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Abstract
[bookmark: _Hlk70151901]In view of its epitaxial seeding capability, c-plane single crystalline sapphire represents one of the most enticing, industry-compatible templates to realize manufacturable deposition of single crystalline two-dimensional transition metal dichalcogenides (MX2) for functional, ultra-scaled nano-electronic devices beyond silicon. Despite sapphire being atomically flat, the surface topography, structure and chemical termination vary between sapphire terraces during the fabrication process. To date, it remains poorly understood how these sapphire surface anomalies affect the local epitaxial registry and the intrinsic electrical properties of the deposited MX2 monolayer. Therefore, molybdenum disulfide (MoS2) is deposited by metal-organic chemical vapor deposition (MOCVD) in an industry-standard epitaxial reactor on two types of c-plane sapphire with distinctly different terrace and step dimensions. Complementary scanning probe microscopy techniques reveal an inhomogeneous conductivity profile in the first epitaxial MoS2 monolayer on both sapphire templates. MoS2 regions with poor conductivity correspond to sapphire terraces with uncontrolled topography and surface structure. By intentionally applying a substantial off-axis cut angle (1º in this work), the sapphire terrace width, step height -and thus also surface structure- become more uniform across the substrate, and MoS2 conducts the current more homogeneously. Moreover, these effects propagate into the extrinsic MoS2 device performance: the field-effect transistor variability reduces both within and across wafers at higher median electron mobility. Carefully controlling the sapphire surface topography and structure proves an essential pre-requisite to systematically study and control the MX2 growth behavior,and capture the influence on its structural and electrical properties.
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Main text
Two-dimensional (2D) transition metal dichalcogenides (MX2, with M a transition metal, and X a chalcogen) attract lots of attention for next-generation electronics, optoelectronics and photonics.1-11 Their advanced properties predominantly excel in monolayer and few-layer form which fuels research on the large-area deposition of atomically thin MX2 material. A variety of thin film deposition techniques have been explored,12-34 ranging from powder vapor transport (PVT, often termed to chemical vapor transport, CVT),16-17, 20-22 molecular beam epitaxy,18-19 and chalcogenidation of pre-deposited films,23 to atomic layer deposition24 and chemical vapor deposition (CVD).25-34 The PVT method has been widely adopted to grow MX2 layers with millimeter or even centimeter grain size on both amorphous and crystalline substrates.30 Yet, it remains challenging to deliver a constant precursor supply uniformly across the reactor zone, which eventually hampers control over MX2 layer thickness and layer properties across large-area substrates and renders PVT not compatible with high volume manufacturing.31-32 On the other hand, in CVD, gas-phase precursors are delivered to the reaction chamber through dedicated precursor delivery systems. Several metal-halide and metal-organic chemical vapor deposition (MOCVD) processes have been reported in literature with superior control over the MX2 structure, crystallinity, morphology and the number of MX2 layers across large-area substrates.25-34
[bookmark: _Hlk59473166]Realizing the promise of MX2 materials in functional and high performance nanoelectronic devices, warrants single crystalline MX2 layer(s) with low defect tolerances through manufacturable deposition concepts that provide control over location and/or orientation of MX2 crystals. A single crystalline template is used as the starting surface to enable van der Waals epitaxy of a single crystalline MX2. 
[bookmark: _Hlk59473262]The single crystalline c-plane sapphire (α-Al2O3) is widely considered as a suitable template due to its specific lattice orientation, atomically smooth surface, thermal and chemical stability, and single crystal nature. MX2 crystals can develop a preferential in-plane crystal orientation during the van der Waals epitaxy process, which is presumably determined by the crystal symmetry, the surface structure or topography of the sapphire template.21, 32 
However, it remains poorly understood how the sapphire starting surface affects the local epitaxial registry,35 the structural and electrical properties of a deposited single layer of MX2. Sapphire has a complex surface structure and is typically composed of a step and terrace topography. This surface structure and topography can reconstruct due to enhanced mobility of Al and O surface atoms at high temperatures typically encountered during surface pre-treatments or thin film deposition processes.[36-42] Since the reaction kinetics of the terrace and step reconstruction is not fully captured yet, the surface topography, structure, stacking order, rotational symmetry and chemical termination of neighboring sapphire terraces can become more inhomogeneous. As such, deconvoluting the sapphire surface reconstruction from the MX2 growth behavior is challenging. Moreover, this can give rise to the formation of interface and intra-grain defects, and grain boundaries in the deposited MX2 monolayer hampering the material’s electrical properties. 
[bookmark: _Hlk48642037]Therefore, in this work, we compare how two types of c-plane sapphire with distinct surface topography and structure impact the structural and electrical properties of a single layer of MoS2 deposited by MOCVD in a 200 mm industry-standard epitaxial reactor. The first type of sapphire template is cut from the ingot perpendicular to the [0001] axis, and therefore is said to have an off-axis cut angle of 0º. This substrate is denoted here as on-axis cut sapphire. Normal mechanical wafer manufacturing variability does not permit perfect alignment and causes a certain uncontrolled mis-cut angle with a specification of ± 0.1º, with any orientation between the M-axis [1-100] and A-axis [11-20]. This type of sapphire is almost exclusively supplied on the market for 2D materials deposition.30 The second type of sapphire template is purposely cut under an off-axis cut angle of 1º from the [0001] axis towards the A-axis [11-20], denoted as off-axis 1º cut sapphire in our work. Again, manufacturing variability brings a typical mis-cut angle within a range of ± 0.1º. 
By deliberately introducing a substantial off-axis cut angle of 1º to sapphire, the sapphire terrace width, step height -and thus also surface structure- become more uniform across the substrate, and the single layer of MoS2 conducts the current more homogeneously as opposed to on on-axis cut sapphire starting surfaces. Hence, the state of the starting surface matters and eventually determines the electrical properties of 2D materials. 
Moreover, this substrate-induced effect propagates into the extrinsic MoS2 device performance. By transferring the MoS2 from both sapphire template types to Si target substrates, about ~2400 MoS2 field-effect transistors have been fabricated. The field-effect transistor performance results in a higher median electron mobility for MoS2 monolayers originating from off-axis cut 1º sapphire. Moreover, the device-to-device variability reduces both within and across wafers by at least a factor of ~2 in terms of the drain current at constant carrier density (Id_n), minimum subthreshold swing (SSmin), threshold voltage (Vt), the ratio of maximum and minimum drain current (Imax/Imin), and the field-effect mobility (µFE). 

Results and Discussion
Sapphire surface topography and structure
First, we compare the terrace and step dimensions of two type of sapphire templates before and after an anneal (Figure S1, Supporting Information) in O2 atmosphere under a fixed condition (i.e., 1175°C, 60 minutes at atmospheric pressure, see Experimental Details) for a sampling size of ~30 unique 2-inch wafers. Unless specified, all the sapphire substrates used in this work are all pre-treated under this condition. Such O2-based pre-treatment minimizes residues or contaminants on the sapphire surface20, 22, 32 and reconstructs the sapphire surface into ( x ) R9 Al-rich structure.36, 43 
[bookmark: _Hlk48147272][bookmark: _Hlk70077123]As-received off-axis 1º cut sapphire possess a more homogeneous surface topography as compared to on-axis cut sapphire, both before and after O2-based pre-treatment (Figure S1-2, Supporting Information and Figure 1a-b). The surface topography of off-axis 1º cut sapphire remains relatively uniform within and across wafers even after O2-based pretreatment, albeit locally steps decompose and bunch together. During the pretreatment, the terrace width (Wterrace) and step height (Hterrace) increase from an average Wterrace of ~10 nm to ~35 nm and Hterrace of ~0.2 nm to ~0.4 nm, excluding the bunched steps and consistent with reported values in literature (Figure 1b and Figure S3d-f, Figure S4, Supporting Information)37. Indeed, Al and O adatoms can migrate across terraces and incorporate at step edges giving rise to widening of terraces and increasing step heights. In contrast, the surface topography of on-axis cut sapphire varies most profoundly both within and across wafers, with the Wterrace ranging from 410 nm to 1.8 µm from wafer center to edge, and from 1.8 µm to 40 nm between wafers (Figure 1a, and Figure S3a-c, Supporting Information). This variability of the surface topography is not related to the pre-treatment process since on-axis cut sapphire shows similar surface topography before and after the O2-annealing pre-treatment process (Figure S1, Supporting, Information). Moreover, Hterrace of on-axis cut sapphire varies from ~0.3 nm to ~0.7 nm (Figure 1a and Figure S5, Supporting Information). 
[bookmark: _Hlk59471222][bookmark: _Hlk58774777]The Wterrace is determined by the sapphire ingot cutting angle (θ, also referred as off-axis cut angle) between the off-axis cutting plane and the [0001] crystal plane through equation (1) in Figure 1c.37 During the sapphire substrate fabrication, any local misorientation angle (δθ) from the ingot cutting and substrate grinding and polishing processes can introduce a terrace non-uniformity within and across substrates.38 For example, the on-axis cut sapphire displays a saddle-shape with peak-to-valley height around 7 µm (Figure 1d), as a result of the sapphire cutting and polishing nonidealities. From equation (1), the impact of δθ on the sapphire terrace structure is negligible when θ is large (Figure S6, Supporting Information). Hence, terrace and step dimensions of on-axis cut sapphire are expected to diverge most profoundly within and across wafers due to these local surface anomalies introduced during the substrate manufacturing.
		(1)
[bookmark: _Hlk58774486][bookmark: _Hlk48152135]Equally important, the Hterrace reveals the chemical termination and stacking order of the terrace structure, and is determined by the crystalline structure of the sapphire unit cell. Therefore, the Hterrace typically varies as one sixth of the sapphire lattice parameter along [0001] (i.e., cAl2O3 = 1.299 nm).39 It can increase with a multiple of cAl2O3/6 by step bunching during surface reconstruction processes (e.g., substrate annealing), albeit intermediate Hterrace can appear when the vicinal surface intersects other existing sapphire cutting planes due to δθ. As such, the sapphire terraces can possess three chemically different surface terminations each with a characteristic Hterrace: (i) an oxygen surface layer, (ii) a surface with two aluminum layers, or (iii) a surface dissecting between the two aluminum layers.36, 38-39 The prevalent termination depends on the [0001] off-axis cut angle and step direction, anomalies introduced during the manufacturing process, and on the surface pre-treatment prior to MX2 MOCVD process.37, 40-42

MoS2 growth inhibition across few sapphire terraces 
Second, we investigate how the first MoS2 monolayer starts to grow on both on-axis and off-axis 1º cut sapphire after O2-based pre-treatment, despite the inhomogeneous sapphire surface topography and structure. Such insight helps to reveal if the MOCVD precursor adsorption and diffusion kinetics depends on the state of the starting surface.
Indeed, MoS2 crystals in the first single layer nucleate preferentially on some terraces of the on-axis cut sapphire with areal density of MoS2 crystals up to (1.6±0.2) x1010 cm-2, whereas the MoS2 nucleation is strongly inhibited on neighboring terraces (Figure 1e-j). This results in an inhomogeneous distribution of MoS2 crystals across the sapphire surface, especially at the wafer center (Figure 1e-f). The fraction of sapphire terraces with preferential MoS2 nucleation varies between 25% to 100% across different locations measured at the wafer center (Figure 1i), as opposed to 100 % toward the wafer edge (Figure 1g-i). Concomitantly, the terrace and step dimensions of the investigated on-axis cut sapphire substrate vary most profoundly at the wafer center, whereas they converge toward narrower terraces at the wafer edge. Such profound within-wafer non-uniformity in terrace dimensions is expected for on-axis cut sapphire substrates due to the large impact of any local misorientation (δθ) introduced during the manufacturing process. In addition, MoS2 growth inhibition is encountered on the on-axis cut sapphire irrespective of the MOCVD conditions tested (Figure S7a-b, Supporting Information). 
In contrast, MoS2 nucleates uniformly across the off-axis 1º cut sapphire terraces (Figure S7c-d, Supporting Information). This is in line with the more homogeneous sapphire surface topography and structure. Since the nucleation behavior differs profoundly where the terrace topography is less uniform, this might suggest that the sapphire terrace dimensions, surface structure and/or termination determine the MoS2 MOCVD precursor adsorption and diffusion reaction rates, and as such the MoS2 nucleation. Hence, by designing the sapphire surface structure and topography, it is expected to obtain better control over the MoS2 nucleation, and as such the MoS2 crystal size and epitaxial quality, which is subject to future research.

Uncontrolled sapphire surface topography induces inhomogeneous electrical conductivity in epitaxial MoS2 monolayer 
Next, we study how the sapphire starting surface affects the local epitaxial registry, the structural and electrical properties of the deposited single layer of MoS2. 
[bookmark: _Hlk48579439][bookmark: _Hlk70633619][bookmark: _Hlk58778475]As the deposition proceeds, the first MoS2 single layer fully covers the sapphire substrate. Before coalescence of the first monolayer, MoS2 crystals start to nucleate already on the basal plane of this first, bottom MoS2 layer, and continue to grow preferentially in the lateral dimension. These MoS2 crystals are denoted hereafter as superficial crystals in the second, non-closed MoS2 layer. The surface coverage of these superficial second layer MoS2 crystals from AFM (Figure S8, Supporting Information) is (37±4)% and (37±2)% on on-axis and off-axis 1° cut sapphire, respectively, and is in agreement with the absolute amount of deposited MoS2 of (1.3±0.1) monolayer (ML) as determined by Rutherford backscattering spectrometry (RBS, Figure S9, Supporting Information). The morphology of this 1.3 ML MoS2 in a small field of view is also shown in Figure S10 (Supporting Information). Although the fraction of superficial crystals in the second MoS2 layer deposited on both template types is similar, the wafer-to-wafer non-uniformity is least pronounced on off-axis 1º cut sapphire as opposed to on-axis cut sapphire (Figure S11, Supporting Information). Photoluminescence spectroscopy (PL) and Raman spectroscopy collected on 1.3 ML MoS2 deposited on both types of sapphire templates show similar characteristic peak behaviors (Figure S12-S13, Supporting Information)
Cross-sectional transmission electron microscopy (XTEM) confirms the MoS2 layer thickness with the first, bottom MoS2 single layer covering the sapphire surface continuously and the appearance of crystals in the top, non-closed second layer. Moreover, from the reference atomic plane as indicated by the yellow dotted line, the sapphire step heights have been extracted (Figure 2a-b) which agree with the values extracted by AFM (Figure 1). Despite the large Hterrace, the first, bottom MoS2 single layer can follow the profile of the sapphire steps and grows conformal to the sapphire topography. Furthermore, MoS2 crystals in both the first, closed layer as well as in the second, non-closed monolayer can nucleate from a sapphire step and from the basal surface of either the sapphire terrace or the bottom, first MoS2 layer respectively. For example, superficial MoS2 crystals in the second, non-closed layer originate from the presence of a step (Figure S14, Supporting Information), whereas other crystals seem to nucleate at the basal plane of the first, bottom MoS2 layer (Figure 2a-b). 
The first, bottom MoS2 single layer develops an epitaxial crystalline structure, in registry with underlying sapphire as identified from the selected area electron diffraction (SAED) patterns and plan-view dark-field transmission electron microscopy (DF-TEM, Figure 2c-d and Figure S15, Supporting Information). That is, the MoS2 crystals develop a preferential in-plane orientation during the MOCVD process which enables coalescing crystals to merge without forming a defective grain boundary. 
However, some MoS2 crystals are rotated over an azimuthal angle of 60°, forming inversion domain boundaries during closure of the first monolayer irrespective of the type of sapphire template (Figure 2c-d). A higher-resolution micrograph of such inversion domain boundary is included in the Supporting Information (Figure S16). These inversion domain boundaries are highlighted by white dotted lines and identified from the false color composite dark field electron micrographs in plan-view. The composite electron micrographs are formed using two complimentary dark-field micrographs acquired by selecting two adjacent {1100} diffraction spots respectively and overlaying these electron micrographs using false colors (i.e., red and green). The majority in-plane orientation (0º) appears as red while MoS2 inversion domains are rotated over 60º and appear green. These inversion domains originate from the 6-fold crystal symmetry of the MoS2 unit cell. They present the main in-plane misorientation in first MoS2 single layer, irrespective of the type of sapphire template used here and account for an areal density of inversion domains of 1 x108 cm-2. 
Despite the similar MoS2 surface morphology and epitaxial registry between the two types of sapphire template, the 1.3 ML MoS2 displays a significantly more non-uniform electrical conductance on on-axis cut sapphire, as determined by conductive atomic force microscopy (CAFM, Figure 2e-f). These regions with lower conductivity are marked in pink with a threshold current of ~ 0.3 µA, for both types of sapphire template (Figure 2e-h). By introducing the off-axis 1º cut sapphire, the electrical conductivity of the MoS2 layer becomes more homogeneous in line with their more uniform surface structure and topography. Overall, a fraction of ~83 % of 1.3 ML of MoS2 on off-axis 1º cut sapphire (Figure 2h) possesses a higher electrical conductivity, as compared to only 51% using on-axis cut sapphire (Figure 2f). 
The MoS2 regions with poor conductivity pertain to sapphire terraces with uncontrolled topography and surface structure. Indeed, the surface contours of the poorly conductive MoS2 regions are not random, but correspond to the specific underlying sapphire terraces, as becomes most apparent on as-received off-axis 1º cut sapphire from the simultaneously obtained topography and current micrographs (Figure 3a-b). When overlaying the line profiles from both height and current, surface features with high and uncontrolled topography correspond to poorly conductive regions in the MoS2 (Figure 3c). Deviances in local sapphire step height suggest different surface structure based on the symmetry of the sapphire unit cell. Albeit less obvious on on-axis cut sapphire, the poorly conductive MoS2 regions on off-axis 1º cut sapphire correspond to the terraces that have bunched together.
During the surface pre-treatment and the MOCVD process, steps decompose and agglomerate giving rise to significant reorganization of the sapphire surface. Such step and terrace reconstruction are primarily driven by the high temperatures used in both the O2-based surface pre-treatment and MOCVD process. For example, step bunching becomes more probable as Wterrace narrows, as expected for off-axis 1º cut sapphire and is an atomistic process that can be controlled. Indeed, when the 1.3 ML MoS2 is deposited on off-axis 1º cut sapphire without any pre-epi treatment (Figure 3a), the areal coverage of highly conductive regions increases further from 83% (Figure 2h) to 94% (Figure 3b). The latter also confirms the sapphire surfaces further reconstruct during the MOCVD process at typical deposition temperatures of 1000 °C in this work, which is still sufficient to introduce surface reconstruction.40-42 
Such surface reorganization is most uncontrolled when the topography and structure of the as-received sapphire is already non-uniform within and across wafers, as demonstrated for on-axis cut sapphire. Anomalies introduced during the substrate manufacturing and surface reconstruction during surface pre-treatment and thin film deposition processes, will only further enhance divergence in the surface properties.
Thus, the experimentally demonstrated causality, together with the earlier shown non-uniform surface topography and structure of on-axis cut c-plane sapphire both within and across wafers, can explain the larger percentile of poorly conductive MoS2 when deposited on on-axis cut sapphire. It therefore proves crucial to deconvolute the reaction kinetics of the sapphire surface reconstruction from the reaction kinetics of the MOCVD process, which is subject to further research.

Possible origins of inhomogeneous electrical conductivity in epitaxial MoS2 monolayer 
How the state of the sapphire surface can alter the intrinsic MoS2 electrical properties remains poorly understood. The inhomogeneous conductivity in the first MoS2 single layer can have four possible origins: (i) MoS2 surface roughness from MoS2 layer thickness variation; (ii) MoS2 strain induced by sapphire surface topography; (iii) MoS2 intra-grain defectivity due to dependence of MoS2 nucleation rate per sapphire terrace (Figure 1e-j); or (iv) MoS2 interface defectivity induced by sapphire surface structure and termination, which could result in differently local doping effects (Figure S17-S18, Supporting Information). 
[bookmark: _Hlk67607836]Firstly, a difference in MoS2 surface roughness from layer thickness variation does not underpin the observed inhomogeneity of the MoS2 conductivity profile, as the presence of MoS2 crystals in the top, non-closed layers does not influence the conductivity. Indeed, MoS2 regions of both higher and lower conductivity exist even though superficial crystals in second MoS2 layer are present (Figure S19, Supporting Information). Furthermore, MoS2 regions with lower conductivity remain nearly constant with MoS2 layer thickness, as they also exist in thicker 3.5 ML MoS2 (Figure 3d-e). By comparing the dashed yellow outlined regions, MoS2 crystals in the top, non-closed layers with a misoriented basal plane do not influence the conductivity in that region. In addition, the inhomogeneous conductivity of MoS2 on sapphire is independent of deposition condition. The CAFM results of 1.5 ML (fully closed monolayer with ~50% of superficial islands) MoS2 on on-axis cut sapphire deposited in a different condition also show regions with inhomogeneous current, as it is shown in Figure S20 (Supporting Information). Moreover, it is worth to note that the existence of regions with different conductance not only occurs in the MoS2 epitaxial layer, but also in the MOCVD WS2 layer grown on sapphire, as shown in Figure S21 (Supporting Information). Thus, the lower conductivity pertains primarily to the fully closed first MoS2 single layer rather than the top non-closed layers. The first hypothesis (MoS2 surface roughness from MoS2 layer thickness variation) should not be the cause of imhomogenous electrical properties of MoS2 deposited on sapphire. 
Secondly, MoS2 strain induced by sapphire surface topography also seems not to be the cause since we observe quite uniform strain effect on the as-deposited 1.3 ML MoS2 grown on on-axis cut sapphire in Figure S18c (Supporting Information). Median value of E2g position is ~384.2 cm-1 with standard deviation of 0.68 cm-1, which corresponds to a strain variation of ~0.1%.44
[bookmark: _Hlk57031547]Lastly, poorly conductive regions in first MoS2 layer might display higher areal density of intra-grain and interface defects induced by the local sapphire surface properties. Indeed, combining CAFM and Frequency Modulation Kelvin probe force microscopy (FM-KPFM) at identical location in the 1.3 ML MoS2, reveals that the poorly conductive regions (46.9% in Figure 3c) possess also a higher work function (45.4% in Figure 3f). This observation supports the hypothesis that the lower conductivity in the CAFM map could indicate that there are more local defects at those regions, which can trap free electrons thus resulting in a higher work function. Figure S22 (Supporting Information) supports this hypothesis by measuring one piece of 1.3 ML MoS2 grown on on-axis cut sapphire immediately after deposition and after 6 months. The poorly conductive regions are more prone to get oxidized compared to regions with a relatively higher conductivity. Since these locations are more likely to get degraded, this could also indicate that more defects are present at those regions. However, distinguishing the intra-grain and interface defects are still very challenging, which is limited by the current characterization techniques. We are making efforts to investigate this more in our future work. 

Substrate-induced inhomogeneity propagates into the extrinsic MoS2 monolayer device performance 
Consecutively, we investigate if the sapphire-induced inhomogeneity can persist into the extrinsic device performance of the first single layer of MoS2. Therefore, the electrical properties of 1.3 ML MoS2 deposited on both types of sapphire template are further compared through the device performance of MoS2-based back-gated field-effect transistors (Figure 4). 
To minimize the sources of variability induced by the MoS2 deposition, transfer and device fabrication process, MoS2 has been deposited simultaneously on on-axis cut and off-axis 1º cut sapphire in the 200 mm epitaxial reactor, and closed-coupled in time to the sequential transfer and device fabrication processes. Typically, MoS2 is transferred from each sapphire template to 50 nm SiO2/p+-Si substrates (Figure S23, Supporting Information). Devices are fabricated on two pie-shaped samples from each 2-inch sapphire substrate, with each sample accounting for ~1/6th of total 2-inch wafer surface, to statistically assess within-wafer non-uniformity (Figure S24, Supporting Information). To exclude macro- and microscopic anomalies introduced after MoS2 deposition, and during transfer and device fabrication (e.g., partial MoS2 layer transfer, cracks), the MoS2 morphology is systematically monitored (Figure S25a-b, Supporting Information). Also, the bare sapphire surfaces after MoS2 transfer are inspected to ensure no residual MoS2 is left behind after transfer (Figure S26, Supporting information). 
Moreover, to capture the long-term wafer-to-wafer repeatability, the MoS2 deposition, transfer and device fabrication are repeated in three unique, standalone experiments for each template type within half a year time frame, resulting in more than ~2400 electrically yielding devices (i.e., three unique MoS2 depositions on six sapphire substrates, Figure 4). A statistical comparison of the transistors fabricated on 1.3ML MoS2 from both sapphire template types, are evaluated in the terms of Id_n at a fixed carrier density of 1013 cm-2, SSmin, Vt, Imax/Imin and µFE at room temperature according to the transfer characteristic curves (Figure S25, Supporting Information). Details of the calculation can be found in the Supporting Information. Transistors fabricated with MoS2 channels originally deposited on on-axis cut and off-axis 1º cut sapphire are red- and blue-colored, respectively (Figure 4). As mentioned earlier, two MoS2 samples are taken from each template type to fabricate devices and assess the within-wafer non-uniformity, as represented by two different symbols. 
Devices fabricated with 1.3 ML MoS2 originating from off-axis 1º cut sapphire, display a much narrower distribution of the electrical characteristics for all three unique experiments in time and irrespective of the channel length tested (Lch), which is in stark contrast to that from on-axis cut sapphire (Figure 4, and Figure S25c, Supporting Information). The close overlap within wafer (Figure 4, blue symbols) indicate that the deposition, transfer and fabrication processes are reproducible. Figure S27 (Supporting Information) exhibits all the measurement data from these 3 repeated experiments of Figure 4 in one graph for each performance. 
Furthermore, we have compared the average and best device characteristics separately. In terms of the average device characteristics, the devices fabricated on MoS2 from the off-axis 1º cut sapphire show better performance than that from on-axis cut sapphire (Figure S27, Supporting Information). The Id_n decreases with the Lch (Figure 4a), while the mobility keeps stable with increasing the Lch (Figure 4e).  In terms of the best device characteristics, MoS2 performs similarly irrespective of the sapphire template type, including Id_n of ~38 µA/µm, SSmin of ~380 mV/dec, and Imax/Imin  ratio of ~2 ×1010, albeit a slightly higher mobility of ~40 cm2/Vs is achieved through off-axis 1º cut sapphire as opposed to on-axis cut sapphire (~34 cm2/Vs, Figure 4e). 

Device-to-device variability of epitaxial monolayer MoS2 transistors
Lastly, the device-to-device variability of the MoS2 transistors within and across unique wafers reduces through introducing the off-axis 1º cut sapphire. Extensive statistical calculation of cumulative distribution function (CDF) for ~2400 devices at each Lch elegantly reveals such device-to-device variability. From the CDF, in Figure 5a-j and Figure S28 (Supporting Information) reveal a much larger variation for all the devices fabricated on MoS2 grown on on-axis cut sapphire than that from off-axis 1º cut sapphire. It is worth to note that the drain currents of devices with shorter channels are more limited by the contact resistance and strain from the metal electrodes, compared to the devices with longer channels.11 
[bookmark: _Hlk58489871]The median values with the standard deviations for the device performance of Id_n, SSmin, Vt, Imax/Imin and µFE as function of Lch in Figure 5k-o shows that the device performance in all of these aspects is better and with smaller deviation for the devices fabricated on 1.3 ML MoS2 from off-axis 1º cut sapphire (Figure 5k-o). In the case of devices with Lch of 20 µm (devices of 1.3 ML MoS2 deposited on off-axis 1º cut sapphire), the average values of Id_n, SSmin, Imax/Imin and µFE are 1.6 µA/µm, 450 mV/dec, 1.6 × 109, 22 cm2/Vs respectively. It is worth to note that Figure 5k-o also shows the Id_n and Imax/Imin decrease with Lch, while the mobility seems to be independent of the Lch. The SSmin shows lower average values for the transistors on MoS2 from off-axis 1º cut sapphire than that from on-axis cut sapphire at all the Lch. The extracted Vt shows more positive values for the transistors on MoS2 from off-axis 1º cut sapphire than that from on-axis cut sapphire, indicating that there may be higher intrinsic n-type doping in MoS2 grown on on-axis cut sapphire.45
MoS2 device-to-device variability clearly reduces through introducing the off-axis 1º cut sapphire (Table S1, Supporting Information). The device-to-device variability can quantitively be captured through the coefficient of variation (Cv), which is calculated through dividing the standard deviation by the average value based on the CDF lots (Figure S29 and Table S1 (Supporting Information)).46 The average variance reduces from 48.1% to 24.1% for Id_n, from 65.2% to 23.9% for SSmin, from 65.5% to 26.8% for Vt, from 97% to 31.9% for Imax/Imin and from 47.9% to 24.3% for µFE (Table S1, Supporting Information). 
Based on this comparison, the devices fabricated on MoS2 from off-axis 1º cut sapphire show not only better device characteristics, but also lower device-to-device variability. The improved performance for MoS2 transistors from off-axis 1º cut sapphire suggests the inhomogeneity in sapphire surface topography and structure can propagate up to the extrinsic device performance of the first single layer of MoS2 albeit the causality could not be unambiguously demonstrated in this work due to considered fabrication process. 

Conclusions
In summary, inhomogeneous sapphire terrace and step dimensions not only inhibit the growth of epitaxial MoS2, but also hamper the intrinsic electrical conductivity of fully closed MoS2 monolayer. MoS2 regions with poor conductivity correspond to sapphire terraces with uncontrolled topography and surface structure. The surface topography and structure of commonly employed on-axis cut c-plane sapphire varies profoundly within and across wafers. By introducing a substantial off-axis cut angle of 1º to the sapphire template, the sapphire surface topography becomes more uniform and MoS2 conducts the current more homogenously. Furthermore, this substrate-induced effect propagates intro the extrinsic device performance, yielding improved device-to-device variability of MoS2 field-effect transistors with higher median electron mobility when originating from off-axis 1º cut sapphire. Field-effect mobility peaks at µFE of ~40 cm2/Vs in the group of best performing devices with Imax/Imin ratio of ~2×1010, which is comparable to other epitaxial MoS2 in literature (Table S2, Supporting Information). From a statistically relevant set of ~2400 transistors, device-to-device variability reduces in all aspects (Id_n, SSmin, Vt, Imax/Imin and µFE) with a factor of ~2 when switching from on-axis cut to off-axis 1º cut wafers, in line with their more uniform surface properties. Not only are these findings generally applicable to other MX2 materials, the proposed insight could help to design the sapphire template to control MX2 growth behavior, tailor the structure and crystallinity and demonstrate functional performance in an ultra-scaled nanoelectronic device.



[bookmark: _Hlk49774126]Experimental Details

Pre-epi treatment of the sapphire. There are two kinds of 2-inch single-crystalline sapphire (0001, α-Al2O3) wafers (purchased from the Roditi International Corporation) used for the MoS2 MOCVD growth in this study.  One is the 330 µm thick and double side polished on-axis cut sapphire. Another is 330 µm thick and double side polished off-axis 1º cut sapphire. The off-axis cut angles of the wafers have been checked and confirmed by X-ray Diffraction (XRD) in Figure S30 (Supporting Information). Prior to the deposition of MoS2, the sapphire wafers are thermally annealed in O2 atmosphere for 1 hour at 1175 °C. The morphology of both the on-axis and off-axis 1º cut sapphire before and after this pre-epi pretreatment process can be observed in Figure S1 (Supporting Information). This pre-epi process can result in a reconstructed ( x ) R9 Al-rich sapphire surface, and our previous study show this surface reconstruction is beneficial for MX2 deposition through molecular-beam epitaxy (MBE) method.36  

[bookmark: _Hlk45731178][bookmark: _Hlk38738803]MOCVD growth of MoS2. After the pre-epi treatment of sapphire, the wafers are firstly placed on a 200 mm silicon pocket wafer (structure: 100 nm ALD Al2O3/2000 nm SiO2/Si) which contains 4 pockets with size of 2-inch and then loaded to the MOCVD reactor. Our MOCVD equipment (Polygon8200, ASM) consists of a single-wafer (≥ 200 mm) and lamp-heated reactor with gas flow controlled by the mass flow controllers, which allows large-scale deposition of the MX2 on wafers with size as large as 200 mm. We normally load 2 pieces of 2-inch sapphire wafers into the reactor for one deposition. In order to make a solid and fair comparison, we always deposit the MoS2 on the on-axis and off-axis cut sapphire wafers within one deposition. After loading the sapphire wafers to the reactor, the wafers were firstly heated to 1000 °C under high-purity N2 in the reactor, then 100 sccm H2S (carried by 20 slm N2) and 80 sccm Ar:Mo(CO)6 gas precursor (Ar is the carrier gas for the metal precursor) are sent to the reactor. The flow rate for Mo(CO)6 is or 0.0218 sccm. High purity H2S, N2 and Ar gas are provided through compressed gas cylinders. The Mo(CO)6 is vaporized from the solid precursor in a metallic canister (from Air liquide) at ~26 °C under ~900 mbar. During the growth, the growth temperature is kept at 1000 °C and the total pressure is constant at 20 Torr. For the growth of 1.3 ML (fully coalesced monolayer with ~37% bilayer/multilayer islands on top) and 3.5 ML (fully coalesced three layers with ~50% superficial islands on top) MoS2 on sapphire, the growth time is 6 min and 20 min respectively at this condition. After the growth, all the deposited MoS2 films are annealed in the same chamber under 100 sccm H2S (carried by 20 slm N2) at 1000 °C and at a total pressure of 90 Torr. This annealing process under sulfur environment has been demonstrated to improve the quality of the MX2 layers.47 While the MoS2 nucleation shown in Figure 1e-h is deposited at the same growth condition for a short deposition time (3 min), and there is no H2S post-deposition annealing process after the nucleation.  Unless it is clarified specifically, the MoS2 layers deposited in this work are all on O2-annealed (at 1175 °C for 1 hour) sapphire. 

MOCVD growth of WS2. Our MOCVD equipment (Epsilon3200, ASM) for WS2 deposition is very similar to that for MoS2 growth, but it allows large-scale deposition of the MX2 on wafers with size as large as 300 mm in this case. For the deposition of WS2 on 2-inch sapphire wafers, we always loaded the sapphire wafers through a 300 mm pocket wafer (structure: 100 nm ALD Al2O3/2000 nm SiO2/Si), which contains 1 pocket with the size of 2-inch at the center. After loading the sapphire wafers to the reactor, the wafers were firstly heated to 1000 °C under high-purity N2 in the reactor, then 1000 sccm H2S (carried by 15 slm N2) and 1000 sccm Ar:W(CO)6 gas precursor (Ar is the carrier gas for the metal precursor) are sent to the reactor. The flow rate of W(CO)6 is 0.102 sccm. High purity H2S, N2 and Ar gas are provided through compressed gas cylinders. The W(CO)6 is vaporized from the solid precursor in a metallic canister (from Air liquide) at ~31 °C under ~800 mbar. During the growth, the growth temperature is kept at 1000 °C and the total pressure is constant at 150 Torr. For the growth of 1.7 ML WS2 on sapphire (fully coalesced monolayer with ~70% bilayer/multilayer islands on top), the growth time is 240 min at this condition. Unless it is clarified specifically, the WS2 layers deposited in this work are all on O2-annealed (at 1175 °C for 1 hour) sapphire.

Material Characterization. The three-dimensional (3D) morphology of a 2-inch sapphire is observed by a 3D optical profiler (from Bruker). The off-axis cut angles of the sapphire wafers have been checked by XRD. The topography of the on-axis cut sapphire before and after the pre-epi treatment process (O2-annealing in this work) are characterized by AFM (Dimension Edge from Bruker) in tapping mode by using a commercially available silicon tip (OMCL-AC160TS-R3 from Olympus). Due to high resolution needed for the characterization of off-axis cut sapphire, the wafers before and after O2-annealing are characterized by AFM (Dimension Icon from Bruker) in PeakForce QNM mode by using a silicon tip (HQ-NSC19/AlBS). The morphology of the as-grown and transferred MoS2 are inspected by AFM (Dimension Icon from Bruker) in PeakForce QNM mode with tip HQ-NSC19/AlBS, SEM (with both in-column secondary electron (SE) and backscatter electron (BSE) detectors and retractable annular solid-state BSE detector, Apreo lab SEM system from Thermo Fisher Scientific) and plane-view TEM (PV-TEM). The thickness and Mo:S ratio of the as-grown MoS2 on sapphire are characterized by RBS (using a 1.523 MeV He+ ion beam and a scatter angle of 170º), and further demonstrated by cross-sectional TEM. For the PV-TEM, the as-grown MoS2 is transferred by using a tape-assisted transfer (TAT) from the sapphire wafers to a holey carbon TEM grid (Similar transfer method is shown in Figure S23, Supporting Information).48 The composite dark-field TEM images are formed using two complimentary dark-filed images acquired by selecting two adjacent {1100} diffraction spots respectively and overlaying the DF images with false colors (red and green). The objective aperture positions used are marked in the insets of Figure S15. Different shades or colors emerge due to an asymmetry between the six {1100} diffraction spots which split into 2 families Ka and Kb with unequal intensities in case of structures lacking inversion symmetry such as monolayer and bilayer stacked in AB or AC order. This asymmetry in diffraction peak intensity corresponds to a difference in intensity between grains oriented 0° and 60° in the DF-TEM of the first monolayer. As this intensity variation is not very pronounced, two complementary DF-TEM images are used instead of one to better visualize the twin 60° twin domains. This technique has been discussed elsewhere in more detail.49 For the XTEM characterization, the as-grown MoS2/sapphire wafers are coated by a layer of SOC immediately after the deposition and then prepared to TEM specimen by focused ion beam (FIB) with substrate side thinning. All the TEM analysis is collected under a low beam energy of 12° KV to avoid the degradation/damage of the 2D materials. Raman and PL spectra are also collected on the as-grown MoS2/sapphire wafers in a confocal Raman microscopic system at room temperature. The exciting laser with a primary wavelength of 532 nm are used for the characterization, which allows one to explore the layer-dependence of Raman scattering and PL emission. Raman and PL spectra are resolved by a spectrometer using gratings of 1800 and 600 grooves/mm respectively and acquired by a charge coupled device (CCD) detector. The laser radiation is focused on the as-grown MoS2/sapphire wafers by using a 100x objective lens with a spot-size around 1 µm. The intrinsic electrical properties of the as-grown MoS2 on sapphire are evaluated by CAFM using Pt/Ir coated Si probes (spring constant k~3 N/m, resonance frequency f0~ 70 kHz, PPP-EFM)  on a Park NX-Hivac AFM under high vacuum (~10-5 Torr) and a Bruker Dimension Icon in an Ar-filled glovebox. The high vacuum condition can help to reduce the water layer which always exists on the sample.50  The bias of the CAFM measurement is applied to the sample chuck (the probe is grounded) and the resulting current is measured through a current amplifier.  The applied bias to collect all the CAFM current maps (under both high vacuum and glove box conditions) is all at 1 V. FM-KPFM is implemented at 2V AC bias at 2.5 kHz on a Bruker Dimension Icon in an Ar-filled glovebox. For this, Pt/Ir coated Si probes (k~5 N/m, f0~ 150 kHz, PPP-NCSTPT) were used and the relevant DC feedback nullifying the electrostatic force gradient signal is on the sample chuck. Contact was made to the MoS2 film by silver paint applied to the top and side of the sample. The combined Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) and AFM measurements are performed in a high vacuum chamber, which connects the TOF-SIMS and AFM together. 

[bookmark: _Hlk38747053]Device fabrication and characterization. After the deposition of the MoS2 on sapphire, the MoS2/sapphire wafers are immediately stored in a N2 cabinet and usually transferred to a 50 nm thermally grown SiO2/p+-Si substrates within a week to avoid the degradation of MoS2. A polymer based transfer method with a thermal release tape (TRT) is used for the transfer of the MoS2 from sapphire to other substrates in our study. The MoS2 is delaminated from the sapphire through water intercalation in ambient. Details of the transfer process are reported previously,33 and also explained through a series of schematics in Figure S23 (Supporting Information). The sapphire templates after MX2 delamination are always clean and show the terrace structures clearly in Figure S26 (Supporting Information), which could be reused for the epitaxial deposition of the MX2 film in principle. However, we don’t reuse the sapphire wafers after MX2 transfer for the deposition process in our industry-standard reactors due to possible contamination risks. After transferring the PMMA/MoS2 from sapphire to 50 nm SiO2/p+-Si substrates, the PMMA are always stripped right before the source and drain electrode pattern. The PMMA is firstly stripped in cold acetone for 4 hours, then in 50 °C acetone overnight, and finally in 65 °C Isopropyl alcohol (IPA) for 2 min. The MoS2/50 nm SiO2/p+-Si samples are dried under N2 gas flow. The source and drain electrodes are patterned by electron-beam lithography (EBL) and then 20 nm Pd/10 nm Ni (from top to bottom) are deposited by pulsed laser sputtering (PLS) to from the source and drain contacts. The lift-off process is processed in 50 °C acetone overnight. The source and drain electrodes are with size of size: 100 µm × 100 µm. The Lch of our back gated MoS2 transistor ranges from 1.5 µm to 20 µm, and the channel width is constant at 100 µm. Each MoS2 transistor is isolated from others by scratching away the MoS2 around the devices mechanically. The devices are measured in N2 ambient by a 300 mm semi-automatic probe station (PA300, Cascade) with Keithley B1500A at room temperature. We have measured ~2400 devices in total to evaluate the device-to-device variability of the MoS2 (grown on on-axis and off-axis 1º cut sapphire) based transistors within a wafer (cm scale) and from wafer to wafer. 
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The Supporting Information is available free of charge is at http://pubs.acs.org.
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[bookmark: _Hlk69473402]Figure 1. Sapphire surface topography, structure and MoS2 nucleation. Terrace and step dimensions (inset, yellow) of (a) on-axis cut C-plane sapphire vary most profoundly across 2-inch substrate in contrast to (b) off-axis 1º cut sapphire, as determined by AFM. Note different field-of-views are used for (a) 5 µm × 5 µm and (b) 1 µm × 1 µm due to distinctly different terrace dimensions between the two template types. (c) Terrace width (Wterrace) decreases with off-axis cut angle (ɵ) for a given step height (Hterrace). The impact of any local misorientation of the sapphire surface 𝜹ɵ on the terrace width distribution becomes negligible as soon as ɵ >> 𝜹ɵ, in line with the more uniform terrace width for off-axis 1º cut sapphire. (d) Macroscopic surface shape of a representative 2-inch on-axis cut sapphire substrate (coated with a layer of 10 nm Al) is measured by 3D optical profiler, and determines the local misorientation 𝜹ɵ. The sapphire manufacturing process governs the surface shape (e.g., saddle-like shape for a randomized substrate). First MoS2 monolayer nucleates non-homogeneously across such on-axis cut sapphire surfaces at both the (e-f) center and (g-h) edge of the substrate (deposition condition described in Experimental Details).  Both field-of-view of (e, g) 5 µm × 5 µm and (f, h) 1 µm × 1 µm are used. Pronounced MoS2 growth inhibition occurs across several sapphire terraces, as determined from the corresponding within-wafer non-uniformity of (i) the surface coverage of unexposed sapphire (with MoS2 crystals) and (j) the areal density of monolayer MoS2 crystals. 
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Figure 2. 1.3 ML MoS2 grown on on-axis and off-axis 1º cut sapphire. (a-b) XTEM images of the 1.3 ML MoS2 on on-axis and off-axis 1º cut sapphire. (c-d) Plan-view DF-TEM in false color composition of the 1.3 ML MoS2 deposited on on-axis and off-axis 1º cut sapphire, respectively. The first single layer of MoS2 is continuous and closed, with locally superficial MoS2 crystals present in the second, non-closed layer. From the false color composition, inversion domains in the first MoS2 layer are identified irrespective of the template type. The density of the inversion domain is around 1 × 108 cm-2. The domain boundaries are highlighted by white-dotted lines. Note that MoS2 is transferred from sapphire to holey carbon TEM grid with the first MoS2 layer suspended across the holey carbon support film. The observed holes in the first MoS2 layer are introduced during the transfer process, with more details in Experimental Details. (e, g) Surface topographies and (f, h) MoS2 current profiles of 1.3 ML MoS2 deposited on both types of sapphire template, as determined by AFM and CAFM respectively. Inhomogeneous and poorly conductive regions in the first single layer of MoS2 are highlighted in pink by current thresholding (~ 0.3 µA).

[image: ]

[bookmark: _Hlk57822057][bookmark: _Hlk48812647]Figure 3. Inhomogeneous electrical conductivity of 1.3 ML MoS2 grown on sapphire and possible causes. Simultaneously obtained (a) topography and (b) current micrograph of 1.3 ML of MoS2 on as-received off-axis 1º cut sapphire, suggest poorly conductive regions in MoS2 follow the contours of sapphire terraces. (c) Line profiles of the height (red, left vertical axis) and current (blue, right vertical axis) of 1.3 ML of MoS2 are taken from the corresponding topography and current micrographs in (a-b) and confirm regions with poor conductivity originate from sapphire terraces with higher or uncontrolled topography. MoS2 conducts current poorly in inhomogeneous regions irrespective of the local variation in number of deposited MoS2 layers, as determined by C-AFM of simultaneously obtained (d) topography and (e) current micrographs of 3.5 ML MoS2 deposited on on-axis cut sapphire. (f) CAFM current and (g) FM-KPFM contact potential difference (CPD) micrograph at the same location of 1.3 ML MoS2 on on-axis cut sapphire.  
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Figure 4. Device performance of 1.3 ML MoS2 transistors within and across wafers. Within-wafer and wafer-to-wafer non-uniformity in extrinsic electrical properties of 1.3 ML MoS2 improves for MoS2 originally deposited on off-axis 1° cut sapphire (blue) as compared to on-axis cut sapphire (red), as determined from back-gated FETs: (a) Id at a constant carrier density of 1013 cm-2, (b) SSmin, (c) Vt, (d) Imax/Imin and (e) µFE for different Lch. The curves correspond to 1.3 ML MoS2 deposited on on-axis and off-axis 1º cut sapphire, respectively. In total, ~2400 devices are measured and compared. Transistors fabricated with MoS2 deposited on on-axis cut and off-axis 1º cut sapphire are red- and blue-colored, respectively. The two different symbols (i.e., ‘o’ and ‘+’) corresponds to two MoS2 samples taken from each unique template type to fabricate devices and assess the within-wafer non-uniformity.
[image: ]

[bookmark: _Hlk45984871][bookmark: _Hlk45984858]Figure 5. Statistical comparison of device-to-device variability for 1.3 ML MoS2 transistors from different sapphire substrates. (a-e) CDF plots of devices with Lch of 1.5 µm in the aspect of Id_n, SSmin, Vt, Imax/Imin and µFE. (f-j) CDF plots of devices with Lch of 20 µm in the aspect of Id_n, SSmin, Vt, Imax/Imin and µFE. (k-o) Median values with standard deviations for Id_n, SSmin, Vt, Imax/Imin and µFE of 1.3 ML MoS2 transistors with different Lch, extracted from the CDF plots. The red symbols represent transistors fabricated on MoS2 from on-axis cut sapphire, while the blue symbols represent transistors fabricated on MoS2 from off-axis 1º cut sapphire. 
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