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Abstract

:

Here, we present a proof-of-concept experiment where phase engineering at the nanoscale of 2D transition metal dichalcogenides (TMDC) flakes (from semiconducting 2H phase to metallic 1T phase) can be achieved by thermal annealing of a TMDC/Au/mica system. The local dewetting of Au particles and resulting tensile strain produced on the TMDC flakes, strongly bound to the Au surface through effective S-Au bonds, can induce a local structural phase transition. An important role is also played by the defects induced by the thermal annealing: when vacancies are present, the threshold strain needed to trigger the phase transition is significantly reduced. Scanning photoelectron microscopy (SPEM) was revealed to be the perfect tool to monitor the described phenomena.
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1. Introduction


In recent years, 2D transition metal dichalcogenides (TMDCs) [1] have gathered a great deal of interest because of their potential applications in catalysis [2,3], optoelectronic and electronic devices [4,5], and energy conversion systems [6]. TMDCs have a general MX2 formula, where M is a transition metal (e.g., V, Mo, W), and X a chalcogen (i.e., S, Se, Te). Differently from graphene, single layer TMDCs have a sandwich structure, where the upper and lower layers consist of chalcogen atoms, and a plane of transition metal ions is sandwiched in between. Depending on the specific stacking of the different layers (see Figure 1), many polymorphs (labelled as 2H and 1T), which exhibit rather different properties, can be found: the 2H phase with a trigonal prismatic coordination of the metal is a semiconductor, while the 1T phase, with octahedral coordination of the metal cations, has a metallic nature. Therefore, the 2H to 1T transition impacts most functional properties: the 2H phase is a poor electrocatalyst, but an excellent light absorber with strong photoluminescence, whereas the 1T phase is catalytically very active, and a good electron conductor, however being metallic, it does not show optical absorption/emission properties [7,8]. Moreover, the ability of creating conductive and semiconductive heterojunctions within the same material can be clearly exploited for the realization of molecular scale electronic devices with atomically thin 2D layers [9]. Given those radically different properties of 2H and 1T, the control at the nanoscale of the crystalline phase of the TMDCs is important to achieve the desired properties in the final devices.



Within this context, the strain engineering method [10] represents a suitable route to tailor materials properties by modifying mechanical or structural features. In this respect, 2D TMDCs are particularly suitable for strain engineering because they can tolerate large strain [11,12]. Indeed, there are examples where phase transitions from the semiconducting 2H phase to the metallic 1T one can be triggered by mechanical strain [11,13,14]



Herein, we present experimental results that demonstrate that WS2 flakes can be phase engineered at the nanoscale when transferred on Au/mica thin films: thanks to a thermally activated dewetting of the gold layer, producing a highly corrugated surface, a strain induced phase transition can be triggered. As a matter of fact, it is well known from the literature that as a consequence of annealing, sub-micrometer-size bubbles are formed by gases trapped at the interface between Au film and mica substrate [15,16,17,18] leading to a local dewetting of the Au film. For the first time, we demonstrate here that the such microbubbles can induce a tensile strain on WS2 flakes, inducing a local structural phase transition from the semiconducting 2H to the metallic 1T phase. This is the direct consequence of the strong WS2/Au interaction that is enabled by the high chemical affinity between sulfur and Au [19].




2. Materials and Methods


Mono-/bilayer WS2 flakes were grown by chemical vapor deposition (CVD) on a SiO2/Si substrate starting from commercial powders of WO3 and sulfur at a temperature of 800 ℃. Then they were transferred onto commercial Au/mica thin films (150 nm) by the wet-transfer technique [20]. More details can be found in the original paper. The final WS2/Au/mica heterostructures were then annealed in ultra-high-vacuum (UHV) according to the following procedure: the temperature was raised from room temperature (RT) to 750 K with a rate of 4 K min−1, then the sample was constantly annealed at 750 K for 5 h and finally the temperature was raised to 830 K with a rate of 4 K min−1, and after 40 min the samples was cooled down to RT. Such annealing was monitored by scanning photoelectron microscopy (SPEM) at the ESCAmicroscopy beamline of Elettra synchrotron radiation facility (Trieste, Italy) [21]. The SPEM imaging mode can map elemental species and their chemical state by collecting the photoelectrons emitted in a selected kinetic energy (KE) window, with a 48 channels detector, while raster-scanning the sample with a microbeam focused down to a 120 nm spot [22]. The results are photoemission intensity maps acquired with lateral resolution in the 100 nm range [22] where each point is a spectrum in the selected energy windows. For the best spectral resolution (down to 0.2 eV), microspot photoemission (µ-PE) spectra from the same focused spot was acquired. A photon energy of 652.15 eV was used for all the SPEM measurements. Scanning electron microscopy (SEM) images were obtained using a Zeiss Supra 35VP equipment. Raman spectra were acquired with a ThermoFisher DXR Raman microscope using a 532 nm laser (0.1 mW), focused on the sample with a 50× objective (Olympus) obtaining a spot size of about 1.1 µm.




3. Results and Discussion


The W 4f and S 2p SPEM maps recorded at room temperature (RT) are shown in Figure 2a,b, respectively. These images clearly show the well-defined presence of the WS2 flake on the Au/mica substrate, and confirm the successful transfer of the WS2 flakes. Moreover, in both the W 4f and S 2p maps, we can distinguish two regions of different intensity, labelled as ML (monolayer) and BL (bilayer) in Figure 2a,b. Interestingly, in the photoemission spectra extracted from the W4f and S2p maps in the ML or BL regions (see insets in Figure 2a,b, respectively) no binding energy (BE) shift is observed, only a different intensity. Raman Spectroscopy data confirm the presence of single or bilayer highly crystalline 2H-WS2 [20]. Moreover, within the flakes some holes of 0.5–2.0 µm can be observed (blue color), which most probably are induced by the transfer process. The single energy distribution curve of photoemission spectra in the W 4f and S 2p region for the monolayer WS2 are reported in Figure 2c,d, respectively. The peaks at a BE of 32.7 and 34.9 eV correspond to the W 4f photoemission doublet, while the features at 162.4 eV and 163.6 eV can be ascribed to S 2p3/2 and S 2p1/2 levels, respectively. These BE positions are typical of W4+ and S2− in 2H-WS2 [23,24,25]. No other components have been detected, which indicates phase purity of the flake on the specific point. Furthermore, a S:W ratio equal to 2.0:1.0, as expected for a stoichiometric defect free layer, was deduced by the µ-PE intensities (see Table 1). The SPEM maps were obtained on several different flakes distributed on the Au/mica substrate and the results were highly reproducible.



The changes of the chemical composition of 2H-WS2 flakes as a consequence of thermal treatment in UHV have been monitored in real-time in front of the SPEM, using the W 4f core level spectra (29.75–37.45 eV) in the same spatial region of Figure 2a. A series of maps obtained after different thermal treatments is reported in Figure 3a–c.



The SPEM W 4f map when the 750 K temperature is reached is shown in Figure 3a. First of all, new bright features appear on the basal plane of WS2, which are marked by white circles. Additionally, new holes (marked by black arrows) became apparent within the flake, indicating that at this temperature a partial degradation of the material takes place. Figure 3b, recorded after 1h of constant annealing, does not show any further significant change in the distribution of the photoemission intensity of the W 4f signal; however, new features, indicated by yellow arrows, can be observed on the gold support around the flake (see inset in Figure 3b). Notably, these features present a peculiar intensity modulation with a brighter side and a darker one. This contrast was energy independent, therefore it is not related to a difference in the chemical composition, but to a morphological effect (i.e., a change in the intensity of the emitted photoelectrons due to the local surface orientation), and it can be explained by the formation of 3D gold structures.



The further increase of the temperature to 830 K in UHV (Figure 3c) leads to a drastic modification in the spatial distribution of the W 4f signal intensity: a larger number of holes inside the flake can be seen, as well as an increase of their size. Moreover, the number of 3D gold features around the flake is significantly increased. In order to better understand the impact of the annealing process on the morphology of the WS2/Au/mica system, SEM images have been taken ex situ after the SPEM measurements. A large-scale SEM micrograph is shown in Figure 3d: WS2 flakes of 20–100 µm can be clearly observed as dark contrast features. Moreover, a uniform distribution of bright protrusions can be observed on both the WS2 flake and the Au/mica substrate. In Figure 3e, a higher magnification of the SEM image is presented: a series of roughly oval structures (marked with red dashed line) scattered throughout the SEM micrograph can be observed, with size ranging from 1 to 8 µm. Their 3D nature is evident in the 3D SEM micrograph rendering shown in Figure 3f. These features are related to blistering or microbubbles, as reported previously [15,16,17,18], and they are caused by the clustering of gas trapped between the Au film and the mica substrate during the annealing. Moreover, at higher temperatures (830 K [15]) some of these microbubbles can burst out creating holes in the gold film and exposing mica substrate, as clearly visible in Figure 3e (see black arrows). Comparing the SEM evidence to the SPEM data obtained by in situ annealing in UHV, we can conclude that some microbubbles (marked by white circles) generated at 750 K (Figure 3a) are present underneath the WS2 flake. When the temperature is raised to 830 K, more and more microbubbles are formed, which eventually burst out producing holes both on the gold and the WS2 layer (Figure 3c). If we compare the SPEM maps recorded at 750 and 830 K (Figure 3a,c, respectively) it is evident that most microbubbles have exploded at the higher temperature (see white circles in Figure 3a,c, respectively), creating holes in the WS2 layer. However, the microbubble marked as B1-B3 in Figure 3a–c is still maintained at 830 K.



Since each point in the SPEM image corresponds to a photoemission spectrum within a specific KE range, the variation observed in the relative intensity of the recorded maps in the microbubble regions during the annealing can be associated with a change in the photoemission intensity deriving from the formation of new chemically shifted species. In particular, the contrast change could be connected to a structural transformation produced by the local tensile stress created by the microbubbles on the Au layer, which can be transferred to the WS2 overlayer because of the strong adhesion energy between the gold and the TMDC layer [19,26]. Therefore, to investigate the nature of the changes induced by strain, µ-PE single spectra of the W 4f and S 2p core-levels (see Figure 4a,b) have been recorded at specific points (defined as A2, B1, B2 and B3 in Figure 3 and reported in Table 1).



Consider the point labelled as A2, which during the annealing at 750 K does not undergo any change in the SPEM contrast compared to same point in the room temperature intensity map (A1 point in Figure 2). On this point, the W 4f and S 2p core-level spectra recorded at 750 K show the typical photoemission spectra of 2H-WS2 (Figure 4a,b) with a S:W ratio of 2.0:1.0, as in the pristine not annealed film. On the contrary, in the case of the photoemission spectra recorded where a microbubble forms (and eventually bursts out, the B series in Figure 3), the W 4f line shows remarkable changes during the thermal treatments. The W 4f spectrum at 750 K shows three distinct doublets: one intense component with the W 4f7/2 peak centered at 32.7 eV, which is due to the 2H-WS2 phase and accounts for 90% of the overall intensity; and a second and third component with the W 4f7/2 peak maxima at 31.9 eV and 31.3 eV that account for 1.9% and 7.5% of the overall intensity, respectively. Similarly, a new doublet shifted toward lower BE of ~0.8 eV with respect to 2H phase is also observed for the S 2p peak with the intensity of 2%. The component at 31.3 eV observed in the W 4f spectrum can be related to metallic tungsten, whereas that at 31.9 eV can be associated to the 1T phases, as reported in the literature [25,27,28]. To confirm this attribution, we also evaluated the S/W atomic ratio, taking into account either the main components of the 2H phase or those downshifted by ~0.8 eV, obtaining in both cases a S:W ratio of ~2 (see Table 1).



An independent validation of this hypothesis can be obtained by the analysis of the Raman spectra recorded ex situ after the SPEM experiments (see Figure 4c). Actually, the Raman spatial resolution makes it possible to extract similar information from specific regions as in the case of SPEM experiments. The Raman spectrum recorded on the basal plane of a WS2 flake is dominated by the first-order modes: LA(Μ), E12g(Γ) and A1g(Γ) and several other second-order peaks that are typically observed for monolayer 2H-WS2 [29]. On the other hand, on the regions where a microbubble is present, the formation of the 1T-phase is substantiated by the presence of the additional modes J1 (138 cm−1), J2 and J3 that are attributed to the distorted 1T superlattice structure phase [30,31].



Overall, the SPEM maps (Figure 2 vs. Figure 3) indicate a progressive etching of the WS2 flakes during the thermal treatment. This suggest that in the annealing conditions the layer is not stable. Likely sulfur atoms, especially at the edges or around defects, can react with gaseous species in the background atmosphere, such as O2, H2O or H2 and forming volatile H2S or SOx. As a matter of fact, we have also annealed in situ the flakes in presence of a hydrogen background (background hydrogen pressure 1 × 10−5 mbar) and the corresponding SPEM maps (not reported) clearly show an increased etching. The removal of sulfur is confirmed by the atomic ratio between S/W (see Table 1) determined on the basis of the µ-PE spectra, and by the significant formation of a metallic W component in the W 4f core levels. At the end of the thermal treatment, roughly 50% of the 2H-WS2 been has been converted: a major part formed a metal phase (33%) and a smaller one the 1T phase (13.5%). It has to be noted however that both the WS2 polymorphs present a large number of anion vacancies already at 750 K (see Table 1).



It is worth noting that the presence of sulfur vacancies in the film plays important role since defect-free MoX2 monolayers would require a tensile strain of 10–15% to make the 1T phase more energetically favorable. On the other hand, according to a previous theoretical work [32], the presence of vacancies strongly reduces the threshold strain that is necessary to trigger the transition. Moreover, such threshold is further decreased with increasing defect concentration. Our results experimentally corroborate the theoretical predictions and definitely demonstrate that the synergistic combination of strain induced by the bubble underneath, and of the progressive introduction of vacancies (facilitated by the annealing in H2), improves the possibility of transforming the 2H phase into the 1T phase.




4. Conclusions


In conclusion, our proof-of-concept experiment demonstrates that phase engineering in TMDCs is possible by manipulation of the strain with spatial resolution. This can be achieved by exploiting flexible substrates, supports with special morphology or by manipulation techniques based on scanning probes. The control of polymorphism paves the way toward the realization of in-plane lateral micrometric heterojunctions between different TMDCs phases, which can be of relevance in advanced electronic devices [9], phase change memory [33,34], ohmic contacts [35,36] and electrocatalysis [37] applications, among others. Our work demonstrates that phase engineering can be obtained on WS2, whereas in the literature this has also been achieved on tellurides [13,14]. However, theoretical investigations consistently report that many other TMDCs can undergo phase transitions as a function of mechanical strain. This suggests that our results are very general and can be extended to other 2D materials, and other supports with tailorable morphology, representing therefore an enabling technology for the realization of advanced materials and devices.
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Figure 1. Different structural models of the 2H and 1T polymorphs in a MX2 monolayer. 
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Figure 2. W 4f (a) and S 2p (b) SPEM maps recorded at room temperature (RT) in the binding energy (BE) range of 29.3–37.0 eV and 158.5–166.2 eV, respectively. W 4f (c) and S 2p (d) single energy distribution curve of microspot photoemission (µ-PE) spectra acquired at A1 point. 
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Figure 3. W 4f SPEM maps after different in situ annealing treatments: (a) Recorded immediately after reaching 750 K; (b) 750 K recorded 1 h later than (a); (c) recorded immediately after reaching 830 K. The capital letters B1, B2 and B3 indicate the points where single energy distribution curve was obtained for W 4f and S 2p. In (b) an insert is reported to outline the formation of lenticular gold particles (see text). (d,e) SEM images obtained ex situ after a thermal treatment at 830 K. (f) 3D SEM micrograph outlining the microbubbles generated after the annealing. 
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Figure 4. Single energy distribution curves of µ-PE spectra of the W 4f (a) and S 2p (b) core levels, taken during the in situ annealing process on the regions indicated in Figure 2 and Figure 3. (c) Micro-Raman spectra obtained on the basal plane and microbubble region under 532 nm excitation with a spot diameter of about 1.1 µm and an incident power of 100 µW; inset: optical micrograph that shows a microbubble region (white dashed circle). 
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Table 1. Relevant quantitative µ-PE data in different spots of the flakes (see Figure 2 and Figure 3). The data have been derived from the chemically shifted components of W and S after deconvolution of the core level spectra.
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	W 4f [at.%]
	S 2p [at.%]
	S 2p/W 4f
	W 4f 2H [%]
	W 4f 1T [%]
	W 4f Metal [%]
	S 2p 2H [%]
	S 2p 1T [%]
	2H S 2p/W 4f
	1T S 2p/W 4f





	A1

RT
	32.9
	67.1
	2.04
	100
	0
	0
	100
	0
	2.04
	-



	A2

750 K

(basal site)
	33.4
	66.6
	1.99
	100
	0
	0
	100
	0
	1.99
	-



	B1

750 K
	34.9
	65.1
	1.86
	90.8
	1.9
	7.5
	98.0
	2.0
	2.01
	1.96



	B2

750 K
	37.2
	62.6
	1.68
	78.2
	4.6
	17.2
	94.7
	5.3
	2.03
	1.94



	B3

830 K
	47.3
	52.7
	1.11
	53.5
	13.5
	33.0
	81.1
	18.9
	1.69
	1.56
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