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Abstract

:

This work reports the interlayer difference of exciton and phonon performance between the top and bottom layer of a bilayer-stacked two-dimensional materials structure (BSS). Through photoluminescence (PL) and Raman spectroscopy, we find that, compared to that of the bottom layer, the top layer of BSS demonstrates PL redshift, Raman E2g1 mode redshift, and lower PL intensity. Spatial inhomogeneity of PL and Raman are also observed in the BSS. Based on theoretical analysis, these exotic effects can be attributed to substrate-coupling-induced strain and doping. Our findings provide pertinent insight into film–substrate interaction, and are of great significance to researches on bilayer-stacked structures including twisted bilayer structure, Van der Waals hetero- and homo-structure.
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1. Introduction


By stacking up two single-layer two-dimensional (2D) materials, bilayer Van der Waals (VdW) homo- and hetero-structures can be fabricated [1]. Owing to the existence of interlayer coupling, these bilayer-stacked structures usually exhibit distinct properties from their monolayer counterparts. For example, energy band gap evolution is found in bilayer VdW homo-structures compared to the corresponding monolayer, as previously reported in graphene and MoS2 [2,3]. Additionally, interlayer-coupling-induced p–n junction in VdW hetero-structure can lead to novel optoelectric effects [4,5]. Further, if stacking up two films with a misorientation angle, a brand-new tunable dimension is introduced to the bilayer-stacked two-dimensional materials structure (BSS), such BSS is referred to as twisted bilayer structure (tBLS). As a result, numerous exotic effects, induced by the twisted dimension and distinct from those in monolayer or bilayer without twisted angle, are expected. tBLS are tunable in their properties with variation in the twisted angle, thus have attracted intensive researches. For one thing, phonon in tBLS can be affected by interlayer coupling varying with angle, providing a simple but effective way to tune diverse properties such as, crystalline asymmetry [6], nonlinear optical effects [6,7], Raman scattering [8,9], and thermal conductivity [10,11,12,13,14,15]. For another, periodical interlayer Van der Waals potential can impact carrier performance of tBLS, which is first confirmed by the observation of Moiré pattern of twisted bilayer graphene (tBLG) under scanning tunneling microscope in 2005 [16]. Van Hove Singularity (VHS) [17] and angle-dependent electrical conductivity [18] are another two examples for this effect. Moreover, cutting-edge advances on twisted bilayer structure (tBLS) like, unconventional superconductivity in magic-angle tBLG [19] and mirror Dirac cone in incommensurate-angle tBLG [20], imply that there remains a lot that is yet to be explored.



However, all these findings about BSS focus only on the interlayer-coupling-induced effects, while ignoring the difference between the top and bottom layer of BSS. The BSS sample fabricated by transfer method can be divided into three different regions: stacked region where top and bottom layer overlap each other, bottom region (bottom layer excluding stacked region), and top region (top layer excluding stacked region). Although bottom and top regions are both supposed to be in direct contact with the substrate, there exists great difference between the top-substrate and the bottom-substrate coupling. Substrate coupling can affect 2D materials in many aspects. For example, on the one hand, substrate contact can employ strain on 2D materials, leading to phonon variations measured by Raman spectroscopy [21,22,23]. On the other hand, substrate can provide or deplete carriers depending on its doping type [24,25,26], thus tuning electrical and optical properties of materials deposited on it [27]. Furthermore, substrates with different permittivities and surface polar phonon modes demonstrate different scattering mechanisms limiting the electron mean free paths and mobility in 2D materials [28,29,30]. Band gap of semiconductors can also be tuned by dielectric environment permittivities [31]. Consequently, bottom and top region may demonstrate different phonon and exciton performance.



As one sort of transitional metal dichalcogenide (TMD) materials, MoS2 monolayer with a two-dimensional structure demonstrates intriguing effects in various aspects, including optical [32,33,34], electrical [35,36,37], and thermal properties [38,39,40]. Especially, due to its unique direct band gap [41], monolayer MoS2 is expected to have strong photoluminescence (PL) emission, which has been confirmed both experimentally and theoretically. Excited by 532 nm laser at ambient conditions, monolayer MoS2 is reported to have two prominent PL peaks at 625 nm (B peak) and 670 nm (A peak) [42,43,44]. These two peaks correspond to two direct excitonic transitions at the Brillouin zone K point, while the difference between them comes from the spin-orbital coupling caused by valence band energy splitting [42]. Also, two easily identified Raman peaks are observed in MoS2 monolayer [32,45], located near 390 cm−1 (E2g1, in-plane vibration mode) and 409 cm−1 (A1g, out-of-plane vibration mode), respectively.



Through photoluminescence and Raman spectroscopy, we found that, in bilayer-stacked MoS2 (BSM) samples fabricated by transfer, exciton and phonon performance in the top and bottom regions are remarkably different. Despite the fact that both top and bottom layers of BSM are transferred, compared to the bottom region, the top region demonstrates PL intensity reduction and peak redshift, implying less p-doping to top region from substrate. Meanwhile, redshift of in-plane Raman mode E2g1 is observed in top region, suggesting that vibration softens in top region. To exclude the film–substrate interaction, freestanding monolayer MoS2 samples are fabricated. It is found that, compared to the supported region, the suspended region of monolayer MoS2 demonstrates redshift in PL and Raman peaks, which are consistent with those in the top region of BSM, thus providing evidence for coupling difference between top-substrate and bottom-substrate.



Since the interlayer difference in BSS can complicate the experimental results, and is also affected by interlayer coupling, our findings are of great significance to distinguish between contributions from interlayer coupling and film–substrate interaction, which is of great significance to researches on interlayer-coupling-induced effects like optoelectric effects in VdW hetero-structure and twisted angle dependence in tBLS. Furthermore, our findings are universal and, apart from MoS2 bilayer-stacked structure on SiO2 substrate, we are sure this work can be informative to film–substrate interaction study on other 2D materials and substrates.




2. Materials and Methods


2.1. Sample Preparation


For this study, a convenient fabrication process is employed to obtain BSM samples. First, all single-layer flakes are deposited on a SiO2/(001)Si substrate (SiO2 layer is 300 nm thick), with a size of approximately 50 μm by chemical vapor deposition (CVD). Then, we transferred two sheets of monolayer MoS2 to one substrate, by which method we can obtain tens of BSM samples with various angles in a single step. It should be noted that, in this work, both top and bottom layer of the BSM undergo transfer process to avoid preparation method induced difference. During the transfer process, any solvent that may cause doping in MoS2 was avoided. Universally used transfer methods like, PMMA-way (poly-methyl-methacrylate) [46] and PVA-way (poly-vinyl-alcohol) [47] introduce contamination or wrinkles to the surface of materials. Herein, a previously reported PLLA-way (poly-L-lactic-acid) [48] is chosen to ensure the transfer is residual-free and of high-uniformity. After transfer, the as-fabricated samples undergo ultraviolet treatment [49] and annealing [50] (in a tube furnace in Ar/H2 flow at 300 °C for 2 h) to remove residues and enhance interlayer coupling.



As for free-standing monolayer MoS2 samples, they are fabricated by PLLA transfer onto SiO2/(001)Si substrate (SiO2 layer is 300 nm thick) with 300 nm-depth holes. These holes are of a radius 5 μm each, fabricated by reactive ion etching (RIE) method in SF6/CHF3 mixed gas flow (30 sccm).




2.2. Sample Characterization and Measurement


In this work, all bright field optical micrographs are taken by Nikon LV150 microscope, using 50× objective lens (Nikon, Tokyo, Japan). Dark-field optical micrographs are taken by ZEISS Axio Scope A1 microscope, using a 50× objective lens (Zeiss, Oberkochen, Germany). Atomic force microscopy (AFM) images are taken by NT-MDT Prima AFM system, using semi-contact scanning mode (NT-MDT, MoscowRussia). PL and Raman spectroscopy are measured by WITec Alpha300R confocal Raman system, using a 50× objective lens (WITec, Ulm, Germany). A 532 nm laser is used as the excitation source. For Raman measurements, the laser power is 1 mW, while for PL measurements laser power is 0.5 mW, sufficiently low to avoid heating effects. Optical gratings used for Raman and PL measurements are 1800 L/mm and 600 L/mm, respectively, providing respective spectral resolution smaller than 1 cm−1 and 1 nm.





3. Results


3.1. PL and Raman Difference between Layers of BSS


One as-fabricated BSM sample is shown in Figure 1. From the bright-field and dark-field optical micrographs in Figure 1a, we can see its surface is free of large-sized residual spots and wrinkles (of several micrometers size). To investigate its surface-height fluctuation in details, atomic force micrograph (AFM) is taken (Figure 1d). In Figure 1d, the sample’s surface seems bubble-free, uniform, and plane within each region (no sharp morphology fluctuations of several micrometers size). At the edge between the stacked and top region, where top layer falls from bottom layer to substrate, there seems no ramp but a vertical cliff.



As is plotted in Figure 1b, bottom, stacked, and top region of this BSM sample demonstrate easily distinguishable PL intensity. Bottom region demonstrates the strongest PL intensity, then followed by the top region and stacked region in turn. Meanwhile, Figure 1c shows spatial inhomogeneity within the top region. The area in the vicinity of the stacked region (V-area), outlined by magenta dashed line, exhibits lower intensity than rest of the top region. Moreover, there appears a general correlation between PL and Raman over the mapped area, i.e., this V-area can also be easily identified in Raman intensity map and Raman shift map, as is shown in Figure 1e,f respectively. In this V-area, compared to the rest of the top region, Raman mode E2g1 demonstrates redshift and intensity enhancement.



This difference in PL and Raman spectra between the top and bottom regions is also observed in other as-fabricated BSM samples, as is shown in Figure 2. For all samples in Figure 2b, the maximum E2g1-to-A1g Raman shift difference among the top region and bottom region is below 19 cm−1, which is the signature of monolayer MoS2, indicating these samples are stacked by two individual monolayer MoS2. For each sample, compared to the bottom region, the top region exhibits PL intensity reduction and redshift (Figure 2a), and E2g1 Raman mode redshift (Figure 2b), indicating this interlayer difference in all samples shares a common origin.




3.2. Spatial Inhomogeneity in BSS


In addition, apart from the difference between the top and bottom layer, spatial inhomogeneity of PL emission and Raman scattering in the top region is prevalent among various BSM samples. Most importantly, it is found that, in many samples, area with lower PL intensity compared to the rest of the top region tends to emerge in the V-area. Another tBLS sample is shown in Figure 3, its PL intensity distribution on each region is consistent with the sample in Figure 1. It is noteworthy that an area (P2) outlined by pink dashed line in Figure 3c,e demonstrates identical PL intensity and E2g1 Raman shift with the V-area (P1) in this BSM sample. For more details, PL and Raman spectra on various regions are presented in Figure 3d,f respectively. Compared to the rest of the area of top region, PL emission of P1 and P2 demonstrates lower intensity and redshift, while Raman mode E2g1 also demonstrates redshift. Obviously, P1 and P2 are nearly same in PL and Raman spectra, implying identical exciton and phonon performance in these two regions. Moreover, though PL and Raman spectra in the V-area are remarkably different from rest of the top region (in Figure 1b–f and Figure 3c,e), their corresponding AFM micrographs (Figure 1d and Figure 3b) are spatially homogeneous. In contrast, the inhomogeneous area, with lower PL intensity, of bottom region (Figure 3c) matches exactly with the wrinkle and crack shown in the corresponding dark-field micrograph (Figure 3a inset). This implies that, the spatial inhomogeneity of PL and Raman spectra in top region is not due to abrupt variations in film morphology, like wrinkle, crack, and bubble.




3.3. PL and Raman of Freestanding MoS2


Interlayer difference and spatial inhomogeneity of PL and Raman spectroscopy in BSS possibly come from substrate-coupling difference between the layers, and among the top layer, respectively. To confirm this, we fabricated a freestanding sample (in Figure 4a) by transferring monolayer MoS2 to SiO2/Si substrate with holes of diameter 300 nm. The suspended (SUS) area of this sample totally excluded the film–substrate interaction. In Figure 4b–f, we can see that the suspended region demonstrates great intensity enhancement in PL and Raman spectroscopy, compared to that of the supported (SUP) region. This can be attributed to constructive interference effect in the top region [51]. Moreover, compared to the supported region, the suspended region demonstrates redshift in PL (Figure 4c,d) and Raman peaks (Figure 4g–i). This implies less p-doping and vibration mode softens in suspended region, which is consistent with the top region, P1 (V-area), and P2 in BSM. Therefore, similar to suspended region, we can assume that top region, V-area, and P2 might be less affected by substrate contact.





4. Discussion


A schematic illustration is shown in Figure 5a. According to our findings in Figure 4, less p-doping and vibration mode softening are observed in suspended region compared to its substrate-supported counterpart, which are also observed in top region, V-area, and P2 in BSM. Therefore, we speculate that, while bottom region and supported region are in strong coupling with the substrate, top region just like the suspended region is in intermediate or weak coupling with the substrate, thus leading to less carrier transfer and strain from substrate. In transferred-fabricated samples, this coupling mainly comes from Van der Waals bonding instead of chemical bonding [26,52]. In addition, as shown in Figure 5, there might be film morphology fluctuations in the top region, including ripple formed by strain and stair at the edge of the bottom region. Stair and ripple correspond to P1 (V-area) and P2 region in Figure 3 respectively. Though these film morphology fluctuations might be less than one nanometer (the order of monolayer MoS2 thickness), not sufficiently macroscopic to be detected by bright-field/dark-field optical microscope and atomic force microscopy, they can remarkably reduce film–substrate coupling.



For one thing, PL emission of MoS2 is resulted from exciton (radiative wavelength: ~660 nm) and trion recombination (radiative wavelength: ~680 nm) [53]. According to related studies [24,25,26], the contribution ratio of exciton against trion determines the intensity and position of peak A. Since monolayer MoS2 is an n-type semiconductor, the silicon oxide depletes equilibrium electrons in regions of strong coupling with substrate [25], which stabilize the radiative recombination process of exciton (Γex) while suppressing the trion formation rate (Γf) at the same time, as is shown in Figure 5b. PL emission, in regions of strong coupling with substrate (e.g., bottom region), is exciton-dominant, thus demonstrating intensity enhancement and blueshift. In contrast, areas of less coupling with substrate, such as top region, ripple, and stair, where exciton contribution is reduced, are supposed to demonstrate lower intensity and redshift of PL.



For another, the in-plane Raman mode E2g1 corresponds to Mo and S atoms oscillating in the anti-phase parallel to the crystal plane, as shown in Figure 5c. As previously reported, E2g1 mode demonstrates redshift with uniform tensile uniaxial strain [21,22]. At the same time, it has been reported that film morphology fluctuations that lead to less coupling with substrate, like wrinkle and bubble, yield uniaxial tensile strain [54,55]. As a result, compared to the bottom region of strong substrate coupling, the top region of less substrate coupling is supposed to demonstrate E2g1 mode redshift caused by tensile uniaxial strain. Especially in ripple and stair regions, E2g1 is expected to demonstrate the strongest redshift.



The discussions above provide a reliable explanation for our findings. Admittedly, interference effects can induce intensity change of PL and Raman. However, on the one hand, the minor height fluctuations in BSS film cannot result in remarkable interference variations. On the other hand, interference-induced intensity change would be broad band, which is not consistent with our experimental results. Therefore, we conclude that substrate-coupling-induced strain and doping to BSS play the dominant part in interlayer difference and spatial inhomogeneity of phonon and exciton performance.




5. Conclusions


In summary, we conducted a systematic investigation on PL and Raman spectroscopy of bilayer-stacked MoS2 fabricated by the transfer method. PL and Raman spectroscopy of freestanding monolayer MoS2 are also measured for comparison. Interlayer difference and spatial inhomogeneity of exciton and phonon performance are experimentally observed in as-fabricated BSS samples, which we attribute to film–substrate coupling-induced strain and doping. Additionally, our findings prove that, even surface fluctuations less than one-atom-layer thickness can be easily identified by Raman and PL spectroscopy. This work will be of great use to inform future researches on BSS including tBLS, VdW homostructure and heterostructure, and improve our understanding of substrate effects on optical and transport properties of 2D materials.







Author Contributions


X.Z. (Xiangzhe Zhang) and R.Z. conceived and designed the experiments; X.Z. (Xiangzhe Zhang), X.Z. (Xiaoming Zheng), Y.Z. performed the experiments; S.Q., C.D., R.Z., H.Y. and X.Z. (Xueao Zhang) provided valuable suggestions; X.Z. (Xiangzhe Zhang) wrote the paper.




Funding


This work was supported by National Natural Science Foundation (NSF) of China (Grant No. 11802339, 11805276, 61805282, 61801498, 11804387, 11404399, 11874423, 51701237); Scientific Researches Foundation of National University of Defense Technology (Grant No. ZK16-03-59, ZK18-01-03, ZK18-03-36, ZK18-03-22); NSF of Hunan province (Grants No.2016JJ1021); Open Director Fund of State Key Laboratory of Pulsed Power Laser Technology (SKL2018ZR05); Open Research Fund of Hunan Provincial Key Laboratory of High Energy Technology (Grant No. GNJGJS03); Opening Foundation of State Key Laboratory of Laser Interaction with Matter (Grant No. SKLLIM1702); Youth talent lifting project (Grant No. 17-JCJQ-QT-004).




Acknowledgments


The authors would like to acknowledge professor Gang Peng for constructive suggestions. We also acknowledge Yuehua Wei for providing materials.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Geim, A.K.; Grigorieva, I.V. Van der Waals heterostructures. Nature 2013, 499, 419–425. [Google Scholar] [CrossRef] [PubMed]

	



Lopezsanchez, O.; Lembke, D.; Kayci, M. Ultrasensitive photodetectors based on monolayer MoS2. Nat. Nanotechnol. 2013, 8, 497. [Google Scholar] [CrossRef]

	



Zande, A.M.V.D.; Kunstmann, J.; Chernikov, A. Tailoring the electronic structure in bilayer molybdenum disulfide via interlayer twist. Nano Lett. 2014, 14, 3869–3875. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.H.; Lee, G.H.; Zande, A.M.V.D. Atomically thin p-n junctions with van der Waals heterointerfaces. Nat. Nanotechnol. 2014, 9, 676–681. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.; Wang, Z.; Xu, K. Tunable GaTe-MoS2 van der Waals p-n Junctions with Novel Optoelectronic Performance. Nano Lett. 2015, 15, 7558–7566. [Google Scholar] [CrossRef] [PubMed]

	



Shan, Y.; Li, Y.; Huang, D. Stacking-symmetry governed second harmonic generation in graphene trilayers. Sci. Adv. 2018, 4, eaat0074. [Google Scholar] [CrossRef]

	



Hsu, W.T.; Zhao, Z.A.; Li, L.J. Second harmonic generation from artificially stacked transition metal dichalcogenide twisted bilayers. Acs Nano 2014, 8, 2951–2958. [Google Scholar] [CrossRef]

	



Havener, R.W.; Zhuang, H.; Brown, L. Angle-resolved Raman imaging of interlayer rotations and interactions in twisted bilayer graphene. Nano Lett. 2012, 12, 3162–3167. [Google Scholar] [CrossRef]

	



Kim, K.; Coh, S.; Tan, L.Z. Raman Spectroscopy Study of Rotated Double-Layer Graphene: Misorientation-Angle Dependence of Electronic Structure. Phys. Rev. Lett. 2012, 108, 246103. [Google Scholar] [CrossRef]

	



Balandin, A.A.; Ghosh, S.; Bao, W. Superior thermal conductivity of single-layer graphene. Nano Lett. 2008, 8, 902. [Google Scholar] [CrossRef]

	



Nika, D.L.; Pokatilov, E.P.; Askerov, A.S. Phonon thermal conduction in graphene: Role of Umklapp and edge roughness scattering. Phys. Rev. B 2009, 79, 155413. [Google Scholar] [CrossRef]

	



Balandin, A.A. Thermal properties of graphene and nanostructured carbon materials. Nat. Mater. 2011, 10, 569. [Google Scholar] [CrossRef]

	



Cai, W.; Moore, A.; Chen, S. Thermal transport in suspended and supported monolayer graphene grown by chemical vapor deposition. Nano Lett. 2010, 10, 1645–1651. [Google Scholar] [CrossRef]

	



Li, H.; Ying, H.; Chen, X. Thermal conductivity of twisted bilayer graphene. Nanoscale 2014, 6, 13402–13408. [Google Scholar] [CrossRef] [PubMed]

	



Chenyang, L.; Bishwajit, D.; Xiaojian, T. Commensurate lattice constant dependent thermal conductivity of misoriented bilayer graphene. Carbon 2018, 138, 451–457. [Google Scholar]

	



Pong, W.T.; Durkan, C. TOPICAL REVIEW: A review and outlook for an anomaly of scanning tunnelling microscopy (STM): Superlattices on graphite. J. Phys. D Appl. Phys. 2005, 38, R329. [Google Scholar] [CrossRef]

	



Li, G.; Luican, A.; Santos, J.M.B.L.D. Observation of Van Hove singularities in twisted graphene layers. Nat. Phys. 2009, 6, 109–113. [Google Scholar] [CrossRef]

	



Liao, M.; Wu, Z.W.; Du, L. Twist angle-dependent conductivities across MoS2/graphene heterojunctions. Nat. Commun. 2018, 9, 4068. [Google Scholar] [CrossRef]

	



Cao, Y.; Fatemi, V.; Fang, S. Unconventional superconductivity in magic-angle graphene superlattices. Nature 2018, 556, 43–50. [Google Scholar] [CrossRef]

	



Yao, W.; Wang, E.; Bao, C. Quasicrystalline 30° twisted bilayer graphene as an incommensurate superlattice with strong interlayer coupling. Talanta 2018, 184, 50. [Google Scholar] [CrossRef]

	



Castellanos-Gomez, A.; Roldán, R.; Cappelluti, E. Local strain engineering in atomically thin MoS2. Nano Lett. 2013, 13, 5361–5366. [Google Scholar] [CrossRef]

	



Su, L.; Yu, Y.; Cao, L. In Situ Monitoring of the Thermal-Annealing Effect in a Monolayer of MoS2. Phys. Rev. Appl. 2017, 7, 034009. [Google Scholar] [CrossRef]

	



Su, L.; Yu, Y. Effects of substrate type and material-substrate bonding on high-temperature behavior of monolayer WS2. Nano Res. 2015, 8, 2686–2697. [Google Scholar] [CrossRef]

	



Tongay, S.; Zhou, J.; Ataca, C. Broad-range modulation of light emission in two-dimensional semiconductors by molecular physisorption gating. Nano Lett. 2013, 13, 2831. [Google Scholar] [CrossRef]

	



Mouri, S.; Miyauchi, Y.; Matsuda, K. Tunable photoluminescence of monolayer MoS2 via chemical doping. Nano Lett. 2013, 13, 5944–5948. [Google Scholar] [CrossRef]

	



Su, L.; Zhang, Y.; Yu, Y. Dependence of coupling of quasi 2-D MoS2 with substrates on substrate types, probed by temperature dependent Raman scattering. Nanoscale 2014, 6, 4920. [Google Scholar] [CrossRef]

	



Sercombe, D.; Schwarz, S.; Pozozamudio, O.D. Optical investigation of the natural electron doping in thin MoS2 films deposited on dielectric substrates. Sci. Rep. 2013, 3, 3489. [Google Scholar] [CrossRef]

	



Giannazzo, F.; Sonde, S.; Nigro, R.L.; Rimini, E.; Raineri, V. Mapping the density of scattering centers limiting the electron mean free path in graphene. Nano Lett. 2011, 11, 4612–4618. [Google Scholar] [CrossRef]

	



Radisavljevic, B.; Radenovic, A.; Brivio, J. Single-layer MoS2 transistors. Nat. Nanotechnol. 2011, 6, 147–150. [Google Scholar] [CrossRef]

	



Yu, Z.; Ong, Z.; Pan, Y. Realization of Room-Temperature Phonon-Limited Carrier Transport in Monolayer MoS2 by Dielectric and Carrier Screening. Adv. Mater. 2016, 28, 547–552. [Google Scholar] [CrossRef]

	



Giannazzo, F. Engineering 2D heterojunctions with dielectrics. Nat. Electron. 2019, 2, 54–55. [Google Scholar] [CrossRef]

	



Yue, N.; Sergio, G.A.; Riccardo, F. Thickness-Dependent Differential Reflectance Spectra of Monolayer and Few-Layer MoS2, MoSe2, WS2 and WSe2. Nanomaterials 2018, 8, 725. [Google Scholar]

	



Soh, D.B.S.; Rogers, C.; Gray, D.J. Optical nonlinearities of excitons in monolayer MoS2. Phys. Rev. B 2017, 97, 165111. [Google Scholar] [CrossRef]

	



Ramasubramaniam, A. Large excitonic effects in monolayers of molybdenum and tungsten dichalcogenides. Phys. Rev. B: Condens. Matter 2012, 86, 2757–2764. [Google Scholar] [CrossRef]

	



Qiu, H.; Pan, L.; Yao, Z. Electrical characterization of back-gated bi-layer MoS2 field-effect transistors and the effect of ambient on their performances. Appl. Phys. Lett. 2012, 100, 183. [Google Scholar]

	



Das, S.; Chen, H.Y.; Penumatcha, A.V. High performance multilayer MoS2 transistors with scandium contacts. Nano Lett. 2013, 13, 100–105. [Google Scholar] [CrossRef]

	



Mak, K.F.; Mcgill, K.L.; Park, J. The valley Hall effect in MoS2 transistors. Science 2014, 344, 1489–1492. [Google Scholar] [CrossRef]

	



Sahoo, S.; Gaur, A.P.S.; Ahmadi, M. Temperature-Dependent Raman Studies and Thermal Conductivity of Few-Layer MoS2. Physics 2013, 117, 9042–9047. [Google Scholar] [CrossRef]

	



Wu, L.; Carrete, J.; Mingo, N. Thermal conductivity and phonon linewidths of monolayer MoS2 from first principles. Appl. Phys. Lett. 2013, 103, 109. [Google Scholar]

	



Liu, X.; Zhang, G.; Pei, Q.X. Phonon thermal conductivity of monolayer MoS2 sheet and nanoribbons. Appl. Phys. Lett. 2013, 103, 1271. [Google Scholar] [CrossRef]

	



Hone, J. Atomically Thin MoS2: A New Direct-Gap Semiconductor. Phys. Rev. Lett. 2010, 105, 136805. [Google Scholar]

	



Splendiani, A.; Sun, L.; Zhang, Y. Emerging photoluminescence in monolayer MoS2. Nano Lett. 2010, 10, 1271–1275. [Google Scholar] [CrossRef] [PubMed]

	



Tonndorf, P.; Schmidt, R.; Bottger, P. Photoluminescence emission and Raman response of MoS2, MoSe2, and WSe2 nanolayers. Opt. Express 2013, 21, 4908–4916. [Google Scholar] [CrossRef]

	



Mak, K.F.; He, K.; Lee, C. Tightly bound trions in monolayer MoS2. Nat. Mater. 2013, 12, 207–211. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Zhang, Q.; Yap, C.C.R. From Bulk to Monolayer MoS2: Evolution of Raman Scattering. Adv. Funct. Mater. 2012, 22, 1385–1390. [Google Scholar] [CrossRef]

	



Van, N.H.; Qian, Y.; Han, S.K. PMMA-Etching-Free Transfer of Wafer-scale Chemical Vapor Deposition Two-dimensional Atomic Crystal by a Water Soluble Polyvinyl Alcohol Polymer Method. Sci. Rep. 2016, 6, 33096. [Google Scholar]

	



Marta, B.; Leordean, C.; Istvan, T. Efficient etching-free transfer of high quality, large-area CVD grown graphene onto polyvinyl alcohol films. Appl. Surf. Sci. 2016, 363, 613–618. [Google Scholar] [CrossRef]

	



Li, H.; Wu, J.; Huang, X. A universal, rapid method for clean transfer of nanostructures onto various substrates. Acs Nano 2014, 8, 6563. [Google Scholar] [CrossRef]

	



Yang, H.; Qin, S.Q.; Peng, G. Ultraviolet-Ozone treatment for effectively removing adhesive residue on graphene. Nano 2016, 11, 147. [Google Scholar] [CrossRef]

	



Woods, C.R.; Withers, F. Macroscopic self-reorientation of interacting two-dimensional crystals. Nat. Commun. 2016, 7, 10800. [Google Scholar] [CrossRef]

	



Gao, L.; Ren, W.; Liu, B. Surface and Interference Coenhanced Raman Scattering of Graphene. ACS Nano 2009, 3, 933–939. [Google Scholar] [CrossRef]

	



Wang, Y.Y.; Ni, Z.H.; Yu, T. Raman Studies of Monolayer Graphene: The Substrate Effect. J. Phys. Chem. C 2008, 112, 10637–10640. [Google Scholar] [CrossRef]

	



Ellis, J.K.; Lucero, M.J.; Scuseria, G.E. The indirect to direct band gap transition in multilayered MoS2 as predicted by screened hybrid density functional theory. Appl. Phys. Lett. 2011, 99, 8207. [Google Scholar] [CrossRef]

	



Timoshenko, S.; Woinowsky-Krieger, S.; Woinowsky, S. Theory of Plates and Shells; McGraw-Hill: New York, NY, USA, 1959; Volume 2. [Google Scholar]

	



Landau, L.; Pitaevskii, L.; Lifshitz, E.; Kosevich, A. Theory of Elasticity, 3rd ed.; Butterworth-Heinemann: Oxford, UK, 1959; p. 195. [Google Scholar]








[image: Nanomaterials 09 00796 g001 550]





Figure 1. Interlayer difference of one twisted bilayer structure (tBLS) sample. Photoluminescence (PL) and Raman are all excited by 532 nm laser. (a) Optical micrograph. Inset corresponds to dark-field optical micrograph. The green and white dash lines outline the bottom and top layer respectively, while the red box outlines the scanning area in (b). (b,c) PL intensity map in high and low contrast respectively. (d) Atomic force microscopy (AFM) micrograph. (e) Raman intensity map of mode E2g1. (f) Raman shift map of mode E2g1. Green, black, and magenta circles in (b–f) point out bottom, stacked, and top region respectively. 
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Figure 2. Photoluminescence and Raman spectra comparison between bottom (green) and top (magenta) layers. Bot and Top refer to bottom and top region, respectively. (a) PL spectra comparison. For clarity, spectra of one same tBLS sample are shifted vertically in small gap while spectra of different tBLS samples in large gap. Peak A and B are labeled. (b) Raman spectra comparison. Mode E2g1 and A1g are labeled. 
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Figure 3. Photoluminescence and Raman inhomogeneity of tBLS. (a) Optical micrograph of one tBLS sample. Corresponding dark-field optical micrograph is shown in inset. Bottom and top layers are outlined by green and white dashed lines, respectively. Red box defines the scanning area of (c,e). (b) AFM micrograph of the same sample in (a). (c) PL intensity map. (e) Raman shift map of mode E2g1. (d,f) PL and Raman spectra of different regions. These regions are labeled by circles in corresponding colors in (c,e). 
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Figure 4. Free-standing monolayer MoS2. (a) Bright-field optical micrograph. Red box outlines the scanning area of the middle and right column. (b) PL intensity map. (c) PL shift map. PL and Raman spectra in (d,g) are normalized for clarity. (d) PL spectra of suspended and supported region. SUP and SUS refer to supported and suspended region, respectively. (e,f) Raman intensity map of E2g1 and A1g, respectively. (g) Raman spectra of suspended and supported region. (h,i) Raman shift map of E2g1 and A1g, respectively. 
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Figure 5. Schematic illustration. (a) Film–substrate coupling difference among bilayer-stacked two-dimensional materials structure (BSS) films. (b) Three-level energy diagram including exciton, trion, and ground. G represents the generation rate of exciton. Γex, Γf, and Γtr represent exciton decay rate without trion formation rate, trion formation rate, and trion decay rate, respectively. (c) Schematic of in-plane Raman mode E2g1 for monolayer MoS2. 
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