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Abstract 

The lack of effective synthesis techniques for achieving wafer-scale uniformity and high 

crystallinity remains one of the major obstacles for two-dimensional (2D) layered materials in 

practical applications. 2D solid-phase crystallization (2DSPC) is proposed based on the area-

scalable and semiconductor-process-compatible sputtering and thermal annealing techniques. It 

successfully synthesizes few-layer 2H-MoTe2 with a monocrystalline grain size exceeding half a 

centimeter on an amorphous substrate of silicon dioxide. The extremely large grain size is made 

possible through a two-step annealing process in inert ambient. The initial rapid thermal annealing 

at high temperatures produces hexagonal monocrystalline 2H-MoTe2 seeds with low density and 

the subsequent long-duration furnace annealing at low temperatures enlarges the monocrystalline 

domains only from the preexisting seeds. The 2DSPC mechanism and its morphological evolution 
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agree with the classical nucleation theory and kinetic Wulff construction theory, respectively. Our 

result suggests the promising potential of 2DSPC as a simple yet effective route for synthesizing 

future wafer-scale, high-quality 2D materials.  
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Introduction 

Two-dimensional (2D) layered materials, especially 2D semiconducting transition metal 

dichalcogenides (TMDs), such as MoS2, MoSe2, MoTe2, WS2, WSe2, etc., are considered as the 

promising channel materials for the sub-3nm transistor technology because of their atomic 

thickness,1,2 tunable bandgap,3,4 high mobility,5,6 and dangling-bond-free surface.7,8 The 2D-TMD 

transistors demonstrated remarkable performance using the atomically thin channel,9 and thus are 

now subject to active research in the semiconductor industry as the ultimate platform for scaled 

transistors.10 Among various TMDs, research interests in MoTe2 is growing rapidly owing to its 

intriguing properties of adequate bandgap (~1.1 eV),11 high carrier mobility (~2500 cm2/Vs),12 

large spin-orbit-coupling splitting (238 meV in valence band),13 and tunable polymorphic 

semiconducting 2H and metallic 1T’ phases (small 2H-1T’ transformation energy barrier of ~40 

meV per unit cell).14 These distinctive characteristics could potentially enable many new 

applications in nanoelectronics, spintronics, and optoelectronics. Despite its promises, the lack of 

large-area and high-quality synthesis techniques remains one of the major obstacles for practical 

applications, which is true not only for MoTe2 but also for 2D TMDs in general. The existence of 

numerous grain boundaries as a result of inferior crystallinity plays a vital role in the performance 

of 2D-based devices.15,16 A general material synthesis strategy with wafer-scale uniformity, 

excellent film quality, and large grain size is critical for the future development of 2D electronics.  

The grain size of each 2D material derived from different synthesis routes was summarized 

by A. Zavabeti et al.17 Among various techniques, chemical vapor deposition (CVD) through 

chemical reactions of gaseous precursors is considered promising for synthesizing high-quality 2D 

layered TMDs with a large grain size at low cost.18,19 For example, the monocrystalline domain of 

MoSe2 synthesized by the ambient pressure CVD system was up to 2 mm.20 S.-Y. Kim et al. further 

reviewed the recent advances of CVD in growing atomically thin MoS2 layer in terms of precursor 

selection, growth temperature, substrate type, grain size, etc.21 Most CVD methods produced grain 

sizes greater than 300 μm by sulfurizing a solid source (e.g. MoO3) at high temperatures (>700 

℃). Such vapor-phase growth technique, however, involves complicated precursor tuning (vapor 
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pressure, melting/reaction temperature, etc.) and process control (source-substrate configuration, 

turbulent flow, pressure, etc.). Therefore, achieving wafer-scale uniformity in film thickness, i.e. 

well-defined number of layers, for standard semiconductor production remains elusive. This is 

particularly challenging for Te-based TMDs where the critical size for indefinite vertical growth 

is relatively low, thus favoring vertically stacking with a non-uniform film thickness.22 Recently, 

the step-edge epitaxy using the optimized CVD process was proposed as a promising strategy for 

synthesizing the large-grain 2D materials.23 However, it remains challenging to guarantee flawless 

stitching between domains grown from a large number of orientation-aligned seeds even by using 

single-crystalline substrates. Furthermore, one such technique generally requires an additional 

transfer process to transfer 2D TMDs from the growth substrate to another insulating substrate for 

subsequent device fabrications, thus increasing the complexity in industrial applications. Therefore, 

wafer-level monocrystalline 2D TMDs directly grown on insulating substrates (e.g. SiO2, Al2O3, 

HfO2, etc.) are highly desirable. Recently, we demonstrated a simple yet effective route for 

synthesizing large-area, high-quality 2D-layered TMD films (e.g. MoS2, MoTe2, and WTe2) on 

the SiO2 substrate using sputtering deposition followed by solid-phase crystallization (SPC) via 

long-duration furnace annealing (FA) in inert ambient at low temperatures, which we refer to as 

2DSPC.24,25 The scale-up potential in area is guaranteed because stoichiometric transition metal 

and chalcogen sources are directly supplied from a compound sputter target, and the SPC process 

requires neither complex chemical reactions nor expensive crystalline substrates. 2DSPC is simple 

and cost-effective, involving three subsequent growth stages: nucleation, crystal growth, and 

coalescence, similar to the SPC of amorphous Si (α-Si).26-28 The SPC of α-Si has been investigated 

for years because of its abundant applications in polycrystalline Si (poly-Si) thin-film transistors 

and silicon-on-insulator technology. Compared with the synthesis of poly-Si directly at high 

temperatures (> 600 ℃) by low-pressure CVD, the SPC poly-Si shows higher crystallinity, lower 

strain, and smaller surface roughness.29  

In this paper, the promise of 2DSPC is further showcased by the successful synthesis of 

highly crystalline few-layer 2H-MoTe2 with a monocrystalline grain size exceeding half a 

Page 4 of 27Journal of Materials Chemistry C



 

 5

centimeter. Rather than using FA, the improved 2DSPC was carried out using rapid thermal 

annealing (RTA) at high temperatures for preparing sparse and monocrystalline 2H-MoTe2 

hexagons with a size of up to several hundred μm. High annealing temperature effectively 

suppressed nucleation rate while promoting crystal growth.  RTA prevented parasitic nucleation 

during the slow heating and cooling processes in FA. The large-area uniformity, atomic structure, 

and crystallographic orientations of the hexagonal domains were systematically characterized by 

Raman spectroscopy, transmission electron microscopy (TEM), and electron back-scattered 

diffraction (EBSD). The 2DSPC mechanism and its intriguing hexagonal domain shape were 

further analyzed using the classical nucleation theory (CNT) and kinetic Wulff construction (KWC) 

theory, respectively. Using the sparse 2H-MoTe2 hexagons as seeds, the monocrystalline domains 

were enlarged to half a centimeter in size by using a subsequent FA at low temperatures without 

forming new nucleation sites. This two-step annealing (TSA) approach effectively separated the 

nucleation and crystal growth stages during the crystallization process, thereby promoting the 

formation of extremely large-grain 2H-MoTe2. Improved electrical characteristics were also 

shown in 2H-MoTe2 synthesized using TSA. The improved 2DSPC via TSA could potentially 

open up a new avenue for synthesizing large-area, high-crystallinity 2D layered materials in a cost-

effective manner. 

 

Results and Discussion 

Preparing Sparse 2H-MoTe2 Seeds by 2DSPC 

In the proposed 2DSPC, α-MoTe2 was first deposited onto an amorphous SiO2 substrate by 

DC magnetron sputtering using a MoTe2 compound target. A SiO2 encapsulation layer was then 

deposited on the film. The encapsulation layer serves two important purposes during the 

subsequent annealing in inert ambient.24 First, it prevents the Te element from out-diffusion at a 

temperature higher than the Te sublimation temperature. Second, it confines the atom migration 

two-dimensionally for facilitating uniform 2D lattice crystallization. The role and the composition 

of the encapsulation layer have been discussed in the previous publication.24  2DSPC is capable of 
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forming few-layer 2H-MoTe2 with a thickness easily controlled using the sputtering time (Fig. S1). 

More information on sample preparation is provided in the Experimental Methods. The α-MoTe2 

is initially crystallized into the 1T’-phase during thermal annealing and then transformed from 

1T’- to 2H-phase as the annealing time (ta) increases.24,25 This phase transformation process 

undergoes 2H-phase nucleation, lateral crystal growth, and coalescence, as shown in Fig. 1a. 

According to the classical nucleation theory (CNT), the grain size of the SPC film is determined 

by the ratio of the nucleation rate (rn) relative to the crystal growth velocity (vg).30,31
 Performing 

2DSPC at high temperature with a sufficiently fast ramping rate (rramp) and cooling time (tcool) 

minimizes the ratio of rn/vg, thus enlarging the grain size. Therefore, α-MoTe2 was annealed using 

high-temperature, short-duration RTA to avoid excessive nucleation occurred during the slow 

heating and cooling processes of FA. The annealing temperature (Ta) ranging from 700 ℃ to 850 

℃ allows stable 2H-MoTe2 formation using RTA for 1 min (Table S2 and Fig. S2a-c). Higher Ta 

(> 850 ℃) instead stabilizes the 1T’-phase32 while lower Ta (< 700 ℃) cannot provide sufficient 

activation energy for 2H-MoTe2 nucleation in short-duration RTA. The rramp and tcool of RTA in 

the range we investigated in this work have a negligible influence on the 2H-MoTe2 nucleation 

density. A higher rramp of ~55 ℃/s and a shorter tcool of 20 s was chosen for minimizing the overall 

thermal budget. More detailed investigations on the comparison between FA and RTA and the 

effects of rramp, tcool, and Ta on crystallizing 2H-MoTe2 in RTA are shown in Fig. S2 and Fig. S3. 

By optimizing Ta and ta, sparse 2H-MoTe2 domains were produced with a size of hundreds of 

micrometers (Fig. 1b and Fig. S4). These sparse domains are used as seeds in TSA, as will be 

discussed later. 

The domain shape and phase distribution of 2H-MoTe2 after RTA treatment were examined 

using the optical image and Raman spectroscopy. Fig. 1b displays the morphology of 2H-MoTe2 

domains after RTA at 700-850 ℃ for 5 min. The optical contrast is apparent between 2H- and 1T’-

MoTe2 as a result of the difference in the visible absorption spectrum.33 Note that the shape of 2H-

MoTe2 domains is sensitive to Ta and ta rather than rramp and tcool in RTA (Fig. S3b and Fig. S4). 

Similar hexagonal 2H domains could also be obtained at high Ta in FA (rramp ~1 ℃ /s and tcool ~2 
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hr), illustrating that the shape of 2H domains is highly correlated with Ta (Fig. S2e). With the 

increase of Ta and ta in RTA, the domain of 2H-MoTe2 undergoes a shape transition from round 

to hexagonal (Fig. 1b and Fig. S4). More details on the shape transition will be discussed later. 

Representative Raman spectra of 2H-MoTe2 and its surrounding 1T’-MoTe2 are shown in Fig. 1c. 

2H-MoTe2 shows two prominent Raman peaks between 120 and 280 cm-1, the out-of-plane A1g 

mode at 171 cm-1 and in-plane E2g
1  mode at 234 cm-1. The peak of 163 cm-1 (Bg mode) is the major 

vibrational mode of 1T’-MoTe2. Both the Raman spectra of 1T’ and 2H phases are similar to those 

reported in the literature.32,33 The uniformity of 2H phase within the hexagonal domain was further 

characterized by the Raman mapping in Fig. 1d. The result shows a uniform distribution of the E2g
1  

peak intensity, indicating the spatial homogeneity of 2H phase over the entire domain. 

 

Monocrystallinity of 2DSPC 2H-MoTe2 

The atomic structure and crystallinity of hexagonal 2H-MoTe2 domains after RTA was 

further examined using high-resolution TEM (HRTEM) and spherical aberration-corrected 

scanning TEM (Cs-STEM). The cross-sectional HRTEM image in Fig. 2a shows four-layer 

stacking of 2H-MoTe2 with a thickness of 2.87 nm (or 0.71 nm per layer), which is consistent with 

the thickness obtained from exfoliation,11 CVD,34 or post-tellurization methods.35 After removing 

the SiO2 encapsulation layer, the hexagonal domains were transferred onto a copper grid for the 

plane-view TEM observation. Details of the transfer process are provided in the Experimental 

Methods. The plane-view TEM image and selected area electron diffraction (SAED) pattern 

illustrate that the four-layer 2H-MoTe2 possesses an almost perfect hexagonal lattice with a single 

set of six-fold symmetric diffraction array (Fig. 2b and c). The filtered Cs-STEM high-angle 

annular dark-field (HAADF) image in Fig. 2d also shows the ideal hexagonal arrangement of Mo 

and Te atoms corresponding to the 2H phase. By contrast, 1T’-MoTe2 in the surroundings of the 

2H-MoTe2 domain exhibited a rather disordered lattice arrangement where most regions retained 

amorphous after annealing (Fig. 2e and f).  
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To confirm the crystallinity of the hexagonal 2H-MoTe2 domain, the SAED patterns of 

nine different locations over the entire 200-m domain were examined (Fig. 2g and h). This 

approach has also been applied to verify the crystallinity of graphene36 and MoS2
37 over a large 

area. The diffraction patterns in different locations showed negligible misalignment of less than 

two degrees, confirming that the entire hexagonal domain is a single monocrystalline grain. The 

SAED patterns in the vicinity of domain edges were also characterized (Fig. S5). The diffraction 

patterns indicate that the 2H-MoTe2 domain is with the zig-zag (ZZ) edges, as expected in the 

literature.38,39 The dominant ZZ edge is due to the higher formation energies of the nucleus on a 

ZZ edge than on an arm-chair (AC) edge.40 Additionally, the EBSD mapping41,42 was also 

performed to inspect the distribution of crystallographic orientation (Fig. S6). The inverse pole 

figures along x-, y-, and z-axis (IPF-X, IPF-Y, and IPF-Z) reveal a uniform distribution, in which 

the orientations of 2H-MoTe2 parallel to the substrate are roughly aligned with the <1ത21ത0>- and 

<011ത0>-directions corresponding to the x- and y-axis, respectively. The results are consistent with 

the TEM observation, showing the hexagonal domain is dominated by the ZZ edges. In summary, 

both TEM/SAED patterns and EBSD mapping results confirm the high crystalline homogeneity 

of the RTA-annealed 2H-MoTe2. 

 

Grain Size of 2DSPC: Classical Nucleation Theory 

The grain size of the 2DSPC 2H-MoTe2 is further analyzed using rn and vg. rn was 

calculated by dividing the number of 2H-MoTe2 domains by the substrate area and ta (fixed at 5 

min for RTA). A representative optical image (Fig. S7) contains six 2H-MoTe2 domains on a 

substrate area of ~1 cm2, corresponding to rn of ~ 1.2 min-1cm-2. Fig. 3a presents the relation 

between rn and Ta in RTA. rn increases with Ta at low temperatures but then decreases as Ta further 

increases. The characteristic inverted U-shape curve agrees well with the prediction of CNT.31,35 

The reduced rn at high temperatures could be explained by the critical cluster size effect and higher 

stability of the 1T’-phase.31,32 After the initial nucleation, the 2H nucleus begins to grow outward 

into the surrounding 1T’ area via the atom rearrangements and 1T’-to-2H phase transformation. vg 
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perpendicular to ZZ-plane (vg, ZZ) and AC-plane (vg, AC) was extracted from the distance of the 

extending region from a specific grain at various Ta by using a time interval of 5 min, as shown in 

Fig. 3b. Generally speaking, the growth process is governed by thermally-induced atomic diffusion, 

and vg increases exponentially with temperature. Both vg, ZZ and vg, AC increase as Ta increases, and 

the mean values are around 0.3 and 0.4 μm/s at 850 ℃, respectively. According to the Johnson-

Mehl-Avrami-Kolmogorov equation in the 2D case,35 the final grain size in a completely 

crystallized film could be estimated as ~(vg/rn)1/3 (~2.5 mm at 850 ℃) (for details, see Supporting 

Information). Theoretically, a millimeter size of monocrystalline grains could be achieved by 

prolonging ta. However, the maximum ta was limited to 5 min due to the hardware limitation of 

our RTA setup. Consequently, the grain size in our partially crystallized film was predominated 

by vg because of the low nucleation density. The mean grain size shown in Fig. 3c increases with 

Ta and reaches a value of approximately 300 μm at 850 ℃.  

 

 Morphological Evolution: Kinetic Wulff Construction Theory 

The morphological evolution has been investigated in CVD-synthesized 2D materials, such 

as MoS2
43,44 and graphene.45,46 The KWC theory was introduced to evaluate the quasi-stationary 

dynamic morphology of a growing crystal by tracing the slowest vg of a specific facet.45,47,48 For 

example, the KWC theory predicts the coexistence of both ZZ and AC edges and a polygon (or 

circular) domain for graphene with a growth speed ratio (vg, AC/vg, ZZ) between √3/2 and 2/√3; 

outside of this range, the edge type of graphene is dominated by either ZZ or AC, resulting in a 

hexagonal domain.45 For most CVD-synthesized group-VI TMDs and graphene, the boundaries of 

a hexagonal domain are typically the ZZ edge due to its higher formation energy of kink 

nucleation.45,46,48 More atoms are required to complete a hexagon at the ZZ edge, thereby becoming 

energy unfavorable and slowing down the growth speed.45 In addition to the ZZ and AC edges, the 

slanted edges with an ~19o angle (refer to as S19 in ref. 48) could also be observed in circular 

graphene domains. The formation of such S19 edges requires lower energy than that of the AC 

and ZZ edges and thus could be observed before the domain eventually saturates to the ZZ edges. 
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Time evolution (ta from 1 to 5 min) of the 2H-MoTe2 domain (Fig. S4) demonstrates a similar 

transformation of domain shape from circular to hexagonal. We also characterized this 

transformation using two subsequent RTA processes (Fig. S8), suggesting that the hexagonal 

domain was transformed by eliminating S19 edges at high Ta. However, no such shape evolution 

was observed at low Ta (< 750 ℃). The relation between domain shape and Ta could be 

quantitatively explained using the KWC theory. vg is typically expressed using the Arrhenius 

equation, vg ∝ e
-EB
kT , where EB is the threshold energy barrier.47-49 Therefore, the difference of EB 

between two edges (EZZ-EAC) could be extracted by measuring vg, ZZ and vg, AC, as shown in Fig. 3d. 

There are no noticeable differences between vg, ZZ and vg, AC below 750 ℃, and the isotropic growth 

prompts the circular domain shape. By contrast, a significant vg difference of 0.1 μm/s exists 

between the AC- and ZZ-edges at 850 ℃. The hexagonal edges are restricted by the lower vg, ZZ at 

high Ta, resulting in a hexagon domain with the ZZ-dominated edges. The theoretical ratio of vg, 

AC /vg, ZZ are 2/√3 and √3/2 for ZZ- and AC-dominated hexagons, respectively, by considering the 

geometric distance ratio of a hexagon from the center to corners and sides. The difference of EB 

reaches 20 meV at higher Ta, thus favoring a ZZ-terminated hexagonal domain. 

 

TSA-assisted 2DSPC for Extremely Large-Grain 2H-MoTe2 

Although 2DSPC successfully demonstrated monocrystalline 2H-MoTe2 as large as 300 

μm by minimizing the ratio of rn/vg  in RTA at high Ta, two limitations require further improvement. 

First, the typical RTA chamber is not designed for performing high-temperature annealing with a 

substantial duration. Furthermore, new nucleation sites of 2H-MoTe2 could be still formed during 

prolonged RTA at high Ta. Therefore, enlarging the grain size beyond the millimeter- or even 

centimeter-scale in a completely crystallized film requires novel approaches. Second, the dendrite-

like nano-cracks are regularly observed in 2DSPC 2H-MoTe2 annealed at high Ta regardless of the 

heating instrument (RTA or FA) (Fig. S9). These nano-cracks only exist inside the 2H-MoTe2 

domains but not the nearby 1T’-MoTe2 and produce a radial pattern with significant contrast in 

the optical image. The cross-sectional HRTEM image reveals that these cracks are the local 
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discontinuity of 2H-MoTe2 underneath the encapsulation layer. They could physically block 

carrier transport and thus degrade the device performance. More details on the nano-crack 

formation are provided in the Supporting Information. From our previous studies,24,25 the 1T’-2H 

phase transformation is accompanied by Te migration from the Te-aggregated region located at 

the phase boundary between 1T’-MoTe2 and 2H-MoTe2. The high-annealing temperature might 

aggravate Te migration and induce non-negligible stress to the film.  

By using the RTA-annealed monocrystalline hexagonal 2H-MoTe2 domains as seeds, we 

propose using a second annealing step carried out in a furnace to enlarge the grain size at a 

relatively lower temperature for a longer duration. The condition of FA was chosen so that it only 

allows 2H-MoTe2 growing from the preexisting monocrystalline domains without forming new 

nucleation sites, i.e. rn/vg approaching zero. This strategy, which we refer to as TSA, effectively 

separates the nucleation and crystal growth stages, thereby promoting the formation of large-grain 

2H-MoTe2. TSA was inspired by the similar technique used for crystallizing α-Si,50,51 which not 

only demonstrated better device performance than those fabricated using the conventional SPC 

but also improved uniformity in electrical characteristics.  

Herein, the process condition of the first-step RTA was selected at 850 ℃ for 5 min to 

reduce the nucleation density of hexagonal 2H-MoTe2 domains. Although achieving low rn is also 

possible at lower Ta, but significant process variation exists and compromises the reproducibility 

(Fig. S10). The second-step FA was performed for crystal growth at 550 ℃ for 24 hr, which is 

thermally insufficient to nucleate 2H phases but enough to enlarge the preexisting domains without 

forming nano-cracks. Fig. 4a shows the crystal growth of 2H-MoTe2 domains before and after the 

second-step FA. The 2H-MoTe2 domains only grew outward from the initial seeds and reached a 

size greater than 2 mm. The domain shape also transformed from hexagonal after RTA to circular 

after FA because of the comparable vg, ZZ and vg, AC at low temperatures. By contrast, the control 

sample without RTA did not produce any 2H-MoTe2 domains after FA at 550 ℃. The result 

confirms that the activation energy for 2H-MoTe2 nucleation is higher than that for 2H-MoTe2 
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crystal growth. The substantial difference in activation energies for nucleation and crystal growth 

in 2H-MoTe2 plays a vital role in TSA-assisted 2DSPC.  

The uniformity of 2H-MoTe2 synthesized using TSA was characterized by Raman spectra 

along the radial direction of the grain (indicated by the red arrow in Fig. 4a). Fig. 4b presents the 

statistics of the major Raman peak of E2g
1  and its corresponding full width of half maximum 

(FWHM). Low variation of the E1
2g peak indicates the large-area uniformity of 2H-MoTe2. The 

crystallinity of large-area 2H-MoTe2 synthesized by FA and TSA was compared using the EBSD 

mapping. We chose an optimized FA condition24,25: 650 ℃ for 24 hr to compare with TSA. Note 

that the higher Ta is required than that used in the second-step annealing in TSA to overcome the 

higher activation energy for nucleation. Fig. 4c displays the EBSD color map (IPF-X) of selected 

areas from both samples. Various crystallographic orientations were interleaved in the FA-

annealed 2H-MoTe2, which indicates a high rn /vg ratio in one-step FA at 650 ℃. In the TSA 

sample, however, the IPF-X measurement exhibits a uniform color map over a large area (~1 mm2) 

of the FA-grown regions. Growth of the monocrystalline crystal in FA was found to be independent 

of the initial shape of the 2H-MoTe2 seed formed by RTA (Fig. S11). Fig. 4d displays a 

monocrystalline 2H-MoTe2 domain with a size exceeding half a centimeter by extending ta in FA 

to four days. The long ta in FA should not be a throughput bottleneck in the semiconductor process 

because a batch furnace processes more than one hundred wafers at a time. TSA-assisted 2DSPC 

is expected to produce an even larger grain size by selectively etching away unnecessary nucleation 

sites or transferring only one single seed onto a new substrate.  

The synthesis methods of 2H-MoTe2 proposed in the literature include micromechanical 

exfoliation,32 chemical vapor transport (CVT),52,53 molecular beam epitaxy (MBE),53 physical 

vapor deposition (PVD),
24,25 CVD methods,55,56 etc. Generally speaking, there is still a lack of 

effective techniques for synthesizing large-grain 2H-MoTe2 while controlling the thickness to a 

few layers. For example, MBE effectively controlled the thickness of 2H-MoTe2, but the grain size 

was as small as tens of nanometers.54 High-quality, large-grain 2H-MoTe2 could be produced using 

the CVT method followed by mechanical exfoliation; however, the difficulty in thickness control 
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over a large area makes it impractical for applications. Some CVD methods, such as the 

tellurization of Mo or MoOx films, have also been reported to successfully synthesize 2H-

MoTe2.35,42 However, such growth processes were mediated by vapor transport and involved 

complicated chemical reactions. The phase control of MoTe2 was also found highly sensitive to 

the precursor tuning in the CVD systems. To separately control nucleation and crystal growth for 

enlarging the grain size remains challenging in CVD. Recently, X. Xu et al. have presented a 

promising method for directly synthesizing large-scale 2H-MoTe2 on insulating substrates by seed 

crystal implantation.61 Tellurization of 1T’-MoTe2 was carried out using a single 2H-MoTe2 seed 

and oxide encapsulation, which prevents undesired nucleation and ensures monocrystalline growth. 

The seed-induced in-plane 2D growth may completely cover a 1-inch wafer with high uniformity. 

However, the seed/1T’-MoTe2 interface properties, such as surface roughness and film continuity, 

play an important role in the phase transition for few-layer MoTe2.61 More efforts for surface 

optimization are required to reduce the film thickness even further. By comparison, our proposed 

TSA-assisted 2DSPC is a relatively simple, controllable, and reproducible technique for 

synthesizing large-grain MoTe2. Fig. 4e compares the grain size from literatures35, 54-60 and our 

work for few-layer MoTe2. Our 2DSPC presents one of the most promising routes for synthesizing 

future centimeter-scale monocrystalline MoTe2 and potentially a wider variety of 2D materials.24 

 

Electrical Characterization of TSA-assisted 2DSPC 2H-MoTe2 

Fig. 5a illustrates the representative transfer characteristics (drain current (ID) versus gate 

voltage (VG)) of back-gated 2H-MoTe2 transistors where channel materials were synthesized using 

FA and TSA, respectively. In the case of TSA, 2H-MoTe2 transistors in a millimeter-scale area 

with the ZZ- or AC channel orientation are defined along the edges and corners of the hexagonal 

seed in the center of the grain (Fig. S12 and the inset in Fig. 5a). As for FA, the channel direction 

is along arbitrary crystal orientations because of its polycrystalline nature. The device channel 

length/width (L/W) is 10 μm/24 μm, and Pd (30 nm) was deposited by electron-beam evaporation 

as the source/drain (S/D) contact. Both FA- and TSA-synthesized devices exhibited p-type 
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conduction characteristics, similar to those reported in the literature.62,63 The high metal work 

function of Pd and partial oxidation of the MoTe2 film are plausible explanations for p-type 

conduction.25 Fig. 5a shows comparable electrical performance for the MoTe2 transistors with the 

ZZ and AC channel orientations. A. Rawat et al. comprehensively analyzed the carrier mobility of 

various group-VI TMDs by considering three types of mobility models.64 All the group-VI TMDs 

show small deviations of effective mass, acoustic phonon-limited deformation potential, and 

elastic modulus in the ZZ and AC directions, thereby reducing the anisotropy of carrier mobility 

and device performance. Fig. 5b-d compare the statistical data of electrical properties (ION, on/off 

ratio, and mobility) extracted from transistors based on FA and TSA. The field-effect hole mobility 

(μh) in the linear region was extracted using μh= (dID/dVG)(L/W)(1/VDCG) at VD= −1 V, where VD 

and CG represent the drain voltage and gate capacitance per unit area, respectively. The results 

indicate that the FA-synthesized device is generally inferior to those obtained using TSA. 

According to our previous EBSD analysis (Fig. 4c), the grain boundary scattering in the FA-

synthesized 2H-MoTe2 could be a plausible explanation for the degraded electrical performance. 

T. H. Ly et al. investigated the carrier transport at grain boundaries of MoS2 and showed the 

electrostatic potential barrier across domains deteriorated the mobility and ION of MoS2 devices.65 

Similar results were also observed elsewhere,66,67 highlighting the importance of high crystallinity 

in 2D-material synthesis. 

 

Conclusions 

In summary, we present a simple yet effective 2DSPC technique for synthesizing 2H-

MoTe2 with a monocrystalline grain size up to half a centimeter. The TSA strategy allows the 

nucleation and crystal growth of 2DSPC to be separately controlled by RTA and FA due to their 

significant difference in activation energy. The temperature-dependent evolution of domain size 

and morphology of 2H-MoTe2 could be explained using CNT and KWC, respectively. Because 

the sputtering and the thermal annealing in inert gas are easily scaled up in semiconductor 

processes, 2DSPC is a highly promising synthesis route for integrating large-area, high-quality 2D 
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TMDs in the advanced semiconductor platform. Future research should address the strategy to 

further enlarge the grain size and position the grains in well-defined locations. Applying 2DSPC 

for synthesizing a wider variety of 2D materials with extremely large grain sizes should also be 

explored. 

 

Experimental Methods  

2DSPC MoTe2 Synthesis using TSA 

Continuous α-MoTe2 films were deposited onto a Si substrate with 300 nm-thick SiO2 by DC 

magnetron sputtering using a compound MoTe2 target for 40 s at a substrate temperature of 200 

℃. The as-deposited α-MoTe2 was immediately capped with a 50 nm-thick electron-beam 

evaporated SiO2 and a 50 nm-thick plasma-enhanced CVD SiO2. This bilayer SiO2 encapsulation 

plays a vital role in the subsequent crystallization process to prevent Te from out-diffusion and 

facilitate the formation of 2D layered MoTe2. The SiO2/α-MoTe2/SiO2 samples were then loaded 

into the RTA chamber (Allwin AW 810M, Accuthermo Technology Corp.) with a fixed rramp of 

55 ℃/s and tcool of 20 s at 700-850 ℃ for 5 min to promote the 2H-MoTe2 nucleation. The second-

step FA was performed at 550 ℃ for 24 hr with rramp of 1 ℃ /s and tcool of 1.5 hr to facilitate the 

crystal growth of 2H-MoTe2.  

 

Physical Characterization of MoTe2  

The optical properties of MoTe2 were characterized by Raman spectroscopy using a WITec Alpha 

300RA system with a 532-nm Nd: YAG laser as the excitation source. The Raman spectrum was 

measured in a backscattering configuration using a 100× objective lens with 1200 grooves/mm 

gratings. A laser power of 15 μW was chosen to avoid substrate heating. The step size for Raman 

mapping was 4.5 μm with scanning points of 64×64. For the sample preparation of EBSD (JEOL 

JSM-7800F PRIME + EBSD NordlysMax3, the acceleration voltage is at 20 kV), the 

SiO2/MoTe2/SiO2 samples were cut into a size of 1cm × 1cm, and the SiO2 encapsulation layer on 

the 2DSPC 2H-MoTe2 films were etched using high-density plasma reactive ion etching (HDP-
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RIE). The step size and grid of EBSD mapping for 2H-MoTe2 annealed by RTA and TSA were 

2.5 μm & 170×145 and 5 μm & 234×175, respectively. To prepare the sample for plane-view 

HRTEM (Tecnai G2 F20), 90 nm-thick SiO2 on the 2DSPC 2H-MoTe2 was etched by CHF3 and 

Ar using HDP-RIE. The sample was then immersed in a diluted hydrofluoric (DHF) solution (1.2%) 

at room temperature to remove the remained SiO2 encapsulation and detach the film from the 

substrate. Subsequently, the film was transferred onto a lacey carbon film on a mesh copper grid.  

 

Fabrication of Back-Gated MoTe2 Transistors 

The SiO2 encapsulation layer of MoTe2 at the S/D regions was etched similar to that used for 

preparing the HRTEM samples. The encapsulation layer on top of the channel remains intact. The 

S/D regions were defined using photolithography, and the remained SiO2 on top of S/D regions 

was removed using DHF etching. A 30 nm-thick Pd was then deposited using electron-beam 

evaporation followed by a lift-off process in acetone. The active channel region was then patterned 

by photolithography and plasma dry etching using CHF3 and Ar. The electrical characteristics of 

back-gated MoTe2 transistors were measured at room temperature using a B1500A semiconductor 

device parameter analyzer. 
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Fig. 1 2DSPC strategy for 2D layered structure synthesis. (a) Schematic illustration of 2DSPC 

process undergoing α-MoTe2 deposition, 2H-phase nucleation, lateral crystal growth, and 

coalescence. (b) Optical image of 2H-MoTe2 domains after RTA at 700-850 ℃ for 5 min. 2H-

MoTe2, as indicated by the yellow arrows, could be distinguished by the color contrast from the 

surrounding 1T’-MoTe2. The morphology of 2H-MoTe2 domains varied from circular to 

hexagonal as Ta increased. The domain of hexagonal 2H-MoTe2 reached 390 μm at Ta= 850 ℃. 

(c) Representative Raman spectra of 2H-MoTe2 and its surrounding 1T’-MoTe2 showing the major 

vibrational modes of 171 (A1g) and 234 (E2g
1 ), and 163 cm-1 (Bg), respectively. The inset shows the 

hexagonal 2H-MoTe2 domain annealed at Ta= 850 ℃ for 5 min. (d) Raman mapping of the 

hexagonal 2H-MoTe2 domain characterized using the E2g
1  peak and its corresponding optical 

image. 
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 Fig. 2 Atomic structures of hexagonal 2H-MoTe2 after RTA at 850 ℃ for 5 min. (a) Cross-

sectional HRTEM image of 2H-MoTe2, revealing a four-layer stacking structure with 

approximately 0.7 nm for each layer. (b) Plane-view HRTEM image of 2H-MoTe2 and (c) its 

corresponding SAED pattern. (d) Cs-STEM image of 2H-MoTe2 shows a perfect hexagonal 

arrangement. The bright and dark atoms correspond to Te and Mo, respectively. € Plane-view 

HRTEM image of 1T’-MoTe2 and (f) its corresponding SAED pattern, displaying rather 

disordered lattice arrangement after RTA. (g) Optical image of a hexagonal 2H-MoTe2 domain 

transferred onto a lacey carbon film on a mesh copper grid. (h) SAED patterns of 2H-MoTe2 across 

the entire domain, where the panel 1-9 corresponds to the nine points labeled in (g). Negligible 

misalignment of less than two degrees confirms monocrystallinity of the hexagonal 2H-MoTe2 

domain.   
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Fig. 3 Kinetic properties along ZZ and AC edges at various Ta. Competing kinetics of (a) rn and 

(b) orientation-dependent vg of 2H-MoTe2 after RTA at various Ta for 5 min. (c) Statistics of 2H-

MoTe2 grain size as a function of Ta. The grain size increased with Ta and was limited by vg due 

to the low rn. (d) EB difference between ZZ- and AC-edges (EZZ-EAC) extracted using vg ∝ e
-EB
kT . The 

upper and lower bounds of EZZ-EAC shown in the figure correspond to the ideal ratio of vg, ZZ/vg, AC 

for forming hexagonal domains with ZZ- and AC-dominated edges, respectively. By contrast, the 

zero EB difference results in isotropic circular domains.  
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Fig. 4 Large grain size of 2H-MoTe2 synthesized via TSA strategy. (a) Optical image of 2H-MoTe2 

domains after RTA, TSA, and FA (w/o RTA). 2H-MoTe2 only grew outward from the initial seed 

regions during the low-temperature FA in TSA. Such low Ta (550 ℃) in FA is insufficient for 

promoting 2H-MoTe2 nucleation in the FA sample (w/o RTA). (b) Statistics of the Raman peaks 

of E2g
1  and the corresponding FWHM along the radial direction of the single domain (red arrow 

shown in (a). (c) EBSD color maps (IPF-X) of selected areas in FA and TSA samples. The yellow 

dash lines in the optical images indicate the phase boundary of 1T’ and 2H domains while the 

black and red dash frames correspond to the regions of EBSD color maps shown on the right. (d) 

Optical image of a large-grain 2H-MoTe2 with a size larger than 5 mm. (e) Comparison on grain 

sizes of few-layer 2H-MoTe2 reported in the literature and this work. 
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Fig. 5 Electrical properties of back-gated 2H-MoTe2 transistors where channel materials were 

synthesized by FA and TSA. (a) Representative ID-VG transfer characteristics of MoTe2 transistors 

at VD= -1 V. The inset shows the device structures on the TSA sample where the channel direction 

is along either ZZ or AC orientation. Statistics of electrical properties including (b) ION, (c) on/off 

ratio, and (d) μh. The MoTe2 synthesized through TSA exhibits superior device performance 

compared with those obtained by FA, which is attributed to the less grain boundary scattering as a 

result of larger granularity of 2H-MoTe2. 2H-MoTe2 transistors synthesized by TSA show 

comparable performance along the ZZ- or AC channel orientation. 
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