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Chapter 3 
Controlling the MoO3 precursor provision to obtain 

high quality single layer MoS2 by chemical vapour 

deposition 

 

This chapter presents a new approach to optimize the MoO3 precursor 
provision for single layer molybdenum disulfide (MoS2) growth by chemical vapour 
deposition. The obtained MoS2 not only comprised of large single layer flakes but also a 
continuous film of single layer MoS2. We used a quartz cup instead of a boat for MoO3 
and located it 1 cm upstream of the substrate. The quartz cup limits the precursor 
provision and creates a concentration profile allowing MoS2 to form a continuous film 
in the substrate region closest to the MoO3 source. The quality of MoS2 was 
characterized by optical, atomic force, scanning electron and transmission electron 
microscopy as well as by Raman, photoluminescence and X-ray photoelectron 
spectroscopy. Transport measurement in electric double layer transistor geometry 
demonstrated a good charge carrier mobility. 
 
 
 

 
 
 
 
 
 
The same research idea was published1 when we had prepared the manuscript based 
on the results presented in this chapter: Ali Syari’ati, Abdurrahman Ali El Yumin, 
Tashfeen Zehra, Bart Kooi, Jianting Ye, Petra Rudolf, Controlling the MoO3 precursor 
provision to obtain high quality single layer MoS2 by chemical vapour deposition  
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3.1 Introduction 

After graphene, transition metal dicalchogenides (TMDs) have become the 

most studied materials among two-dimensional (2D) solids because their physical and 

chemical properties are promising for future electronic and optoelectronic devices.2,3 

TMDs are layered materials consisting of transition metal (M) and chalcogen atoms (X) 

in the form of an MX2 bonded layers held together by weak Van der Waals interaction. 

Interestingly, depending on which transition metal and chalcogen atom are combined, 

the resulting TMD can be an insulator, a semiconductor, a metal, or even a 

superconductor.4–7 

Among the TMD family, single layer (SL) MoS2 has been the most studied 

because it is a promising candidate for transistor8–10, catalysis11, and sensor 

applications.12 Its band structure changes from an 1.29 eV indirect to a 1.89 eV direct 

band gap when the thickness decreases from a bulk crystal to a single layer and 

therefore the latter has been considered as complementary to gapless graphene.13 

Various methods have been investigated to obtain SL-MoS2, including mechanical 

exfoliation14, liquid-phase exfoliation15,16, and chemical vapour deposition (CVD).17–19 

However, when large single domain flakes are required, CVD with its high 

reproducibility and its relatively low cost20 is an ideal choice. Previous studies have 

identified optimized CVD parameters like growth-temperature21, flow rate22,23, pre-

treatment24,25 and the effect of different substrates and source materials.26,27 However, 

only a few studies focus on the CVD configuration. 

As already mentioned in Chapter 2 the proposed mechanism20 to grow MoS2 

by CVD identifies the evaporation of source materials, the transport of gaseous source 

materials to the substrate by the carrier gas, as well as the simultaneous diffusion of 

adsorbed precursors and their reaction on the substrate to form MoS2 as crucial steps 

in the process. During the transport of the gaseous species, one expects reduction of 

MoO3 to the intermediate product MoO3-x to take place. Wang et al.19 showed that the 

position of the precursor in the CVD set up allows to control the concentration of the 

intermediate product MoO3-x to obtain a continuous film of SL-MoS2. 
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Figure 3.1. CVD setup for growing single layer MoS2. (a) An illustration of CVD set 

up which shows the quartz cup placed in an up-stream position just before the substrate; 

(b) the alumina boat and the quartz cup for sulfur and MoO3, respectively, (c) the 

temperature control scheme as used in the CVD growth for heating MoO3 and S.  

In this work, we used a different approach to control the provision of the 

precursor by putting the source material, MoO3 powder, in a small quartz cup. The 

quartz cup assures that the source concentration is low during growth, thus hampering 

the formation of new nucleation sites. This low source material concentration therefore 

promotes lateral growth of a few initially formed islands, yielding a highly crystalline, 

wafer scale sized SL-MoS2.28 The scheme of the CVD setup for this method is illustrated 

in Figure 3.1.(a) and in the following we shall discuss the results of optical, atomic force 

(AFM), scanning electron (SEM), and transmission electron microscopy (TEM), as well 

as of Raman, photoluminescence (PL), and X-ray photoelectron spectroscopy (XPS) and 

electrical measurements, which demonstrate that this method indeed yields high 

quality and uniform films of SL-MoS2. We also performed MoS2 growth with the 

common face-down method for comparison. 

b 

a 

c 
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3.2 Results and discussion 

MoS2 growth by CVD 

As depicted in Figure 3.1(a), MoO3 and S powder were placed in 

correspondence of different heating belts of the oven to achieve better temperature 

control of the two source materials. Unlike common CVD growth of MoS2, where the 

substrate is placed facing downwards24, we placed a 1x1 cm piece of an n-doped silicon 

wafer covered with a 300 nm oxide layer in correspondence of the same heating belt as 

MoO3, but facing upwards. 3.0 mg of MoO3 were put inside a quartz cup (depicted in 

Figure 3.1(b)) positioned 3-5 mm before the substrate, while 500 mg of sulfur powder 

in an alumina boat (depicted in Figure 3.1(b)) was placed in correspondence of the up-

stream heating belt (first heating belt). This distance between quartz cup and substrate 

was found to be an ideal distance to keep the nucleation density low all over the 

substrate. We grew MoS2 in Ar atmosphere at ambient pressure. 

The temperature control scheme depicted in Figure 3.1(c) shows three 

different stages during the CVD process. The first is called the purging stage, where the 

adsorbed water is removed from the system by heating up the second heating belt at 

200 °C in a 300 sccm Ar flow. The second is called induction stage and it was started 

subsequently by heating up the second belt up to a temperature of 700 °C with the 

constant heating rate of 17 °C/min. At the same time, we also started to heat the first 

heating belt up to 150 °C with a lower heating rate of 3 °C/min. In the induction stage 

the CVD tube is saturated with MoO3 or MoO3-x vapour. This stage is crucial for growing 

large domains of SL-MoS2 because it determines the density of early nucleation sites on 

the substrate.  
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Figure 3.2(a) Schematic illustration of the location of the different zones on the 

substrate with respect to the position of the precursor sources. Scanning electron 

microscopy (SEM) images (b) of zone 1 and 2 show the border between the continuous 

film and partially merged big flakes (indicated by a red dashed line); (c, d) of zone 2 

showing partially both merged and isolated big flakes; (e) of zone 3 showing small 

flakes. The white scale bar corresponds to 100 µm in each case. 

 

MoO3-x (g) S (g) Ar (g) 

1 2 3 
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a 
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Figure 3.3. Optical microscopy images of (a) zone 1, where the substrate is fully 

covered by a continuous film; (b) zone 2; (c) zone 3; (d) close-up on an 86.3 µm wide 

flake; small flakes grown by the conventional method without quartz cup; (e) overview 

of the substrate after growth when the substrate is placed facing upwards and (e) 

downwards. The red arrow indicates the edge of the substrate. 

In a previous study, Chen et al.28 applied a different gas flow direction in the 

induction stage (away from the substrate) than in the growth stage (towards the 

substrate) to avoid unintentional nucleation in the former, while Tao et al.29 modified 

86.3 µm 

50 µm 

100 µm 100 µm 

100 µm 
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c d 

20 µm 
20 µm 
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the substrate position to control the diffusion of precursors and found that too short 

distance between molybdenum source and substrate lead to multilayer growth, too 

long distance to negligible nucleation rate. In our case, a separate moveable heating belt 

for the sulfur assures that S vapour is present only during the growth stage thus 

preventing undesired reactions before that stage. In the third, the growth stage, we kept 

the maximum temperature (700 °C) of the MoO3 heating belt for 10 min in a 10 sccm Ar 

flow but added an additional 20 min for the S heating belt to achieve larger domains 

and avoid cracks in the MoS2 layer.30 We turned off and move the S heating belt right 

after the growth stage, whereas the MoO3 heating belt was turn off only after the 

temperature reached 550 °C to assure a low cooling rate. Then we let the setup reach 

room temperature naturally. 

Scanning electron and optical microscopy 

We first checked our samples by SEM to gain an insight on the morphology of 

the grown MoS2. Different coverages were found at different locations on the substrate 

as depicted in Figure 3.2. We divided the substrate into 3 zones as illustrated in Figure 

3.2(a). The zone 1 is fully covered by a continuous film, while the zone 2 contains both 

merged flakes and isolated large flakes. Figure 3.2(b) shows the border region of zones 

1 and 2, divided by a red dashed line. In zone 3 only small flakes with the size ranging 

from 1-15 µm are observed, as depicted in Figure 3.2(e). The size distribution of MoS2 

flakes is shown in Figure 3.4.  

 

Figure 3.4. Flake size distribution in Zone 2 and 3. 

 

Zone 2 Zone 3 
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We also employed optical microscopy to further investigate the different zones 

on the substrate. The MoS2 shows an excellent contrast on SiO2; both the continuous 

film and the islands exhibit purple colour, while SiO2 is seen orange. Figure 3.3(a-c) 

shows images taken at different magnifications, namely 20x and 50x. Millimeter size 

films resulting from the merger of several large flakes were found on the up-stream 

zone near the source (Figure 3.3(a)). The uniform contrast over the whole area 

confirms that the islands have coalesced without any deformation or buckling on the 

macroscopic scale and represents a first indication that we have the same height of the 

adsorbed material everywhere. The green dot inside the black dashed line circle marks 

the initial nucleation site, from which the island enlarged laterally. 

We believe that the quartz cup located before the substrate, combined with a 

low Ar flow during the growth is responsible for controlling the MoOx concentration 

profile across the substrate and thus favours lateral growth. In addition, how much 

MoOx is transported in the Ar stream and how the precursors reach the substrate (easily 

or more difficulty) also play an important role in the growth of a continuous film of MoS2 

on the parts of the substrate nearest to the precursor source. The MoOx concentration 

decreases as the distance between the source and location of the zone increases, 

resulting in isolated flakes further out on the substrate as depicted in Figure 3.3(c). 

Equilateral triangular flake with edges reaching sizes up to nearly 100 µm could be 

identified, as depicted in Figure 3.3(d). It is worth to note that the growth conditions 

reported rely on optimized parameters, which were determined by studying the effect 

of parameters such as the distance between substrate and source materials, growth 

temperature and duration, carrier gas flow rate, source material (purity, amount and 

freshness). 
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Figure 3.5. Characterization of MoS2: AFM images of (a) a single flake and (b) the 

edge of the continuous film - the insets show the step height; (c) photoluminescence 

spectra of the continuous film and of a single flake. (d) Raman spectra of the continuous 

film and of a single flake; XPS spectra of the (e) Mo3d/S2s and (f) S2p core level regions 

collected on the continuous film; raw data (O) and mathematical reconstruction of the 

experimental line (—). The different components are discussed in the text. 
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To convince the reader of the superior quality of our results, we also grew MoS2 

by the commonly used face-down method19,31 with the same temperature control 

scheme and the same Ar flow as those adopted in our new method. Figure 3.3(e) shows 

the optical image of the sample grown with MoO3 in an alumina crucible boat instead of 

in the quartz cup with the substrate facing up; the result of the same growth with the 

substrate facing down is presented in Figure 3.3(f). The optical microscope images do 

not show a film with uniform thickness but small flakes ranging from 1 to 15 µm in size. 

The presence of a large number of small flakes on these samples confirms that more 

nucleation sites are formed when not using the quartz cup. The multilayer growth 

testifies to an excessive amount of source material reaching the substrate at any time 

so that lateral island growth is not favoured.  

The thickness of the film and of the flakes was confirmed by AFM. Tapping 

mode AFM images over a 5x5 µm size area were acquired to measure the step height at 

the edge of single flakes and of the continuous film, as depicted in Figure 3.5(a, b), 

respectively. The cross section line shown in the insets indicates that both film and flake 

are 0.7 nm thick, which in good agreement with previous results32 for single layer MoS2. 

This observation agrees with the uniform contrast of the optical microscopy images and 

confirms that we grew SL-MoS2 all over the substrate. 

We also acquired the photoluminescence (PL) spectra for both the continuous 

film and for an isolated flake to identify the band gap of the material grown by the 

quartz cup method. Figure 3.5(c) shows both PL spectra, which are identical. Due to 

the splitting of the valence band in MoS2,33 two peaks appear, attributed to the A and B 

excitons, respectively. The energy of the A exciton of ~ 1.8 eV is in good agreement34 

with the band gap of SL-MoS2.  

We performed Raman spectroscopy to study the typical vibration modes in 

MoS2. Figure 3.5(d) shows the two characteristic peaks of MoS2, namely E2g and A1g, 

located at 389.9 cm-1 and 405.5 cm-1, respectively and associated with in-plane and out-

of-plane vibrations as explained in Chapter 2. For both the MoS2 film and the flake the 

distance between the two peaks is 17.5±1.5 cm-1, which is in good agreement with SL-
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MoS2.35,36 We measured different spots on the continuous film and different flakes to 

check the uniformity of our MoS2. Moreover, the sharpness of the peaks indicates29,37 

good crystallinity of our MoS2. 

To confirm the chemical composition of MoS2 grown using the quartz cup 

method, we collected XPS spectra of the Mo3d/2s and S2p core level regions, as depicted 

in Figure 3.5(e, f), respectively. The most intense doublet peak, located at a binding 

energy (BE) of 229.6 eV, is attributed to Mo4+ (i-Mo4+), the charge state of molybdenum 

in MoS2. The doublet peaked located at 1.7 eV higher BE stems from defect Mo4+ (d-

Mo4+), i.e. from Mo atoms close to sulfur vacancies (VS).38,39 Finally, the doublet peak at 

232.9 eV in BE is due to Mo6+ of the unreacted precursor MoO3,40 which is always found 

as contamination on CVD grown MoS2. The most intense singlet peak is due to the S2s 

emission from defect free regions of MoS2, while the additional singlet peak at 227.6 eV 

corresponds to sulfur close to a defect. The sulfur chemical environment can be more 

clearly studied by means of the S2p core level spectrum, shown in Figure 3.5(f), where 

two doublets, peaked at 162.3 eV and 163.1 eV respectively, are observed.24 We 

attribute the most intense one to intrinsic S (i-S) in defect free regions of MoS2, and the 

higher binding energy doublet to sulfur near S vacancies (d-S). This observation is very 

important because it constitutes the spectroscopic proof of the presence of unsaturated 

Mo atoms in CVD grown MoS2, already observed microscopically by Zhou et al.41 The 

S/Mo ratio deduced from the spectral intensities normalized by the sensitivity factor 

typical of the element and the spectrometer used, amounts to 1.8±0.2 and hence 

indicates a n-type nature of MoS2 due to a deficiency in S in our MoS2, which in 

agreement42 with the presence of intrinsic sulfur vacancies in MoS2. 

The TEM image of SL MoS2 is shown in Figure 3.6(a). The HRTEM image 

together with its fast Fourier transformation (FFT) pattern in the inset presented in 

Figure 3.6(b) shows the hexagonal lattice pattern of the MoS2 crystal. The blurry 

features are due to amorphous carbon of the PC residue, also clearly visible in Figure 

3.6(c). Some polymer residue is commonly found43,44 on the transferred MoS2 after the 

PC was removed by dissolving in chloroform.  
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Figure 3.6. Further characterization of CVD grown MoS2: (a) TEM image of single 

layer MoS2 suspended on a Au grid covered by holey carbon; (b) high resolution TEM 

image with the corresponding FFT pattern in the inset; (c) SEM image showing the PC 

residue remaining on MoS2 after cleaning; (d) optical microscopy image of a patterned 

SL-MoS2 flake with Ti/Au electrodes; (e) electrical measurement of CVD grown MoS2 - 

the IG vs VG curve, showing that no leakage current was observed; (f) the transport curve, 

shown in the inset is the logarithmic transport curve. 

a b 

c d 

e f 
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Figure 3.7.(a) The logarithmic plot of transport curve showing the on off ratio of 

104. (b) The maximum Hall mobility (µ) as a function of charge carrier density (𝑛𝑛2𝐷𝐷 ) in 

our electric double layer transistor device. 

Figure 3.6.(d) shows the electric double layer transistor (EDLT) device based 

on our MoS2. We used the EDLT technique to accumulate larger amounts of charge 

carriers on the MoS2 surface, allowing for a more effective gating as compared to a 

conventional FET.9 N,N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium bis 

(trifluoromethylsulfonyl) (DEME-TFSI) was used as ionic liquid. The electrical 

measurement was carried out at low temperature (220 K), just above the glass 

transition temperature of DEME-TFSI to avoid any chemical reaction between MoS2 and 

ionic liquid.9,45 

We first checked the quality of our device by plotting IG as a function of VG, as 

presented in Figure 3.6(e). Since no leakage current was observed, we conclude that 

our device is in good condition to further investigate the transport properties. We 

measured the transport curve, which is the current in MoS2 (IDS) as a function of applied 

gate voltage (VG); the voltage between drain and source (VDS) was kept constant at 0.2 

V during this measurement. The transport curve Figure 3.6(f) shows that a current in 

MoS2 (IDS) started to be detected when the applied voltage gate was around 0.8 V. The 

current was only observed when a positive bias was applied, confirming electrons as 

a b 
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charge carriers. This fact supports the XPS results, which indicate the n-type nature of 

our MoS2.  

A logarithmic plot of the transport curve in Figure 3.7(a) reveals the on/off 

ratio in the device of 104, indicative of a highly tunable device. We also performed Hall 

effect measurements as a function of the external magnetic field to calculate the charge 

carrier mobility in MoS2. Figure 3.7(b) shows the maximum Hall mobility (µ) as a 

function of charge carrier density (𝑛𝑛2𝐷𝐷 );  µ reaches a value of 12.8 ± 0.3 cm2 V-1 s-1 at a 

charge carrier density of (2.0 ± 0.1) x 1014 cm-2. This value is comparable with the 

mobility values obtained for MoS2 produced by the scotch tape method and other CVD 

approaches and ranging from 6-200 cm2 V-1 s-1.46 

3.3 Conclusion 

In conclusion, we demonstrated that successful CVD growth of continuous 

films of single layer MoS2 can be achieved by controlling the MoO3 source material 

provision via the quartz cup method. The quality and uniformity of MoS2 obtained using 

this approach were confirmed by optical microscopy, AFM, Raman photoluminescence 

and X-ray photoelectron spectroscopy, SEM, TEM and electrical measurements. 

Although other studies have obtained continuous films of monolayer MoS2 by 

sulfurization of thin Mo films, the undesired sulfur desorption at the high temperature 

necessary in that protocol causes a drastic decrease of the carrier mobility. Our 

alternative method allows to obtain high quality continuous films of single layer MoS2 

with much higher carrier mobility and can potentially be applied to fabricate wafer-size 

MoS2 for future electronic devices. 
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