and one atom of Mo as a 

sandwich structure with weak Van der Waa ls forces (K. S. Novoselov et a l. , 2004). 

However, the bond ing between Mo and S is stronger. MoS2 is one of the TMDs more 

popular 20 materials and the most investigated semi cond uctor in TMDs fie ld in which 

its properties change by chang ing from indirect to direct band gap. Therefore MoS2 is 

not only a good candidate for its chemical properties, tlexibility and stabi lity but a lso 

exce ll ent candidate for its optica l and electrica l appatications (Chhowalla et al. , 20 13), 
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(Huang, Zeng, & Z hang, 20 13) and (S hi , Li , & Li , 20 15) . For more information 

regarding the chemica l and phys ical proprieties see tables 1.1 and 1.2. 

Table 1.1 The chemical properti es of MoS2 nanopartic les 

Properties 

Electronic configuration 

Group 

Chemical Composition 

Molybdenum MoSz 

Mo (Ramakrishna Matte et al.) 4d5 5s1 

Mo group 6 

59.94 

Sulfur S 

S (Lin et al.) 

3s2 3p4 

5 group 16 

40.05 

Table 1.2 The phys ica l properties of MoS2 nanopa1t icles 

Properties 

Density 

Molar mass 

Melting point 

("\ \ "\0. 12 juh 2(1 13 ) 

Metric Imperial 

5.06 g/cm3 0.18216/in3 

160.07 g/mol 

1185 oc 2165 OF 
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1.6. MoS2 synthesis by di fferent methods 

1.6 . 1 Mechanical Exfo liati on 

As the case of graphene material (K. N ovoselov et a l. , 2005), mechanical exfo li ati on 

of bulk mater ial was used to produce monolayers and multilayered TMDs flakes . ln 

thi s way, to exfoli ate the bulk materi a l, scotch tape has been used. Normally, it is ve ry 

easy to pee l off layers of the source materi a l because of the weak interlayer co upling 

between layers. As part of pee l off the process, the substrate is attached to layers of 2D 

materia i.Thi s is quite simple as we il as non-costi ve, as the onl y equipment that IS 

needed is a Scotch Tape (see Figure 1. 7) (Lopez-Sanchez et a l. , 20 13). 

a b 

c d 

Figure 1.7 Shows a schemati c of the Scotch-tape exfo liati on steps (K. Novose lov & 

Neto, 20 12) . (a) The Scotch Tape is pressed on the 2D materi a l crysta ls, so few layers 

of materi al are attached to the tape. (b, c) detachin g the tape from the bulk materia l and 

press it aga inst a cl ean substrate . (d) is the transfe rred and attached to 2D mate ria l on 

the substrate. 



Il 

N everthe less, the di sadvantages of thi s method are the inability to precise ly contro l 

number of produced layers that results in the combination of monolayers and few layers 

on the substrate. A lso, the contamination resulting from the adhes ives w ill affect 

directl y the charges transport properties. Fina ll y, the sampl e s ize is usuall y too sma ll 

(on the order of mi crometers) , which makes it impossible for industrial mass 

producti on. 

1.6.2 Liquid Phase Exfoli ation 

Liquid phase exfoliati on is an effective method for exfo liating TMDs mono layers. 

Liquid (chemi ca l) exfo liation peels off layers of 20 materia l into the so lution. The 

common method of chemica l exfo liation used in case of MoS2 is lithium intercalation 

(Joensen, Frindt, & Morri son, 1986) (Zhi yuan Zeng et al. , 201 1 ). ln thi s method, MoS2 

is treated with many strong reduc ing reagents containing lithium, MoS2, for exampl e, 

LiBH4. LiM oS2 is formed by the intercalation of lithium atoms into bulk MoS2. Even 

though bulk MoS2 does not di sperse in water very weil compared to LiMoS2. 

Moreover, nanosheets can be obta in ed by precipitati on or filtrati on. For bio 

applicati ons, di spersed MoS2 w ith the proper surfactant can be used di rectly w ithout 

additiona l steps (Yang et al. , 2014) (Anbazhagan, Wang, Tsai, & Jeng, 2014). 

However, the re are many liquid exfo li ati on methods do not need strong reagents, and 

they a re cal led surfactant free methods. ln such methods, so lvents are carefull y chosen 

as the ones are whi ch minimize the energy of exfoli ati on are preferred . Fo r exampl e , 

one of these methods we could obta in nanosheets in three fund amenta l steps. First we 

start by mix ing MoS2 powders (or any 20 material s) w ith the so lvent such as 

isopropanol, w ith concentrations up to 0.3 mg/mo l (Co leman et al. , 20 Il ). Then, we 

proceed by soni cating the so lution fo r about one hour. Fina lly, centrifug ing the 

produced so lution at 500 rpm fo r 90 min . MoS2 nanosheets, in thi s way, are di spe rsed 

in the so luti on that is co ll ected by pipette . Thi s meth od achi eves hybrid film s w ith 
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enhanced properties. Figure 1.8 shows two types of liquid exfoliation (Coleman et al. , 

201 1) (Eda et al. , 2011 ). 

A 

Figure 1.8 Shows the method of liquid exfoliation. (A) MoS2 Nano sheets in water 

liquid exfoliation by solution of lithium-intercalation (Eda et al. , 2011) . (B) The free 

liquid exfoliation method (top) using the suspension of layered material of thin film 

obtained from filtration ofthe solutions in a vacuum (bottom) (Coleman et al. , 2011) 

Unlike mechanical exfoliation, the number of nanosheets obtained in this method is 

large. (Eda et al. , 20 Il) . ln addition, the intercalation method produces a higher yield 

of MoS2. However, the used of Li compounds in this process are flammable, for that 

the process should be done under an inert gas (surfactant free liquid phase exfoliation 

is insensitive to air). Also, Li is an expensive source, and the material concentration 

and reaction should be under great control. Finally, the monolayer size is quite small 

(nanometer size) makes it very difficult for deviee fabrication . 
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1.6.3 Chemi ca l Yapor Depositi on (CVO) 

The Chemical Yapor Depos iti on (CYO) method is successfull y demonstrated and have 

been used fo r a long time to grow 20 materi a ls as TM Os. Recording to many publi shed 

papers, the C YO method was found not to be expensive and not complicated to produce 

a large area of continuing 20 film s. 

1.6.3 .1 Syntethes is of MoS2 by (CYD) using (NH4)2MOS4 as the Precursor 

Based on sorne publi shed scientific reports it found that the CYO method could be used 

to synthes izes M oS2 by using thermolys is of ammonium thi omolybdate [(N H4)2M0S4] 

in a N2 environment. H owever, it is known that (NH4)2M0S4 leads to MoS3 formation 

at different temperatures between 120 and 360 °C (Brito, llija , & Hernandez, 1995) 

1.6.3.2 Synthes is of MoS2 by (CVO) using S powder and Mo as precursors 

The sul furizati on of Mo thin film s has been used to synthes ized MoS2 layers. The first 

step was using temperature about 750 °C. Second step consists to expose the Mo film 

to sulfur vapor to induce a thin MoS2 layers fo rmation (Zhan, Liu , Najmae i, Ajayan , & 

Lou, 20 12). 



CHAPTERII 

CHARACTERIZA TION AND ANAL YSIS TECHNIQUES 

For thi s chapter, we expose the re levant informati on fo r the anal ys is techniques used 

to characterize the resulting MoS2 film s growth by CYD. For the present work, we used 

Opti ca l Mi croscopy (OM), Atomi c Force Mi croscope (AF M), Scanning Electron 

Microscope (SEM), Energy Dispersive Spectroscopy (EDS), X_ray Photoe lectron 

Spectroscopy (X PS), and Raman Spectroscopy. 

2. 1 Characterizat ion by Optica l Mi croscopy 

Opti ca l Mi croscopy is used in many areas such as bio logy, chemistry, phys ics (Taheri , 

20 15) and it is useful to get images of di fferent sizes. ln thi s study, the optical 

microscopy was used systematicall y after each growth or fa bri cati on steps to see the 

average morpho logy of the resulting sampl es . 

------------ --- ----------
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2.2 Atomi c Force M icroscope (AFM) 

Atomi c Force Mi croscope (AFM) was invented by Binnig et a l. in 1986 (Binnig, Quate, 

& Gerber, 1986). AF M is an in terestin g technique it can show di fferent inform at ion 

re lated to th e size and the th ickness of the sampl e. Therefore, it can be used w ithout 

needed of sampl e preparation to characterize the surface mo rphology (fi gure 2. 1 ). 

Therefore thi s kind of technique is great too ls fo r semiconductor materi al 

characterizat ion (see fi gure 2.2) . For the present work, by usin g cross secti on profil es 

the AFM was used to see if we have single or mulilayers of MoS2 after growth. 

However in thi s system we faced sorn e chall enge to get good AF M images. For thi s 

work, we fo und after the CYD growth that the surface of o ur sampl es has many 

parti c les on top whi ch make it di fficul t to find good images. 

Photodetector Laser 

Tip and cantilever 

Sample stage 

Controller 
Piezo-scanner 

Figure 2.1 The princip le of Atomi c Force Microscope (AFM) (Zhou, Ca i, Tong, & 

Wang, 20 17) 
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Figure 2.2 AFM images for MoS2 (H. Liu, Wong, & Chi , 20 15) 

2.3 Scanning Electron Microscope (SEM ) 

Scanning Electron Microscope (SEM) is used to get informati on about the morpho logy 

and the compos ition of the MoS2 films . SEM works by the magnificati on of an e lectron 

bearn , w hich is produced by a source gun ( see Figure 2.3) . There are one or two 

condenser lenses that focus the bearn after bei ng acce lerated towards the anode. The 

bearn is detlected in x and y direct ions, by pairs of scannin g coi ls, a ll owing scanning 

in a raster mode over a rectangular area of the sample surface . There are various 

detectors capture the emi ssions that produced from the interact ion between the e lectron 

bearn and spec imen. Backscattered e lectrons and seco ndary e lectrons are spec ifie types 

of emitted electrons prov ide compositional informati on and morpho logica l 

topological-contrast, respectively. Us ing an X- ray detector prov ides further 

compositi onal informat ion (S uga et al. , 20 14) (Reithmeier, Vynn yk, & Schultheis, 

20 1 0) . Thus, SEM can show informat ion about the surface and further characteri ze the 

s ize of mi crostructures for the triangle image for MoS2 mono layer (see Figure 2.4). 



(a) 

Seœndary 
\ - electron 

detector 

(b) 

17 

PE 
BSE 

Figure 2.3 Bas ic photograph of (a) Schemati c di agram of SEM, (b) introducti on 

vo lume (Reithme ier et a l. , 201 0) 

SEMis one of the most used techniques fo r 2D materi a ls characterizati on in whi ch we 

can an average idea fo r the resulting product. Fo r instance, Figure 2.4 exhibiting the 

high reso luti on SEM image for M oS2. (S heu, 20 15) 
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Figure 2.4 SEM image with Higher magnification scan of MoS2 (S heu, 20 15) 

2.4 Energy Dispersive Spectroscopy (EDS) 

Energy Dispersive Spectroscopy (EDS) is a chemical analys is technique used to 

determine the concentration of most elemental spec ies in a given sample. The 

fundam ental principle of thi s method is the emi ss ion and detecti on of x-rays from a 

given sampling vo lume that are characteri sti c to spec ifie elements (Go ldstein et al. , 

2003). A materi al can produce x-rays when bombarded with hi gh-energy electrons. 

The X-ray generati on process (F igure 2 .5) is initiated with ejecti on of an inner shell 

electron fo nning a vacancy. As a result of thi s excited state, an electron jumps from the 

outer shell into the vacant site fillin g the inner shell . During thi s process, the sample 
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fluoresces X-ray of energy which is equal to the energy di ffe rence between the initi a l 

state and the final state. Since each atom possesses its un ique and di scretized energy 

leve ls, the x-Ray flu orescence is characteri stic and di stinctive to that atom as we il. The 

initi a l nomenclature is obta ined from electronic she ll of the initi a l vacancy that created 

by the e lectron using K, L, M and N as she ll name. These lette rs indi cate the number 

of she ll s above the vacancy from w hi ch repl ac in g e lectron as shawn in Figure 2.5. The 

output for EDS analys is is a plot of intensity or x-ray counts vs. characteri sti c energy 

in electron vo lts (eV). EDS is a useful technique to detect poss ible patho logical 

depos iti on of materials.(Scimeca, Bischetti , Lamsira, Bonfig lio, & Bonanno, 201 8) 

M Shell 

Figure 2.5 T he Energy Di spersive X-ray Mi croanalys is (EDX shawn leav ing e lectron) 

(D.Sharata ,20 1 8) 

2 .5 Raman Spectroscopy 
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Raman spectroscopy is a qui ck method to get structural and chemica l information at 

the mi croscale leve! w ithout sample preparation (see Figure 2.6) . T he Raman effect is 

cons idered as an inelasti c li ght scattering process . lt is known that when a substance is 

exposed to a strong li ght source (laser), most of the energy w ill be scattered e lastica ll y. 

The most intensive scattering is Rayleig h scattering, happens when the e lectron could 

relax w ith no nuclear movement. Thi s an e lastic process does not result in any 

apprec iabl e changes in energy. On the other hand, Raman scattering is a much rarer 

event, contributes to one in 106- 1 0 10 of the photons scattered, and it occurs wh en the 

interacti on between e lectrons and li ght takes place, and the nuc le i begin to m ove at the 

same moment. There are apprec iable changes in energy of the mo lecule as a result of 

the fact that the nucl e i are much heavier than the electrons. Change in energy is either 

to lower or to higher energy based on whether the process starts from a mo lecule in a 

vibrationa l excited state (anti-Stokes scattering ), o r from a mo lecul e in the ground state 

(Stokes scattering) (see Figure 2 .7), [(S mith & Dent, 2005), (Edwards & Chalmers, 

2005 ). 



C1l 

a. 
E 
IV 

V'\ 

E nergy 

1 
Lense 

1 

1 • 

Lense 

Figure 2.6 Raman confi gurati on system (Taheri , 20 15) 
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Figure 2.7 Shown the energy leve ( and Raman scattering and Rayle igh scattering 

process (S mith & Dent, 20 13) 
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2.6 X-ray photoemission spectroscopy 

T he XPS is a sens iti ve technique used to get information about the chemi ca l bonding 

structure of MoS2 mono layer (F igure 3). The XPS binding energies of Mo 3d and S 2p 

peaks are 232 .4 eV and 235. 5 eV, respecti ve ly. For the present work, the chemi cal 

compos iti on of the modified MoS2 film surfaces is studi ed systematicall y by X PS. As 

shown in chapter 4, results and di scuss ion ( Figures 4 .15 and 4 .16) thi s technique is 

used to understand the transformations that occur on the surfaces under different 

growth conditi ons by showing the changes of the chemical bonding. (Acti s et a l. , 2008) 

2.7 Photo luminescence (PL) 

Photoluminescence (PL) fo r MoS2 (Ste inhoff et a l. , 20 15) shows weak bonding of Yan 

der Waa ls fo rces sheets w ith a strong indirect band gap around 1.85 eV. The PL it has 

been used fo r many applications and it very useful of the photocata lytic and electroni c 

structure. MoS2 thin film has great optica l properti es. The opti cal band gap of MoS2 

showed a c lear depend ence on the MoS2 film thickness, w ith thinn er film s hav ing a 

larger band gap energy. These results are consistent w ith theory and observati ons made 

on MoS2 fl akes prepared by di ffe rent methods. For thi s study, we used an exc itati on 

laser 532 nm w ith a peak pos iti on of direct band gaps around 1 .85 eV to get PL 

mapping of MoS2 mono laye r. 



CHAPTERIII 

MoS2 SYNTHES IS BY CHEMICAL VAPOUR DEPOS IT ION (CV D) AND 

CHARACTERIZA T ION 

3. 1 C YD system configurati on 

Chemica l Yapour Depositi on (CVD) is a materi als growth method in which the 

gaseous reactants undergo di ssoc iati on and chemical reacti ons w hile the environment 

is acti vated by heat, light or plasma . Thi s result in the fo rmation of stable so l id products 

on top of a substrat or a cata lyst. The CVD is the most effi c ient method fo r continuous 

mo no layer transition metal s dichalcogenides growth.The CVD technique a ll ows a 

good scalability as we il as low-cost fo r TOM s growth. lt has been shown that the 

quality of the resulting MoS2 film by CYD could be useful opti ca ll y and exhibiting 

exce ll ent dev iee properties (see Figure 3. 1 ) . 

ln thi s study, we used two furnaces to contro l the temperature during the growth. The 

furnaces are equipped w ith a temperature contro ll er and a programmab le di gita l mode! 

enables the operator to program up to di ffe rent ramp segments (heat-up or coo l-down 

rate) (Choy, 2003). Sul fur powder was placed on the first furnace at low temperature 

and the Mo0 3 precursor were pl aced in the second one at hi gh temperature ( see F igure 

3.2). Co mpared to severa! research repo rts on MoS2 growth, using one furnace is quite 

complicated to contro l both temperature pl ateau, one fo r MoÜ3 and the seconde fo r S 

at the same time. The advantage of using CYD is that we can grow a large area ofM oS2 

(counting fi lm). ln addition, we can contro l the time for growth and the temperature fo r 

both furnaces . 
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Experimental setup of the CVD S)·stem 

Sulfur powder )lolybdeoum Trioxide 

Figure 3.1 CVD system steps used to grow a MoS2 film s on top of Siü2/S i substrates 

by reactin g S and Moü 3 powders in CVD furnaces ( D.Sharata , 20 17 S iaj Lab) 
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Prior to a li , in thi s study, first we used one furnace to grow MoS2. However, as we can 

see from the optical mi croscopy images, we did not succeed in getting continuous MoS2 

layers by using one furnace (see Figures 3.3 and 3.4) 

Figure 3.2 The Chemi ca l Yapour Depositi on (C VD) system tn S iaj ' s laboratory 

(D.Sharata, 2017 Siaj lab) 
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Figure 3.3 Optical mt croscope images show MoS2 morphology resulting from the 

growth process by suin g onl y one furnace 
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Figure 3.4 SEM images show the effect of the time used (duration) for growth of 

MoS2 by using one furnace as CYD system 
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3.2 Growth Mechanism 

During the sulfidation of mo lybdenum oxide (Mo03) into MoS2 nanocrysta ls the ox ide 

precursor undergoes two overall reactions, i.e. , the reduction of Mo(Vl) to Mo( IV) and 

the sulfidation ofMo03 to MoSx. As shown schemati ca ll y in Figure 3.5, these reactions 

can occur s imultaneous ly. 

lM 003 + JS _ s.io· 2-/s .. i a.s.su·b-st·ra-ta·3·oo-nm--....j~ 
T 750c for MoOJ T 220c S - Ti me 10min 

Figure 3.5 The chemica l reaction of MoS2 (Feng et a l. , 2015) 

3.3 Sampl e preparation 

We used Si02/Si (300 nm of Si02 on top of Si) as substrate for the MoS2 growth and 

deviees fabrication . First, we eut the Si02/Si wafer to many pieces (1 cm2 each), and 

under so ni cation, we c lean a li substrates w ith H2SÜ4 and H20 2 : 3: 1 so luti on for 15 

minutes. Next, we c lean three times the Si02/Si substrate by DI water. Fin a lly, a li 

s ubstrates are dropped in isopropano l ( IPA) so luti on to remove the water. T hi s c lean ing 

method gives the best result for MoS2 triangle growth. 
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3.4 MoS2 growth strategy in the present work 

The sulfur powder (S) , 0.2 g (99.5%, Sigma-Aldrich) and molybdenum trioxide 

(Mo03), 0.3 g (99%, Sigma-Aldrich) powder were used as the S and Mo precursors, 

respectively (Lee et al. , 20 12). During the growth ti me, 250 sccm of argon (Ar) was 

used as the carrier gas. As we mentioned above, we used two fumaces for the growth, 

one is used for S and one for Mo03. The S powder introduction to the second furnace 

could be accomplished at a temperature range between 120 °C to 290 °C. The growth 

substrate was placed face down to the boat with containing Mo03 powder in the second 

furnace. The boat was located at the center of the fused quartz tube. The second furnace 

temperature was raised from 650 °C to 750 °C for Mo03 for 40 minutes. The 

temperature in the second fu mace was kept stable at 750 oc for 10 minutes . After the 

growth step, the furnaces were left at room temperature to cool down . The samples 

were taken off from the quartz tube and as we can see from the images obtained from 

this experiment that the conditions mentioned above are the best conditions for the 

MoS2 growth by CVD method (see Figure 4.3 in results section) . 



CHAPTER IV 

DISCUSSION AND RESUL TS 

Thi s chapter w ill present the results of growing MoS2 monolayer domains as weil as 

counting MoS2 film . 

4 .1 The temperature effect on MoS2 growth 

The temperature effect on the MoS2 growth morpho logy can be visualized directl y by 

the optical microscopy (see Figure 4 .1 ). ln thi s study, we used di ffe rent growth 

temperatures starting from 650 oc to 800 oc (65 0 °C, 700 °C, 750 oc and 800 °C). We 

fo und that the best conditi on to get high quality MoS2 was at 750 oc fo r 10 minutes 

reacti on. For each reacti on, the temperature was increased gradua ll y eve ry 3 minutes 

until reaching the des ired temperature. After that we keep the furnace at the growth 

temperature (650 °C, 700 °C, 750 oc and 800 oq fo r 40 minutes. The growth of MoS2 

needs slow steps to a ll ow enough time fo r S to react with Mo03. As we menti oned 

above, usi ng two furnaces to contro l the temperatu re of S and fo r Mo03 is the best 

condi tion for the MoS2 growth. 
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T= 800C0 

T= 750 co 

Ti me = 1 0 mines 

T= 700 co 

Ti me = 1 0 mines 

T= 650 co 

Ti me = 1 0 mines 

Figure 4.1 Optica l mi croscopy images show th e temperatures effect on MoS2 doma ins 

growth by CVD on top of S i0 2/S i 
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4.2 The effect of Ar gas 

Prior to any growth reaction, we used 100 sccm of Ar gas during 10 to 15 minutes to 

clean CVD systems. For the growth, as carrier gas, we used different flow rates of Ar: 

250 sccm, 180 sccm 100 sccm, and 80 sccm . We found a significant difference on the 

morphology of the produced materials by changing the carrier gas flow rates between 

80 sccm and 180 sccm . lndeed, we found that the flow rate should be more than 250 

sccm. H igh carrier gas flow rates seem to help the reaction between S and Mo03 to 

grow a high amount of MoS2 ( see Figure 4.2) . 
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Ar= 250 Sccm 

T= 750 c• 

Ar= 100 Sccm 

T= 750 c• 

T= 750 c• 

T= 750 c• 

Figure 4.2 Effect of Ar gas on the growth of MoS2 at constant temperature 
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4.3 The morphology of MoS2 sam pies by Optical microscope 

The optical microscopy was used systematica ll y after each growth or fabrication step 

to see the average morpho logy and the sca le of the resulting samples . Figures 4.3a, 

4.3b and 4.3c show an average di str ibution ofMoS2 flakes w ith different size and shape 

(tringle). Figures 4.3c shows the MoS2 heterostructures as we il as the di ffe rent layers 

in the center of triangular structure. 

Figure 4.3 Optica l images of MoS2 flakes on top of si li con substrate (A) triangular 

shape of MoS2 and a conti nuous film. (B) Mono layer triangle MoS2 flakes (C) 

MoS2 triangles heterostructures w ith different layers 
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4.4 Scanning Electron Mi croscope (SEM) 

A Scanning Electron Microscope (SEM) has been used for the MoS2 morpho logy 

characterization. The SEM gives info rm ati on abo ut th e surface morph ology and th e 

s ize of MoS2 mono layer microstructures . Figures 4.4 and 4.6 show a typi cal MoS2 

s in gle layer images of the fl ower-like crysta lline structures inc luding the nucleati on in 

the center of tri angles w ith di fferent s izes increase from lflm to 1 Oflm . We found that 

the nuc leation density increase by increas in g the reactant concentrati on and growth 

time. We found that the large tri angle growth statt w ith s imple nuc leati on in the center 

(H.-J. Xu et a l. , 2017). Figure 4 .5 exhibits SEM images of mono layer triangular 

islands at 750 °C. 

Figure 4.4 SEM image of MoS2 shows tri angle fl ake formati o n w ith fl ower-li ke 

crysta lline structure and nuc leati on in the cente r 



Figure 4.5 SEM hi gh topographical reso lution images of a MoS2 triangle si ngle 

crysta l 
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Figure 4.6 Large sca le SEM image of MoS2 fl akes 
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4 .5 Energy Dispe rs ive Spectroscopy (E DS) 

Ene rgy Di spers ive Spectroscopy, a lso ca ll ed Energy Dispers ive X-ray Mi croana lys is 

(EDX) , works togethe r w ith Scanning Electron Mi croscope to prov ide interes tin g 

info rmati on on the chemi cal ana lys is. 

Figure 4.7 EDS mappin g of tri angul ar Mo, Son MoS2. 
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Figure 4.8 EDS mapping of Si and 0 e lements on triangular MoS2 
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Figure 4.9 EDS spectrum ofM oS2 and the EDS mapping of Mo, Si, Sand 0 ofM oS2. 

The output fo r EDS ana lys is (a plot of intensity or x-ray counts vs . characteri stic energy 

in e lectron vo lts (eV)) showing K peaks o f Mo, Si, Sand 0 
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4 .6 Atomi c Force M icroscopy (AFM) 

Atomi c Force Microsco py (AF M) is the most common type of scanning probe 

mi croscopy. lt is used to image a topographical surface , determine the roughness of the 

surface, and measure the thickness of a MoS2 laye r. AFM has been used fo r 20 mate ri a l 

such as graphene (Zheng et a l. , 20 12) ,(Stankov ich et al. , 2007) 

1 .~ ! t 

Figure 4.10 (A) AFM image of triangular structures of MoS2. (B) Hi gh profi le of 

d ifferent sampl es 
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Figure 4.11 A) Hi gh-reso lution AF M image of MoS2 . B) AF M secti on profil e along 

the line in the panel (A) (MoS2 thin layer thi ckness around 1.4 nm ). C) 3D image of 

the panel (A). D) AF M topography map shows tri angles of MoS2 with some defect 

4.7 Raman Spectroscopy 
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Raman spectroscopy is an easy and quick method to get structural and chemical 

information at the molecular leve! with minimum sample preparation . ln this study, we 

performed Raman mapping by using laser with 532 nm excitation wavelength. By 

using Raman , there are two types of vibrational modes in MoS2 ( lntralayer and 

interlayer modes). The interlayer modes are related to the chemical composition of a 

layer (or layers) and are their fingerprint. These modes can be slightly influenced by 

the number of layers . However, the interlayer modes, due to the high mass of the layers, 

are observed at very low frequencies and their position depends on the number of 

layers. As a result, both types of modes can be used to determine the number of layers. 

The number of layers can be found by determining the distance between two fingerprint 

peaks (observed at - 383 cm·' and - 408 cm·') in bulk MoS2. With increasing numbers 

of single layers the mode at (-383 cm- 1
) shifts to lower frequencies and the mode at ( 

- 408 cm·' ) shifts to higher frequencies. These two peaks correspond to E2g (383.6 

cm- 1
) and A,g (405.6 cm- 1

) , (see . Figure 4.12). 

::::i 
cu 

405 .6 

383.6 

300 320 340 360 380 400 420 440 460 480 5 00 

Raman Shift , cm_, 

Figure 4.12 Raman spectra of MoS2 in the fin gerprint region 

Like graphene, s in gle-layer and few-layer molybdenum di sulfide has distinctive 

s ignatures in its Raman spectrum. Fo r that to show clearly that we have succeeded in 
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o ur MoS2 CYD growth, we did diffe rent Raman measurements in severa( areas of our 

samples ( See fi gures 4. 13a and b ). The analys is is ve ry stra ightforward and consists 

of mapping indi vidua l regions found optica ly (fi gure 4.1 3a). As the Raman spectra are 

re lati ve ly weil reso lved (F igure 4.1 3b), we can conclude that we have a continuous 

MoS2 film (spectrum A) and multilayer in the triangle region (spectrum 8 , C, 0 and 

E). 

The Raman spectrum of bulk M oS2 has two prominent peaks: an in-plane (E2g) mode 

located around (3 83 cm- 1 )and an out-of-pl ane (A 1g) mode which is located at (407 cm· 

1 ). The in-plane mode corresponds to th e sulphur atoms vibrating in one direction and 

the Mo lybdenum ato m in the other, w hil e the out-of-plane mode is a mode of just 

sulphur atoms vibrating out-of-pl ane. As MoS2 becomes single-layer these two modes 

evo lve w ith thi ckness . T he in-plane mode upshifts to (3 86 cm·1) and the out-of-plane 

downshifts to (404 cm-1). The di ffe rence ofthese two modes(~ 18 cm-1) can be used as 

a reli able identificati on for monolayer M oS2. 

For the present work, the spectrum shows different peaks very characteri sti c of 

m ono layer fo rmati on, w hich is in agreement w ith the literature. The Raman spectrum 

exhibits one peak at (3 83.6 cm-1 )and another peak at (408 .6 cm- 1). These two peaks 

correspond to E2g (3 83.6 cm- 1) and A1g (408 .6 cm- 1) as we can see triang les of MoS2 

w ith di ffe rent sizes. F igures 4. 12 shows the Raman mapping of MoS2 film s. 

ln additi on to Raman spectroscopy, we perfo rmed nanosca le confoca l 

photoluminescence (PL) in di ffe rent reg ions of the resulting MoS2 matera il s (see 

F igure 4 .1 4a). The PL spectrum of MoS2 shows a strong photo luminescence s igna l 

indicatin g an indirect to direct band gap transiti on (see Figure 4 .14a). 
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Figure 4.13 a) Optical image for a typical MoS2 film growth. b) Raman spectra in 

different areas shows clearly layer dependent MoS2 Raman spectroscopy 
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4. 8 Photoluminescence (PL) 

MoS2 is a semiconductor w ith direct band gap around 1.85 eV. MoS2 thin film has great 

opti ca l propert ies (Ste inhoff et a l. , 20 15) and many applicati ons in photocata lyt ic 

(Go urmelon et a l. , 1997; Ho, Yu , Lin , Yu, & Li, 2004) 

The thin-l ayered TMDs, as nove l two-dimensiona l materi a ls, undergo remarkable 

changes in the ir e lectroni c structures depending on the number of layers from indirect­

band-gap bulk semi conductors to direct-band-gap mono layer semi conductors (Eda et 

a l. , 20 Il ). ln the present work we have a great photo luminescence spectrum of MoS2 

w ith direct band gaps about 1 .85 eV (see Figure 4.14 a). 
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Figure 4.14 a) Shows a typical photoluminescence spectrum ofMoS2 with a direct 

band gap at about 1.85 eV . b) optical image of the MoS z film . 
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4.9 X-ray photoemi ssion spectroscopy 

X-ray photoemi ss ion spectroscopy was used for MoS2 characterizati on (Acti s et al. , 

2008). A n X PS survey scan gives useful information on which e lements are present at 

the surface . Mo lybdenum di sulfide was analyzed using hi gh-reso lution X-ray 

photoe lectron spectroscopy (X PS). Hi gh reso luti on ofm o lybdenum (Mo 3d 5/2 and Mo 

3d 3/2) and Sulfu r (S2p 112, Sp2 312) XPS data fo r the produced MoS2 film s are presented 

in Figure 4. 15 and Figure 4 . 16. The hi gh-reso luti on spectrum of moly bdenum (Mo 3d 

5/2 and Mo 3d 3/2) di spl ays two peaks located at 229 .2 eV and 232 .6 eV, respecti ve ly 

and the high-reso lution spectrum ofsul fur (S2p 112, Sp2 3/2) w ith two peaks located 163.6 

and 162.8 eV, respectively. 
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Figure 4.15 Fitted high reso lution S 2p XPS peak fo r MoS2 
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Figure 4.16 Shows the fitted high reso luti on S 2p and Mo 3d XPS peaks 
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CHA PTER V 

ELECTRlCAL PROPERTIES OF MOS2 

5.1 The fi e ld-effect trans istor (FET) definiti on and operati on 

Field effect transistors (FETs) are the type of trans istor based semiconductor material s 

in which the trans istor use an e lectri c fi e ld to contro l the e lectri cal behav ior of the 

dev iee. lt is made through p and n type semiconductors. FET is a unipo lar transistor by 

which an e lectri cal fi e ld is used to contro l the conductiv ity between its termina is; the 

source and the dra in, by creating a vo ltage di ffe rence. Even though many types of thi s 

k ind of transistors have been deve loped , there are two major c lasses; the metal ox ide 

semi conductor (MOSFET) and the j unction (JFET) . FET has a hi gh gate to the ma in 

current res istance results in a hi gh degree of iso lat ion between contro l and fl ow. 

However, its a relati ve ly low ga in bandw idth product as we il as its law suscept ibility 

to overl oad vo ltages, soi t needs handling during insta ll ation (Co l inge et a l. , 20 1 0). 



Figure 5.17 Images show T EM grides masks used to deposed e lctodes on top of 

MoS2 sampl es 

5 .2 FET Fabri cati on Method 

51 

ln thi s stud y, the MoS2 FETs were suppo t1ed on S i/S i0 2 substrates using the S i02 (3 00 

nm therm al ox ide) as the di e lectri c laye r and p+ doped S i (p < 3 x 1 o-3DQ cm) as the 

gate e lectrode. After the CVD growth of MoS2. we proceed toTEM grids ali gninement. 

To a l ign TEM gr id into the des ired locati on, th e TEM grid was stuck to a ho le ( 1 mm 

di amete r) punched in a Scotch Tape ( 1 mm thi ck) as shown in Figure 5.2, as the Scotch 

Tape is sticky to S i0 2 surfaces. C r (5 nm ) and A u (50 nm) contact pads of the FET 

dev iees were evaporated on top of MoS 2 layer through square ho les of the TEM grid 

used as a shadow mask (see Figure 5. 1 ). 
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After e lectrodes (source and drain) evaporati on, we remove the scotch tape and the 

TEM grids (see Figure 5.3). After that, we pl aced the dev iees on a probe station ( see 

Figure 5.4). The electri ca l probe station a ll ows for quick and easy testin g of indi vidua l 

FET on a va ri ety of electrode des igns. T he unit is composed of two ma in sections, the 

XYZ pos ition stages and the low-noise probe board. The substrate is loaded into the 

substrate ho lder, mounted on top of the vertical stage, and is kept fi rmi y in pos ition by 

two probes acting as source and drain contacts. The bottom and the edge of the ho lder 

prov ide an alternati ve route to electricall y connect the gate to the So urce Measurement 

Units. 

Figure 5.18 The image of MoS2 FET dev iees after depos iting a go ld e lectrode on the 

sampl e 



Figure 5.19 Shown deviee fabrication of MoS2 (Das, Chen, Penumatcha, & 

Appenzeller, 20 12) 

Figure 5.20 Probe station system 

5.3 FET measurement of MoS2 film s. 
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A bias vo ltage was applied between the source and drain terminai s of the MoS2 

channel. The Si substrate was used as a global back-gate; thi s bias field controls the 

carri er concentrat ion and polarity in the MoS2 monolaye r. The vo ltage applied to gate 

terminal was swept continuously during the measurements . The output signal was used 
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to plot the graph . We found that the produced transistor behav ior of MoS2 showing a 

great output characteri stics MoS2 FETs under di ffe rent gates vo ltage from 1 0 Y to 40 

V as shown in Figure 5.2 1. shows the output characteri stics of a MoS2 dev iee, when 

Ids as a functi on of Yds at se lected back-gate vo ltages between 10 and 40 Y. The Id vs 

Yd measurements exhibit strongly non-linear (upward turning) lds- Yds behav ior, 

suggesting the presence of a significant schottky barri er at the contacts ( see Figure 

5.5). 
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Figure 5.5 Output characte ri sti cs Id vs. dra in vo ltage Yd w ith di ffe rent gate vo ltage 

from 1 0 to 40Y 
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In thi s study we found the fi eld effect mobility of a single layer and monolayer MoS2 

deviee can be ca lculated from the fo ll owing equation: 

L (gm) 
Il= W (CE VDS) 

Where L is the channel length (50 ,um) and W is the channel width (3 00 11111 ) and fo r 

CE is the capac itance between the channel and the gate ( Il .5 nf /cm2 ) and for the V ds 

voltage of drain around 1 eV. Moreover, gm, the transconductance, equals to 9 m = d l 
05 

dVcs 

between source and drain vo ltage V cts ,(Kappera et al. , 2014) 

The mono layer MoS2 FET measurement with the thickness of ox ide (S i02) around 300 

nm on the sample with two go ld electrodes acts as drain and the other source. We fo und 

that our dev iees exhibit high mobility from 0.11 to 8.4 cm2 s-1
• We should mention that 

we succeed in gett ing these values withQut using hafnium ox ide Hf0 2 at room 

temperature, compared with prev ious works on the MoS2 mobility of single layer MoS2 

with the band gap 1.8 eV (Mak, Lee, Hone, Shan, & Heinz, 2010) they found the 

mobility range from 0. 5-3 cm2 s-1
, (K. Novoselov et al. , 2005), recentl y in last research 

reports using the hafnium ox ide to improve the mobility of single-layer MoS2 mobility 

of at !east 200 cm2 v-1 Ç 1
, and thi s is similar to graphene, and also they found the 

mobility of 0.11 cm2 v- 1 s- 1 from (Radi sav ljev ic et al. , 2011 ) 



CONCLUSION 

We have successfull y synthes ized MoS2 fl akes using Chemical Yapour Depositi on 

process. We used different growth temperatures and di ffe rent conditi ons to grow MoS2 

domains. The qua lity of the synthes ized MoS 2 was systematicall y investigated with 

vari ous characterizati on techniques to find a successful way to grow M oS2 flakes w ith 

a large area of counting film . We used two furnaces for our CVD process, we used the 

first furnace for sulfur introducti on (sublimati on) at low temperatures ( 120 C0 to 300 

C 0
) and the second furnace for Mo0 3 powder evaporati on at hig h temperatures 

(between 650 co to 800 C0
) for 10 minutes. Based in a li characte rizat ion techniques 

used for th is work, we found that the qua lity of the growth MoS2 exceeds the one 

reported in severa! publicati ons . The FETs fabricated from our MoS2 mono layer show 

great behav ior as transistors w ith hi gh mobili ty around 8.4 cm2 s- 1 lndeed, MoS2 as 

nano materi a l has a sizable band gap, which is suitable as acti ve layers in logic 

e lectroni cs and optoe lectronics, it can be used as a constituent in a vari ety of energy­

related appli cati ons for two-dimensiona l materi a ls. 

As we can see from the data, to grow large areas of MoS2 the best conditi on fo und to 

be 750 C0 like growth temperature for 10 minutes.Thi s conditi on gives hi gh quality 

and a large area of MoS2 thin film . ln conclusion, the CV D method is the best method 

to grow a MoS2 mono layer and 20 mate ri a ls in genera l. 
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