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Direct liquid injection pulsed-pressure MOCVD of large area MoS2 
on Si/SiO2  

Vincent Astié,*a Felipe Wasem-Klein,b Houssin Makhlouf,b Matthieu Paillet,b Jean-Roch Huntzinger,b 
Jean-Louis Sauvajol,b Ahmed-Azmi Zahab,b Sandrine Juillaguet,b Sylvie Contreras,b Damien Voiry,c 
Périne Landoisb and Jean-Manuel Decamsa 

Large-scale, high-quality growth of transition metal dichalcogenides (TMD) of controlled thicknesses is paramount for many 

applications in opto- and microelectronics. This paper describes the direct growth of well-controlled large area molybdenum 

disulfide (MoS2) on Si/SiO2 substrates by direct liquid injection pulsed-pressure metal-organic chemical vapor deposition 

(DLI-PP-MOCVD) using low-toxicity precursors. It is shown that control of the deposited thickness can be achieved by 

carefully tuning the amount of molybdenum precursor evaporated and that continuous layers are routinely obtained. 

Homogeneity and reproducibility have also been examined, as well as the average size of the grains. When targeting 

monolayer thickness, the MoS2 showed near stoichiometry (S/Mo=1.93-1.95), low roughness and high photoluminescence 

(PL) quantum yield, equivalent to exfoliated monolayers and CVD MoS2 grown on the same substrates. 

Introduction 

The Transition Metal Dichalcogenides (TMDs) have recently 

attracted considerable attention from both academia and 

industry due to a number of remarkable properties, including 

high on/off current ratio [1], tunable bandgap [2][3] and high 

flexibility [4][5]. Particularly, the properties of a selection of 

TMDs are drastically changed when their thickness is reduced 

to a monolayer [3][6]. A monolayer of TMD is composed of a 

hexagonally-packed lattice plane of a transition metal (e.g.  Mo, 

W, Ti) sandwiched between two layers of close-packed 

chalcogen atoms (e.g. S, Se). In this family, molybdenum 

disulfide, MoS2, is of particular interest in optoelectronic 

applications due to its transition to a direct bandgap 

semiconductor with very high photoluminescence quantum 

yield when thinned down to a monolayer [6]. A number of 

devices have already been presented in the literature with most 

of the material originating from top-down approaches such as 

mechanical or chemical exfoliation and transfer to a host 

substrate [2][4][7]. While this method generates excellent proof 

of concept devices, it also presents major drawbacks such as 

irreproducibility and limited spatial area, hindering its transfer 

to larger scales. Therefore, numerous bottom-up approaches 

have been developed for the deposition of MoS2. For example, 

Chemical Solution Deposition (CSD) were developed using a 

large variety of sulfur and molybdenum molecules [8][9], 

molecular beam epitaxy (MBE) [10][11], chemical vapor 

deposition (CVD) [1][12], metal-organic chemical vapor 

deposition (MOCVD) [13], including direct liquid injection (DLI) 

MOCVD [14] and atomic layer deposition (ALD) [15][16][17] 

have been tested with a number of different precursors: MoO3 

[1][12], MoCl5 [10] or organometallics such as molybdenum 

hexacarbonyl Mo(CO)6 [10][13][14][18][19], as molybdenum 

source, and elemental sulfur S [1][12], carbon disulfide (CS2) 

[14], bis(trimethylsilyl)sulfide (HMDST) [17], dimethyl disulfide 

(DMDS) [19], di-tert-butyl-sulfide (DTBS) [20] and gaseous 

hydrogen sulfide H2S [18] as sulfur sources. However, most of 

these processes are either hardly reproducible, lengthy, result 

in non-continuous films, present toxic hazards or result in films 

with large sulfur vacancies, which then leads to degraded 

performances [17][21]. For future industrial applications, a 

scalable, fast, homogeneous, and reproducible deposition 

process must be developed preferably with non-toxic 

precursors. On that regard, Direct Liquid Injection-equipped 

systems have already proven to be among the most versatile 

MOCVD tools, providing excellent control over the 

stoichiometry and surface morphology of a large variety of 

materials [22][23]. So far, few groups have used this 

evaporation technique in the deposition of MoS2 [14], and the 

grown material consisted in separate triangle islands of up to 3 

µm in lateral dimensions rather than a continuous film. 

In this paper, we report the direct growth of MoS2 films on 

SiO2/Si substrates using direct-liquid injection metal-organic 

chemical vapor deposition (DLI-MOCVD), atomic layer 

deposition (DLI-ALD) and pulsed-pressure MOCVD (DLI-PP-

MOCVD). The MoS2 samples produced from the DLI-PP-MOCVD 

process are continuous and exhibit good structural and optical 

properties with an intensity of the photoluminescence response 

equivalent to mechanically exfoliated samples.  
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Experimental 

Materials and methods 

All depositions were performed in a 2-inch commercially 

available cold-wall MOCVD reactor (MC-050, Annealsys) similar 

to what was reported from McCreary et al. [14]. In this reactor, 

the substrates are placed in a susceptor heated via infrared 

lamps, which grants controlled, precise, and fast heating and 

cooling rates. The temperature is measured in the vicinity of the 

substrates with a thermocouple inserted in the susceptor to 

ensure that even varying conditions in the chamber, the 

substrate surface stays at a constant temperature (see 

Supplementary Information). It is also equipped with two 

identical direct-liquid injection evaporators capable of working 

in both CVD and ALD settings (Figure 1a). A detailed comparison 

of the different DLI methods is presented in [24]. Briefly, with 

DLI, liquid precursors, and even solid precursors dissolved in a 

solvent, can be efficiently used, and evaporated to generate 

gaseous species with accurate flow control allowing for precise 

tuning of the feeding flow and the stoichiometry to promote the 

desired phase [24][26]. The advantages of this evaporation 

method in the deposition of MoS2 are thoroughly discussed in 

[14].  

 

Deposition conditions 

In this work, molybdenum hexacarbonyl Mo(CO)6 (98%, Strem 

Chemicals) and elemental sulfur S (99.999%, Acros Organics) 

were used without further purification as molybdenum and 

sulfur sources respectively, and kept at room temperature in 

two distinct canisters. Precursor powders were dissolved in 

anhydrous toluene (99.8%, Sigma-Aldrich) to create 0.001 M 

(Mo(CO)6) and 0.002 M (S) concentrated solutions. Both 

precursors are cheap, air- and moisture-stable, largely available, 

non-toxic and both S [1][12] and Mo(CO)6 [14][18][19] have 

already been employed in numerous MoS2 depositions, 

however, to the best of our knowledge, were never used 

simultaneously before this work. The very low concentration 

used and the mildness of the precursor chosen significantly 

differs from previous DLI-MOCVD reports [14], moreover, using 

elemental sulfur not only eliminates possible carbon co-

deposition originating from pyrolysis of carbon-containing 

sulfur precursors [13][14], but also avoids the need for special 

hazardous gas treatment. In fact, by mixing sulfur vapor and 

hydrogen gas in the chamber, we believe that hydrogen sulfide 

H2S can be generated in the vicinity of the substrate at high 

temperature. Unfortunately, we did not yet conduct an analysis 

of the species present in the chamber during deposition to 

confirm this hypothesis. 

Thermally-grown SiO2 on Si was chosen as deposition 

substrate because of its compatibility for optoelectronic devices 

fabrication. The 4-inch wafers were cut in samples of either 

1.0x1.2 cm² or 3.5x3.5 cm² to fit in the 2-inch susceptor. The 

SiO2 thickness was fixed around 90 nm in order to optimize the 

intensities of MoS2 Raman and photoluminescence spectra [27]. 

 

Figure 1 (a) Schematic representation of a VapBox300 showing the two stages of 

injections and (b) Mo(CO)6 (in red) and S (in orange) injection flowrates (in sccm) during 

a 30s-window in each of the three process types. Average flowrates and total 

consumptions are indicated. 

Although the use of salt, graphene-like, and alkali halide 

molecules has been shown to enhance adhesion and structural 

organization of MoS2 films on Si/SiO2 substrates and have been 

used to aid nucleation and lateral growth [1][14][28], it remains 

unclear how this external input affects MoS2 properties 

[29][30]. Therefore, in all cases, the substrates were only 

cleaned in acetone, isopropanol, and deionized water under 

ultrasonic agitation for 10 minutes, and then, blown dry with 

nitrogen before being loaded in the deposition chamber. 

Three types of process were investigated: DLI-Metal-

Organic Chemical Vapor Deposition (DLI-MOCVD), DLI-Atomic 

Layer Deposition (DLI-ALD), and a mixed process, DLI-Pulsed-

pressure MOCVD (DLI-PP-MOCVD). Figure 1b presents the 

molybdenum and sulfur precursor flow rates of a 30s-window 

of each of the three process types. The total amount injected 

where not equal, but selected to target monolayer thickness. 

The flowrates were calculated assuming a 100% evaporation 

efficiency. Note that the flowrates and total quantities used 

were also dramatically reduced to maximize efficiency and limit 

wastes. In these depositions, the average Mo(CO)6 and S 

flowrates are 0.0008 sccm and 0.015 sccm, respectively for DLI-

PP-MOCVD, far less than what is usually reported in the 

literature for MoS2 depositions [10][14][18][19]. The total 
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process time between installation and retrieval of the samples 

was about 75 min in DLI-PP-MOCVD, as opposed to 32 min and 

127 min for DLI-MOCVD and DLI-ALD, respectively. Both DLI-

MOCVD processes were performed at 750°C in a 5% H2:N2 

environment and the reactor pressure was kept at 5 mbar 

during deposition using a downstream throttle valve. The DLI-

ALD processes were performed at 250°C with N2 as sole carrier 

and process gas. The detailed deposition processes and 

conditions can be found in Supplementary Information. The use 

of hydrogen in MoS2 MOCVD is said to be both beneficial and 

detrimental to the growth. Indeed, it should help lowering the 

carbon contamination induced by the metal-organic precursors 

but it also etches away the film as it is being deposited [31][32]. 

The surface morphology of the grown samples was 

characterized by Atomic Force Microscopy (AFM) (NanoScope 

V, Bruker) in tapping mode using a commercial silicon probe. 

Raman (resp. photoluminescence) maps and spectra were 

recorded at 532 nm (2.33 eV) using an Acton spectrometer 

fitted with a Pylon CCD detector and a 1800 grooves/mm 

grating (resp. 300 grooves/mm) through a x100 or x50 objective 

(corresponding spot diameters at half maximum around 400 nm 

and 800 nm, respectively). As discussed in [33], laser power was 

kept below 100 µW as a good compromise between minoring 

laser effects while yielding a signal large enough to ensure the 

measurements’ accuracy. Optical microscopy and spectral 

micro-reflectometry were acquired on a Nikon LV100D with a 

QTH lamp, coupled with an oceanoptics USB2000+ 

spectrometer through a 100 µm core fiber (analyzed spot 

diameter  between 1.0 and 1.5 µm). All the characterizations 

were performed at room temperature under ambient 

conditions. 

Results and discussion 

Transitioning to DLI-PP-MOCVD 

Figure 2 presents the Raman and PL spectra of representative 

samples of each of the three process types. The samples grown 

from the DLI-MOCVD method, where both precursors are 

simultaneously and continuously injected in the chamber, were 

highly crystalline but consisted of nanometric grains and 

incorporated medium amounts of carbon, as reported by both 

XPS and Raman characterizations. The DLI-ALD samples, for 

which precursors are sequentially introduced in the chamber, 

were poorly crystallized and contained significant amounts of 

carbon. Indeed, this set of precursors is not adequate for 

pristine ALD MoS2 growth and leaves residues that are then 

incorporated in the layers. Different precursors would have to 

be used to target bigger grain size and crystallinity in ALD. Even 

so, without post-annealing, these continuous layers can be used 

in applications where small grain size and high contamination 

levels are acceptable, in catalytic applications for example. We 

conducted Rapid Thermal Annealing (RTA) at 750°C for 30 

seconds on a selection of ALD samples to compare with MOCVD 

samples (RTALD in Figure 2, see Supplementary Information). As 

the main issue with the MOCVD-grown samples were  

 

Figure 2 (a) Raman spectra normalized with respect to the Si peak intensity (not 

represented) and (b) photoluminescence spectra of representative samples of the DLI-

ALD (black line), DLI-RTALD (red line), DLI-MOCVD (green line) and DLI-PP-MOCVD (blue 

line) processes. 

contamination levels and low grain size, that we consider 

originating from the large carbon content of the molybdenum 

precursor and the large nucleation density respectively, we 

devised a mixed process between ALD and MOCVD, called DLI-

Pulsed-pressure MOCVD (DLI-PP-MOCVD), where the sulfur 

injection is continuous to promote lateral growth and counter 

sulfur evaporation, and where sparse injections of Mo(CO)6 (6 

ms every 20 seconds, see Figure 1b) limit the nucleation density, 

allowing for a better control of the homogeneity and achieve 

bigger grains before coalescence. The change in grain size 

without optimization of the flow was fivefold, and tenfold after 

optimization. As shown in Figure 2, the optical properties were 

similarly vastly enhanced: while the Raman spectra are similar 

with a decrease in intensity for the DLI-ALD and DLI-RTALD 

samples due to poor crystallinity and/or small grain size, a large 

difference can be observed in the photoluminescence spectra 

of the samples, with a barely measurable emission and typical 

carbon markers (see inset in Figure 2b). Between the two DLI-

MOCVD processes, we measured a sixfold increase of the 

quantum yield for the DLI-PP-MOCVD sample as compared to 

the DLI-MOCVD sample that could be explained by larger grain 

size and a lower amount of defects as targeted. Furthermore, 

XPS analysis confirmed that the carbon contamination of DLI-

PP-MOCVD samples was limited to about 10-14 at%, and that 

the films exhibited good stoichiometry (1.93-1.95 S/Mo, see 

Figure S1 in Supplementary Information). Therefore, in the 

subsequent results, only DLI-PP-MOCVD samples will be 

discussed.  

 

Control of growth thickness 

As explained earlier, direct-liquid injection (DLI) grants total 

control over the molar quantities of precursor vaporized, 

consequently, in order to verify that the growth rate is well 

controlled and reproducible over different batches, height 

samples (S1-S8) were produced by DLI-PP-MOCVD by varying 

the amount of molybdenum precursor used in the process while 

keeping the other conditions identical. The total amount of Mo 

injected varies from 3.4 10-7 mol for sample S1 to 1.4 10-6 mol 

for sample S8. 

Figure 3 shows representative AFM topography and phase 

images of this series of samples. As will be demonstrated in the 

next part with Raman spectroscopy, optical contrast, and 

photoluminescence, MoS2 is present in all samples. This enables 
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the interpretation of AFM results as follows. A clear contrast in 

the AFM phase images of samples S1, S2 and S3 (Figure 3b, 3d 

and 3f, respectively) evidences the surface portions covered by 

MoS2 (darker regions) and the ones uncovered (lighter regions). 

Conversely, the AFM phase images of samples S4, S5, S6, S7 and 

S8 show lower contrast suggesting that the surface is 

constituted of a single material, what implies that these samples 

are continuous, i.e. fully covered by MoS2. On topography AFM 

images of samples S1 and S2, irregularly shaped domains about 

50 nm wide can be identified, their height of about 0.8 nm is 

compatible with MoS2 monolayer. It can also be seen that the 

surface becomes gradually smoother from S1 to S5 Figure 3a, 

3c, 3e, 3g and 3i, respectively), while S6, S7 and S8 (Figure 3k, 

3m and 3o, respectively) show larger height variations. On 

Figure 3l to 3p, triangular-shaped domains of about 100 nm 

aside are visible and some are several nanometers higher than 

the main surface (in particular for sample S8, about 25% of the 

measured heights are 1 nm or more above). This last result 

 

 

Figure 4 Optical spectroscopy characterizations of MoS2 samples S1 to S6 synthesized by 

DLI-PP-MOCVD: (a) and (b) Raman spectra in the range of the (a) MoS2 and (b) Si 

(underneath MoS2 layers) modes, (c) optical contrast spectra and (d) photoluminescence 

spectra around 1.9 eV. 

points out that S6, S7 and S8 are more heterogeneous in terms 

of MoS2 number of layers than the other samples. 

Figure 4a-d show the spectroscopy characterizations of 

samples S1-S5 and S8 which were synthesized on 96 nm SiO2 on  

Si substrates. S6 and S7 are not presented because they were 

synthesized on substrates with a different SiO2 thickness 

(87 nm) and consequently their Raman and optical contrast 

spectra cannot be directly compared with the others (S1-S5 and 

S8). In Figure 4a (resp. 4b) are displayed typical Raman spectra 

in the wavenumber ranges where the MoS2 E1
2g and A1g modes 

(resp. the Si substrate T2g mode around 521 cm-1) are observed 

The optical contrast spectra in the visible range are shown in 

Figure 4c and the photoluminescence (PL) spectra around 

1.9 eV, i.e. in the energy range where the main peak of MoS2 

appears, are displayed on Figure 4d. For all samples, the MoS2 

Raman signature (Figure 4a), the A (around 650 nm) and B 

(around 600 nm) MoS2 excitons (Figure 4c) and a strong PL 

signal around 1.9 eV (Figure 4d) are clearly detected. Moreover, 

the Raman intensity of MoS2 A1g mode (resp. Si substrate 

underneath MoS2 layers T2g mode) increases (resp. decreases) 

from samples S1 to S8 suggesting an increase of MoS2 surface 

coverage and/or average thickness with the amount of Mo 

injected (Figure 4a(b)). 

In order to extract quantitative MoS2 thickness information, 

we have developed a specific Raman-based method described 

in details in Ref. [33]. Indeed, as shown by AFM, the samples are 

constituted of nanoflakes (with a lateral size of typically 50 nm, 

i.e. well below the laser spot size), with possibly a distribution 

of thicknesses and twist angles between adjacent layers of 

multilayer domains. In addition, the MoS2 surface coverage is a 

priori unknown and can be incomplete. As discussed in Ref. [33], 

these characteristics required a reassessment of the criteria 

used to estimate the MoS2 thin film average thickness. The 

results obtained following the approach of Ref. [33] are 

presented in Figure 5a. It is clearly shown that the estimated 

average thickness increases monotonously with the amount of 

Mo precursor injected during the synthesis going from 0.5 

(± 0.1) up to 2.45 (± 0.25) MoS2 layers for samples S1 to S8. 

Beyond the average thickness, it was proposed to derive 

quantitative information about the number of layer 
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Figure 3 1x1 µm² atomic force microscopy (a, c, e, g, i, k, m, o) height and (b, d, f, h, j, l, n, p) phase images of samples S1 to S8 respectively. Colorbars are the same for all 

images in the line, and are shown on the right side. 

 

 



Please do not adjust margins 

Please do not adjust margins 

Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

distributions from the analysis of ultra-low frequency (ULF) 

Raman spectra of DLI-PP-MOCVD MoS2 samples [33]. ULF 

spectra measured on S1 to S8 samples are presented in Figure 

S3 (see Supplementary Information). Following the approach of 

[33], we plot in Figure 5b the estimated surface coverages for 

each number of layer (N) as a function of the amount of Mo 

precursor injected. The surface coverage is defined as the ratio 

between the surface covered by exactly N MoS2 layers and the 

total surface (N = 0 standing for the bare substrate). In 

agreement with AFM (Figure 3), S4 and S5 are found very close 

to MoS2 full surface coverage with about 10% and 5% of 

uncovered substrate remaining respectively. We can thus 

estimate that MoS2 coverage is complete above 7-8.10-7 moles 

of Mo precursor injected, or above an estimated average 

thickness of 1.3 layers. It is also confirmed that samples S1-S3 

have only about 50% of their surface coated by MoS2. Regarding 

1L MoS2, its coverage first increases to reach a maximum 

around 70% for S4-S5 and then decreases. 2L is present  

 

 

Figure 5 (a) Estimation of the deposited MoS2 average thickness (number of layers) for 

samples S1 to S8 derived using the approach of Ref. [33] and plotted as a function of the 

total amount of Mo precursor injected during the synthesis. (b) Surface coverages of 

bare substrate (black open squares), 1 layer MoS2 (red open dots), 2 layers MoS2 (blue 

open up-triangles), 3 layers MoS2 (green open down-triangles), and 4 layers MoS2 

(orange open diamonds) as function of the total amount of Mo precursor injected during 

the synthesis. Surface coverages are estimated from the analysis of ultra-low frequency 

(ULF) Raman spectra of DLI-PP-MOCVD MoS2 samples [33]. Lines are guide to the eye. 

for all samples even for those with an incomplete MoS2 

coverage. 2L coverage increases up to 1.1-1.2.10-6 moles of Mo 

precursor injected reaching a maximum of 50% for S7 and then 

decreases. 3L appears just above the MoS2 full coverage 

threshold representing 10% of S6 and about 45% of S8. Finally, 

for S7 and S8 with an average thickness above 2 MoS2 layers, 4L 

domains are also present. Looking back to the data presented 

in Figure 4 in light of this analysis, the enhancement of the 

optical contrast related to MoS2 excitons A (around 660 nm/ 

1.88 eV) and B (around 610 nm/ 2.03 eV) (Figure 4c) is well 

correlated with the increase of the average thickness from 

sample S1 to S5. Furthermore, the redshift of exciton A in 

sample S8 (to about 665 nm/ 1.86 eV) is consistent with the 

transition from a majority of 1 layer in S1-S5 to a majority of 2-

3 layers in S8. 

The behavior of the PL intensity shown in Figure 4d can also 

be related to the 1L MoS2 surface coverage. Indeed, 1L MoS2 

have a higher quantum yield [4] than multilayers and their PL 

signal is thus expected to dominate. This point is supported by 

the fact that S4 and S5 have the same and highest PL intensity 

what correlates well with their 1L coverages being similar and 

the highest of the sample series despite their different 2L 

proportions. Overall, we find a good correlation between PL 

intensity and 1L coverage given the experimental errors. 

Extrinsic factors such as doping and defects [34] can affect PL 

intensity. No clear doping change between samples within this 

series could be evidenced by Raman scattering. Regarding 

defects, following the method described in [35] we estimate 

that the average inter-defect distance in our samples ranges 

from 3 to 6 nm with a slight tendency to increase with the MoS2 

thickness, i.e. the amount of Mo injected or synthesis duration. 

Overall, no clear correlation with PL intensity could be drawn, 

suggesting that the main parameter affecting PL intensity is 

indeed the 1L amount. Yet, it has been shown that DLI-PP-

MOCVD MoS2 samples with average thicknesses between 0.8 

and 1.4 layers have a quasi-constant 1L coverage around 0.7 

[33]. From a practical point of view, this means that samples 

synthesized within an interval of 5 to 8.10-6 moles of Mo 

precursor injected are showing high room temperature PL 

emission intensity. 

 

 

 

Figure 6 (a) 2 x 2 cm² map (x and y steps of 400 µm) of the Si Raman intensity converted 

in average thickness (number of layers) by the methodology of Ref. [33], and (b) average 

thickness distribution histogram extracted from the 2 x 2 cm² Raman map using Si Raman 

intensity (blue bars). The solid red line corresponds to a fit using a Gauss function. The 

average number of layers estimated using spectral reflectometry is also shown as the 

vertical dotted grey line. 
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Homogeneity 

Figure 6a shows a 2x2 cm² average number of layers map 

(estimated using the Si 521 cm-1 mode Raman intensity of Si 

underneath MoS2 layers, see [33] for details) measured at the 

center of a sample prepared by deposition on a 3.5x3.5 cm² SiO2 

on Si wafer in conditions close to S5. A thickness gradient of 

0.2 layer/cm is observed along one of the diagonals, which is 

attributed to temperature and precursors concentration  

gradients inside the reactor, as often observed with CVD 

systems. In Figure 6b, we present the corresponding average 

thickness distributions for the 2601 points of the Raman map 

and the average number of layers estimated using spectral 

reflectometry (9 measured points equally spaced on a 1×1 cm² 

grid in the center of the sample). The distribution is well fitted 

using a Gaussian function with an average thickness of 1.4-1.5 

layers and a full width at half maximum (FWHM) of 0.35 layers. 

Considering just a 1 cm² square in the center of the image, the 

FWHM of the distribution is of 0.2 layers, which can be 

considered as the heterogeneity in normal synthetic conditions. 

Such inhomogeneity is not surprising at this stage, since (i) the 

synthesis are carried out on SiO2/Si (no epitaxy) and (ii) no 

attempts were yet made to control the temperature and/or 

precursor concentration gradients within the reactor. 

 

Reproducibility 

Reproducibility of the MoS2 synthesis by DLI-PP-MOCVD has 

been tested by repeating a protocol similar to S5 (average 

thickness of 1.3 layers). This sample was chosen because it was 

observed as the thinnest one having a full surface coverage. 

Overall, twelve samples were produced using the same 

deposition conditions in four different series, each of those 

preceded by a full clean-up of the reactor: i) Samples 1-4; ii) 

Samples 5-8; iii) Samples 9-10 with a new precursor solution; iv) 

Samples 11-12 with the new precursor solution and after 

changing the position of the sample holder inside the reactor. 

 

 

Figure 7 Difference in thickness for a series of twelve samples of MoS2 produced by DLI 

in similar conditions as compared to a nominal sample with an average number of layers 

of 1.3. Black open dots and error bars correspond to the averages of the values 

determined by the 4 different measurands: optical spectral reflectometry, difference in 

the peak position between the A1g and E1
2g mode, Si Raman mode intensity and MoS2 A1g 

mode intensity. 

 

 

Figure 8 (a) Raman spectra normalized with respect to the A1g peak intensity and (b) 

photoluminescence spectra of an exfoliated 1L MoS2 (black line), a standard CVD 1L MoS2 

(red line) and the DLI-PP-MOCVD sample S4 with and average thickness of 1 (±0.15) layer 

(blue line). 

The differences in thicknesses for these samples as compared 

to one of the nominal samples (thickness) are shown in Figure 

7. For the first eight samples, made with the same reactor 

configuration, the average thicknesses are reliably found within 

10 % of the reference sample thickness. Variation increased 

notably when the sample holder was moved (samples 11 and 

12), which is attributed to the temperature and concentration 

gradients in the reaction chamber already mentioned. It is 

worth noting that the first sample synthesized after the reactor 

full clean-up (samples 1, 5, 9 and 11 here) was almost 

systematically found to be slightly thinner than the following 

ones. Thus, a first deposition after clean-up seems necessary in 

order to reach the reactor steady state. Overall, these results 

demonstrate that obtaining reproducible MoS2 layers by the DLI 

method presented here is already feasible despite 

heterogeneities in the reactor chamber that would deserve 

more work to be completely solved. 

 

Photoluminescence performance 

Despite most samples consisting of a mix of 1L and 2L (and a 

surface coverage not always reaching 100 %), DLI-PP-MOCVD 

synthesized samples of average thicknesses between 0.8 and 

1.4 layers (having a high and quasi-constant 1L coverage as 

discussed before), showed high room temperature PL emission 

intensity, often surpassing that of exfoliated samples or 

standard CVD 1L MoS2 samples (as exemplified in Figure 8). This 

outperformance is in agreement with the previous DLI-MOCVD 

report [14] and underlines the potential for DLI-grown TMDs in 

optical device applications. This further underlines the role that 

DLI systems can play in processes where strong 

photoluminescence is essential. 

As shown in Figure 8, in the case of the 1L standard CVD 

sample, the down-shift in PL energy and of the E1
2g Raman mode 

as compared to 1L exfoliated sample are consistent with 

residual tensile stress [37][38]. Moreover, sulfur vacancies have 

also been shown to induce E1
2g Raman mode downshift [36]. 

Interestingly, the PL peak position measured on 1L DLI samples 

is slightly upshifted compared to the exfoliated sample contrary 

to standard CVD samples (Figure 8b). This ties in with the 

changes observed in their respective Raman spectra (Figure 8a), 

in which an up-shift of the A1g mode and an increase of the 
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A1g/E1
2g intensity ratio points toward a p-doping of the sample 

[37][39][40]. Furthermore, p-doping can explain the observed 

increased PL intensity and its up-shift [40]. The origin of the p-

doping of DLI samples is not yet understood and its magnitude 

is found to slightly vary from one sample to another. 

Conclusions 

In summary, we demonstrated the deposition via Direct-liquid 

injection pulsed-pressure MOCVD (DLI-PP-MOCVD) of full-

wafer continuous MoS2 using Mo(CO)6 and S, diluted in 

solvents, as precursor sources. The very low molybdenum 

precursor feed rate allowed for S/Mo molar injection ratio to 

stay modest while the stoichiometry of the near monolayer was 

estimated to be MoS1.93-1.95 according to our XPS analysis (see 

Supplementary Information). In the case of continuous films, 

the depositions consisted of coalesced 50 nm-large grains 

without any visible void and with high uniformity. 

Reproducibility and thickness control were demonstrated with 

less than 10 % variation of average thickness being observed 

between samples made in the same conditions. On a 3.5x3.5 cm 

substrate, an overall thickness gradient of 0.2 layer/cm was 

observed. The near-monolayer samples also displayed high 

homogeneity in PL emission intensity and high PL yield. Thanks 

to the good crystalline quality and to p-doping, the PL yield is 

larger in near-monolayer DLI-PP-MOCVD samples than in 

exfoliated and CVD-grown samples. The contamination levels 

could be further reduced by investigating other precursors with 

the correct oxidation states, chosen in the wide range allowed 

by the DLI method. We also expect that the grain size of the 

coalesced film could be greatly increased by lowering even 

further the molar injection rate of the molybdenum source, 

thanks to ability of DLI to control very low flow rates.  
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