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Abstract 

The layer- and morphology-dependent properties of two-dimensional molybdenum disulfide (MoS2) 

have established its relevance across broad applications in electronics, optoelectronics, sensing, and 

catalysis. Understanding how to manipulate the material growth to achieve the desired properties is 

the key to tailoring the material towards a specific application. In this work, we investigate the 

growth of vertically standing MoS2 nanosheets by chemical vapor deposition on vicinal and on-axis 

4H-SiC (0001) substrates. In both cases the MoS2 flakes exhibit three preferred orientations, aligning 

with the 〈112̅0〉 substrate directions due to strain minimization of a MoO2 intermediate phase. 

mailto:n.motta@qut.edu.au


Whereas MoS2 grown on vicinal SiC substrates exhibits strict near-vertical alignment, scanning 

electron microscopy and near-edge X-ray absorption fine structure (NEXAFS) measurements indicate 

a near-random vertical orientation when MoS2 is grown on on-axis SiC. Photoemission spectroscopy 

and NEXAFS measurements indicate the presence of defects and disordered edges which establish 

the suitability of the material for applications in sensing and catalysis. 

 

1. Introduction 

Layered transition metal dichalcogenides (TMDs) such as molybdenum disulfide (MoS2) have been 

demonstrated as a versatile material with diverse applications ranging from nano- and 

optoelectronics [1–3]  to catalysis [4] and chemical sensing [5–7]. The performance of devices in 

these applications is heavily dependent on the MoS2 layer morphology. For electronics and 

optoelectronics high performance is achieved by exploiting the transition from an indirect to direct 

bandgap by isolating monolayer MoS2, and devices benefit from the lack of dangling bonds on the 

exposed basal plane [1]. On the other hand, the catalytic activity or chemical sensitivity of the 

material is enhanced by exposed edges where dangling bonds provide increased chemical activity 

compared to the inert basal plane [6,8,9]. Consequently, the ability to synthesize densely packed, 

vertically standing MoS2 nanosheets will facilitate improved performance of MoS2 in these areas. 

Vertically standing MoS2 layers can be synthesized by vapor transport methods such as sulfurization 

of molybdenum layers [6,10–12] or chemical vapor deposition (CVD) [13–17]. The sulfurization 

approach enables tunability of the film morphology by control of the metal layer thickness. At low 

thicknesses the MoS2 layers form with the basal plane parallel to the substrate surface, whereas at 

high thicknesses a vertically-aligned MoS2 layer grows with exposed layer edges at the surface [10]. 

For MoS2 grown by CVD, the orientation of the MoS2 layer (vertical or horizontal) depends on the 

ratio of molybdenum and sulfur precursors in the initial growth stages, with vertical growth favoured 

when the metal precursor concentration exceeds that of the sulfur precursor [16]. On substrates 



such as SiC and sapphire, vertically standing MoS2 layers further adopt three preferred lateral 

orientations with respect to the substrate due to the surface symmetry [16,17]. 

Vicinal (off-axis) substrates are often employed in epitaxial crystal growth and self-assembly of low-

dimensional nanostructures on surfaces [18]. The periodic arrangement of atomic steps with 

densities selected according to the vicinal angle provides a template for the nucleation of adsorbates 

on the surface. Recently, vicinal surfaces have been shown to be key to achieving the growth of 

single crystal monolayer hBN [19,20] and MoS2 [21] at centimetre scales. In these instances, 

alignment of a particular edge orientation with the step edge, repeated across the sample surface, 

allows grains to coalesce without grain boundaries. In light of this, the role of the substrate 

orientation on the growth of vertically aligned MoS2 layers is of significant interest. 

In this work, we demonstrate that the orientation and vertical alignment of MoS2 nanosheets grown 

on 4H-SiC (0001) by CVD is influenced by the substrate vicinal angle. On a vicinal substrate the MoS2 

nanosheets exhibit near-perfect vertical alignment, and form with three preferential orientations 

corresponding to the high-symmetry directions of the SiC(0001) surface. Meanwhile, on the on-axis 

substrates the sheets are more disordered, and the vertical alignment is not distinct. Our 

microscopic investigations are supported by synchrotron-based X-ray photoemission spectroscopy 

(XPS) and near-edge x-ray absorption fine structure (NEXAFS) measurements which additionally 

reveal the presence of defects and establish the suitability of the material for applications in sensing 

and catalysis. 

 

2. Experimental Details 

2.1 MoS2 Synthesis 

MoS2 was grown on 4H-SiC(0001) substrates cut on-axis (Cree Inc.) and 4° off-axis towards 〈112̅0〉 

(Norstel) by CVD. Prior to MoS2 synthesis the substrates were washed under sonication for 15 min 



each in acetone, ethanol, and deionized water to remove organic residue. Substrates were then 

loaded into a horizontal quartz tube furnace 2.5 cm downstream from an alumina crucible 

containing 30 mg of MoO3 powder. Another crucible containing 500 mg of sulfur powder was placed 

in the upstream zone. Before synthesis, the tube was purged with 800 sccm Ar flow for 1 h before 

reducing to 600 sccm. After annealing the sample at 150 °C for 20 min to remove adsorbed 

contaminants, MoO3 was evaporated at 750 °C simultaneously with sulfur at 280 °C under 

atmospheric pressure. A detailed description and schematics of the growth procedure can be found 

in the supporting information (SI). 

 

2.2 Material Characterization 

The MoS2/SiC sample morphology was characterized by atomic force microscopy (AFM, NT-MDT 

Solver), field-emission scanning electron microscopy (Zeiss Sigma FE-SEM) and transmission electron 

microscopy (TEM, Jeol 2100F). TEM samples were prepared by scratching the MoS2 flakes from the 

surface, dispersing in ethanol and drop-casting onto TEM grids. Raman spectra were acquired using 

a Renishaw inVia Raman spectrometer with a frequency doubled NdYAG laser ( = 532 nm). The 

laser was focused using a 50× objective lens giving a spot size of approximately 1 m, and a laser 

power of < 5 mW. Atomic force microscopy (AFM) images were acquired with an NT-MDT scanning 

probe microscope in tapping mode using Si cantilevers (NSG30, NT-MDT), and a Bruker Dimension 

ICON AFM system operated in tapping and contact modes using Si cantilevers (ScanAsyst-Air, 

Bruker). AFM images were processed using the Gwyddion software package [22]. Synchrotron-based 

XPS and near-edge X-ray absorption fine structure (NEXAFS) measurements were acquired at the 

soft X-ray Spectroscopy beamline of the Australian Synchrotron.  The synchrotron-based XPS spectra 

were acquired with a photon energy of 350 eV for C 1s, Mo 3d, S 2p and Si 2p core level spectra, and 

650 eV for O 1s, in order to enhance the surface sensitivity and photoionization cross-sections. The 

spectra were measured at a pass energy of 10 eV for an overall energy resolution of 0.29 eV. Binding 



energies were calibrated using a sputtered gold foil in electrical contact with the sample stage. XPS 

spectra were analysed using CasaXPS [23]. NEXAFS spectra were acquired using linearly polarized 

light at three angles of incidence with respect to the sample surface plane: glancing incidence ( = 

20°), tilt-independent “magic” angle ( = 55°), and normal incidence ( = 90°). The signal measured is 

the total electron yield and is recorded by measuring the drain current from the samples. Bulk MoS2 

reference spectra were simultaneously acquired for calibration of the photon energies, and the 

photon flux was measured by collecting the current from a gold mesh placed in the bath of the 

beam. NEXAFS spectra were normalised using the QANT software package [24], and all spectra were 

normalised against the incoming photon flux determined by the current measured from a gold mesh 

in the path of the beam. 

 

3. Results and Discussion 

3.1 MoS2/SiC Characterization 

SEM images of the CVD-grown MoS2 are shown in Figure 1 (a) and (b) for the off-axis and on-axis SiC 

substrates, respectively. In both cases, the MoS2 grows with a predominantly vertical orientation 

similar to previous observations [15,16], with only a small number of flat-lying crystals. On the off-

axis substrate in (a), the vertical flakes appear almost perfectly upright, whereas on the on-axis 

substrate in (b) the flakes appear to be tilted, with some flat-lying crystals. On both substrates the 

flakes exhibit three distinct lateral orientations as shown by the histograms in Figure 1 (c) and (d), 

although there is more variation in the orientation of MoS2 on the on-axis substrate. Based on the 

known orientation of the substrate we can determine that the flakes grow in three preferred 

orientations along [112̅0], [12̅10] and [21̅10] lattice directions of the SiC substrate. The crystal 

model for these orientations is shown in Figure 1 (e) and (f). 



AFM measurements were taken in order to ascertain the height of the MoS2 flakes. Figure 2(a) 

shows a topographic AFM image of vertical MoS2 flakes grown on an off-axis 4H-SiC sample with a 

lower density. As was observed by SEM, three distinct lateral orientations are also seen in the AFM 

image. A line profile taken along the white dotted line is shown in Figure 2(b). The height of the flake 

measured from the line profile is 1.3 m. Thickness of the flake measured from the AFM line profile 

(approximately 1.5 m) is unreliable due to the interaction of the AFM tip apex with the surface 

which exaggerates the thickness measurement. The true MoS2 flake thickness was measured by 

TEM. Figure 2(d) shows a TEM image of the MoS2 nanosheets, and the selected area electron 

diffraction (SAED) pattern inset confirms the presence of two MoS2 crystals with different 

orientations viewed along the [0001] zone axis. When viewed along the edge of the flake, as shown 

in Figure 2(e), the thickness of the MoS2 flakes was found to be approximately 40 nm or 60 layers of 

MoS2. 

The Raman spectrum of the MoS2 nanosheets is shown in Figure 2(c). Peaks at 384 cm-1 and 409 cm-1 

correspond to the in-plane E1
2g and out-of-plane A1g of the S–Mo–S sandwiched structure in 2H-MoS2 

[25,26]. The peak separation of 25 cm-1 is consistent with the observed peak separation for bulk 

MoS2,[25,26] as expected for the 40 nm thick crystals. Notably, the high intensity ratio between the 

A1g and E1
2g peaks has been previously associated with the high density of exposed edges in vertically 

standing MoS2 nanosheets [10,11,14,15]. 

The chemical composition of the MoS2 flakes was determined by synchrotron-based XPS and the 

deconvolution of the spectra are shown in Figure 3 and Tables S1 and S2 (Supporting Information). 

Figure 3 shows the Mo 3d (a) and S 2p (b) core level spectra of the on- and off-axis samples. In the 

Mo 3d core level, an intense, narrow doublet at 229.7 eV and 232.9 eV arises from MoS2, with the 

corresponding S 2s component visible at 226.8 eV [27]. A higher binding energy component at 233.0 

eV and 236.1 eV can be attributed to the Mo6+ chemical state indicating a small amount of residual 

MoO3 [27]. In both cases the residual MoO3 accounts for < 1.6 % of the total spectral intensity. A low 



binding energy doublet is also observed at 229.4 eV and 232.5 eV which we attribute to defects in 

MoS2. These contributions also appear in the S 2p core level spectrum shifted by -0.3 – -0.4 eV from 

the MoS2 peak position. The ratio of defective to pristine MoS2 is 0.05 ± 0.01 for the sample grown 

on vicinal SiC and 0.15 ± 0.02 for the sample grown on on-axis SiC, suggesting higher quality growth 

on the vicinal substrate.  The defect-related sulfur component was not included in the S 2s region 

due to the small photoionization cross-section of S 2p photoelectrons compared to Mo 3d. On both 

substrates, considering the spectral weight of the Mo 3d defect-related component, the 

corresponding S 2s contribution would be expected to give less than 1 % of the overall spectral 

intensity. Similar XPS observations of defects related to sulfur deficiencies have been made in WS2 

[28] and in MoS2 [29,30]. Taking into account the photoionization cross-section of the Mo 3d and S 

2s core levels, the peak areas give an atomic S:Mo ratio of 1.89 ± 0.10 indicating a slightly sub-

stoichiometric MoS2 layer. The S:Mo ratio was calculated to be 1.91 ± 0.08 using data from a 

laboratory XPS system which verifies that the value is not an artefact arising due to the textured 

surface. The S:Mo ratio is consistent with the assignment of the additional core level peaks as 

defects associated with a sulfur deficiency. The shift in the core level binding energies arises due to 

band bending in highly defective MoS2 regions [30]. Although passivation of sulfur vacancies with 

other atomic species is a possibility [31], we do not believe that to be the case here. Given the 

growth environment the element mostly likely to passivate defects would be oxygen, however 

incorporation of oxygen into a MoOxSy compound would result in a shift of the Mo 3d and S 2p 

electrons to higher binding energies [32,33]. 

To gain further insight into the electronic structures we performed NEXAFS spectroscopy to probe 

the empty electronic states of the system and their geometry. Figure 4(a) shows a typical sulfur K-

edge NEXAFS spectrum measured for MoS2 grown on SiC. The experimental data are shown as black 

dots, and the synthetic fit to the data given by the coloured peaks is indicated by the red line. The 

main absorption peak is made up of two components at 2471.5 eV and 2471.7 eV that cannot be 

individually resolved and is produced by transitions of S 1s core level electrons into S 3p states 



hybridized with Mo 4d states (purple peak). A shoulder at 2473.2 eV is a dipole-forbidden S 1s to 4d 

transition (green peak), however it is still observed with reduced intensity due to hybridization with 

Mo 5p states [8,34]. There is a pre-edge feature that appears at approximately 2466 eV in the off-

axis sample and 2464 eV in the on-axis sample (see Figure 4(b) and (c)). Pre-edge features have 

previously been calculated and observed experimentally and associated with corrugated edges in 

exfoliated MoS2 crystals [8]. Irregularities at the edges of the crystal result in localization of S 3p–Mo 

4d states and give rise to pre-edge absorption. Similarly, the pre-edge features observed here may 

also be caused by exposed edges in the vertically standing flakes. The fact that they are only 

observed at normal incidence may be due to increased interaction of the incident X-rays with the 

edges of the flakes, compared to off-normal measurement angles where there is more interaction 

with the basal planes. The sulfur K post-edge structure is made up of transitions into p-like states at 

photon energies between 2480 and 2485 eV [8,34–36]. The post-edge features in this work are fit 

empirically (Figure 4(a)) without any consideration of the physical transitions. This is due to some 

artefacts that remain after normalization against the incoming photon flux. Further details are 

provided in the Supporting Information (Figure S3). 

NEXAFS spectroscopy can provide insight in the geometry of the MoS2 nanosheets by measuring the 

intensity variation of particular spectral features at different X-ray incidence angles. On a surface 

with three-fold symmetry, in the case of 100% linearly polarized light (typical for an undulator 

beamline), the intensity variation of features associated with transitions into states with vector-type 

orbitals varies as 

𝐼(𝛼, 𝜃) ∝  1 +
1

2
 (3 cos2 𝜃 − 1)(3 cos2 𝛼 − 1)       (1) 

where  is the X-ray angle of incidence with respect to the sample surface, and  is the tilt angle of 

the orbital with respect to the surface normal [37]. 

The sulfur K-edge NEXAFS spectra were measured at three incident angles: glancing incidence (20°), 

normal incidence (90°) and the tilt-independent “magic angle” (55°). The spectra from the off-axis 



substrate, shown in Figure 4(b), exhibits distinct variations in the primary absorption peak intensity, 

whereas the spectra in (c) for the on-axis substrate show only a small intensity variation. The sulfur 

K-edge peak model from Figure 4(a) was propagated through all spectra to extract the intensity of S 

1s → S 3p transition, and the angular variations are shown in the insets of Figure 4(b) and (c). Fitting 

these values with equation (1) allows average orbital tilt angles of 63.2±0.3° and 56±1°, with respect 

to the surface normal, to be extracted for the off-axis and on-axis samples, respectively. The 

calculated orbital tilt angle for the on-axis sample is very close the so-called “magic angle” of 54.7° 

where, if the excited orbital adopts this geometry, the intensity of the NEXAFS peak will show no 

dependence on the sample tilt with respect to the incoming beam [37,38]. An alternative 

interpretation is that there is no preferred orientation of the MoS2 crystals with uniformly 

distributed tilt angles. Based on the SEM images (Figure 1(b)) which show that the flakes do not 

adopt a uniform tilt angle with respect to the surface, the latter interpretation is more appropriate. 

This also provides a clearer interpretation of the morphology observed in SEM where it is not 

immediately clear whether the structures observed are tilted, or if they are basal plane-aligned 

crystals. If the MoS2 basal plane was aligned with sample surface, we would expect to see a 

preferred tilt angle complementary to the tilt observed for vertically standing flakes. In contrast to 

the on-axis substrate, the spectra acquired from MoS2 grown on the off-axis substrate produce an 

average orbital tilt angle of 63.2±0.3°, with respect to the surface normal, indicating a strong 

preferred alignment of the MoS2 flakes which is also clear in the SEM image (Figure 1(a)). 

 

3.2 Growth Mechanism 

During the process of optimizing the growth parameters, some samples were found to contain 

residual MoO2 caused by insufficient sulfur supply. This can be seen in the Raman spectrum in Figure 

5(a) which contains four additional peaks to the MoS2 A1g and E1
2g Raman modes. Features at 345 

cm-1, 349 cm-1, 363 cm-1, 496 cm-1, and 568 cm-1 are attributed to monoclinic MoO2 [16,39]. By TEM 



investigations, we observed flakes which contain both MoS2 layers and MoO2 as can be seen in 

Figure 5(b) and (c). In the image shown in Figure 5(b), MoS2 can be identified from the fringes on the 

top left edge of the flake. The plane spacing of 0.65 nm is consistent with the interlayer spacing of 

MoS2. In the high-resolution image shown in Figure 5(c), the atomic spacing (0.25 nm) of the inner 

lattice is consistent with the Mo atom spacing in monoclinic MoO2 projected along the [010] zone 

axis. Similarly to the image in (b), fringes at the surface have a layer spacing of 0.65 nm 

corresponding to the layer spacing of MoS2. 

The growth mechanism of vertically aligned MoS2 nanosheets was previously elucidated by Vilá et al 

[16]. At low MoO3:S ratios the presence of both precursors on the surface result in Frank–van der 

Merwe (layer-by-layer) MoS2 growth. Conversely, at high MoO3:S ratios MoS2 growth is preceded by 

Volmer-Weber growth of MoO2 fins which form due to the excess of the molybdenum precursor on 

the surface, followed by sulfurization into MoS2. In the TEM image in Figure 5(b) we observed that 

the number of layers of MoS2 is greater at the base of the flake, where it was detached from the SiC 

substrate, than towards the tip of the triangle. This suggests that sulfurization occurs via diffusion of 

sulfur from the interface between the substrate surface and the flake [16]. 

MoS2 flakes were observed to grow along the ⟨112̅0⟩ directions of the SiC substrate consistent with 

previous reports [16]. This at first seems counter intuitive since the (112̅0) lattice plane spacing is 

1.5426 Å, which is approximately one-quarter of the (002) plane spacing of MoS2 (6.1475 Å), with a 

mismatch of 0.37 %. By comparison, the (11̅00) interplanar distance is 2.6678 Å which is 

approximately half of the MoS2 (002) plane spacing, with a much higher mismatch of 15 %. 

Therefore, one might expect the MoS2 flakes to be aligned along the ⟨11̅00⟩ directions so that the 

(002) plane of MoS2 is aligned with the (112̅0) plane of the SiC substrate in order to minimize 

strain. Instead, the observed orientation is due to strain minimization between the SiC substrate and 

the MoO2 nucleus prior to MoS2 formation [16]. 



The MoS2 flakes exhibit a clear vertical alignment when grown on the off-axis substrate, but the tilt 

angle is less distinct on the on-axis substrate. The reason for this is not clear based on the 

experimental data. One difference between the substrate surfaces lies in the step density, which is 

higher on the off-axis substrate [40], as demonstrated by the surface analysis in Figure S5 

(Supporting Information). Considering this, we propose that the change in morphology is due to 

interaction of MoOx and S adsorbates with step edges on the surface. Step edges present a diffusion 

barrier to adatoms on the surface and, as such, the high step density on the vicinal substrate results 

in a higher probability of forming a MoO2 critical nucleus in the early growth stages to initiate vertical 

MoS2 growth. In contrast, on the on-axis substrate, the lower step density may prevent formation of 

a MoO2 critical nucleus while the sulfur concentration at the surface is sufficiently low, therefore 

affecting the vertical MoS2 growth. While the high step density on the vicinal surface clearly 

influences the vertical and lateral flake alignment, we note that epitaxy with the SiC surface still 

dictates the overall orientation of the flakes. If the step orientation were to play a dominant role, we 

would expect to see the majority of MoS2 flakes with the same orientation due to the reduced 

symmetry of the vicinal surface, as has been recently demonstrated for h-BN grown on vicinal 

Cu(110) [19,20]. Alternatively, the existence of three MoS2 orientations on the surface may be 

indicative that the surface of the vicinal substrate initially possess jagged step edges, as opposed to 

parallel, singly oriented steps, or the growth process induces jaggedness in the steps [41]. We note 

that the precise morphology of the 4H-SiC surfaces could not be verified by AFM, although the 

increased step density of the vicinal surface compared to the on-axis surface is evident in Figure S5 

(Supporting Information). It is noted that a single vicinal angle and orientation was used in this study. 

Exploration of the influence of other vicinal angles and orientations on the MoS2 flake orientation is 

subject to further investigation. 

 

4 Conclusion 



The lateral orientation and vertical alignment of MoS2 nanosheets grown by CVD has been 

demonstrated to be influenced by the vicinal angle of the underlying 4H-SiC(0001) substrate. 

Employing an off-axis substrate enables strict vertical alignment of the MoS2 nanosheets and near-

perfect alignment along the ⟨112̅0⟩ SiC lattice directions. On the on-axis substrates, under identical 

growth conditions, both the vertical alignment and lateral orientations are less distinct, though the 

lateral orientation is still predominately determined by the surface symmetry. The strict vertical 

alignment of MoS2 was confirmed from the angular dependence of the S 1s → S 3p transition in the 

NEXAFS spectra. Synchrotron-based XPS measurements, along with NEXAFS spectroscopy, indicate 

the presence of defects which suggests that the material would be suitable for applications in 

catalysis and sensing. 
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Figure 1: (a) and (b) SEM images of MoS2 nanosheets grown on 4° off-axis, and on-axis 4H-SiC, 

respectively. The scale bars in (a) and (b) are 10 m and 5 m, respectively. The corresponding 

distributions of the flake orientations are shown in (c) and (d). Angles are measured with respect to 

the image horizontal, and are shifted to lie in a 0-180° range; (e) and (f) Crystal model: top view and 

side view of the oriented, vertically MoS2 nanosheets on 4H-SiC. The blue, brown, purple and yellow 

spheres represent silicon, carbon, molybdenum, and sulfur atoms, respectively. 

  



 

Figure 2: (a) AFM topography image of vertical MoS2 on SiC; (b) AFM tip height profile taken along the 

white dotted line in (b); (c) Raman spectrum of the vertical MoS2 flakes; (d) TEM image of MoS2 flakes 

viewed along the MoS2 [0001] zone axis (inset: SAED pattern); and (e) TEM image of the MoS2 flake 

edge. 

  



 

Figure 3: Synchrotron-based XPS analysis. High resolution Mo 3d (a) and S 2p (b) core level spectra for 

MoS2 nanosheets.  



 

Figure 4: (a) Representative synthetic fit to the sulfur K-edge NEXAFS spectrum for MoS2 flakes grown 

on SiC. (b) and (c) Angular dependence of the sulfur K-edge NEXAFS spectra for MoS2 nanosheets 

grown on (b) off-axis and (c) on-axis SiC substrates. The X-ray angle of incidence is measured with 

respect to the sample surface as shown schematically in (a). Intensity variations for the S 1s → S 3p 

transition (purple peak) are shown in the insets of (b) and (c) with fits to equation (1). 

  



 

Figure 5: (a) Raman spectrum of an incompletely sulfurized MoS2 fin; (b) TEM image of an 

incompletely sulfurized MoS2 (scale bar is 20 nm); and (c) HRTEM image showing the MoO2 lattice 

and MoS2 layers. 


