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Abstract

The discovery and characterization of two-dimensional (2D) materials beyond graphene 

has increased dramatically over the past decade with increasingly fine control over the growth 

dynamics of these materials. MoTe2 represents a model material for studying phase change 

properties of 2D materials due to small energy differences between its 2H semiconducting phase 

and 1T′ semimetallic phase. Although some substrates are demonstrated to be better than others 

for the wafer-scale growth of high quality MoTe2 films, substrate effects on the nucleation and 

growth of MoTe2 are still not well understood. Here, we grow monolayer MoTe2 by converting 

MoOx thin films deposited on three different substrates: sapphire Al2O3 (0001), amorphous SiO2, 

and amorphous AlOx, and examine the early stages of the conversion reaction to elucidate the 

substrate effects on the nucleation of MoTe2. We observe that the chemical composition of the 

substrate is more important than the surface topography and crystallinity of the substrate, with 

high quality monolayer 2H MoTe2 formed on both Al2O3 (0001) and AlOx in contrast to mixed 

phase 2H/1T′ MoTe2 formed on SiO2, as determined by Raman spectroscopy, x-ray 

photoelectron spectroscopy, and atomic force microscopy.
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Introduction

Due to their low-dimensionality and layer-dependent properties, 2D materials have been 

heavily studied in recent years for their potential applications that range from catalysis1 to energy 

storage.2 Transition metal dichalcogenides (TMDCs) of the form MX2 (M: Mo, W; X: S, Se, Te) 

represent a particularly heavily studied subset of 2D materials due to the wide variety of 

electronic phases readily accessible, expanding their uses in next-generation electronics. Of these 

TMDCs, MoTe2 has gained recent attention for potential applications in phase-change memory 

and low power electronics due to small free energy differences between its semiconducting 2H 

(α) phase and semimetallic 1T′ (β) phase at room temperature,3 and between semimetallic 1T′ (β) 

phase and topological Td (γ) phase at low temperatures.4,5 Many studies have shown useful 

physical characteristics including superconductivity,6–8 a possible quantum spin Hall state,9 and 

reversible phase switching,10–12 yet, reliable large-scale growth of MoTe2 with thickness control 

and high crystallinity has remained a challenge.

Several physical and electrical characterization studies have been carried out using 

MoTe2 flakes obtained by exfoliation or chemical vapor deposition (CVD),8,13,14 but these 

methods suffer from low yield and a lack of scalability. We have recently demonstrated synthesis 

of thickness-controlled MoTe2 films through the tellurization of MoOx (2<x<3) thin films 

deposited by atomic layer deposition (ALD), where the number of ALD cycles determined the 

thickness of the MoTe2 films.15 The MoTe2 films were uniform across a wafer scale and could be 

synthesized on Al2O3 (0001) down to a monolayer. In this work, we examined the effects of 

substrate composition and structure on the nucleation and crystallinity of MoTe2 thin films when 

MoTe2 was converted from ALD-deposited MoOx thin films. To determine how the growth of 

MoTe2 is affected by the chemical composition or crystallinity of the underlying substrate, we 
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utilized the following substrates: sapphire Al2O3 (0001), 3 nm-thick ALD-deposited amorphous 

AlOx on SiO2/Si, and amorphous SiO2. We show that the complete conversion from MoOx to 

monolayer 2H MoTe2 can be achieved on both Al2O3 (0001) and amorphous AlOx while only 

mixed phase 2H/1T′ films were realized on amorphous SiO2.  Our results indicate that chemical 

composition plays a more important role than the crystallinity or surface topography of the 

growth substrate.

Results and Discussion

Amorphous MoOx films were deposited by ALD on sapphire Al2O3 (0001), 3 nm-thick 

ALD-deposited amorphous AlOx, and amorphous SiO2 (Methods). Based on our previous 

study,15 MoOx thin films of 8 and 10 ALD cycles were chosen to grow monolayer MoTe2 in 

order to maximize the effects of the substrate on the crystalline quality of MoTe2 while a MoOx 

film of 120 ALD cycles was used to grow a thick MoTe2 for transmission electron microscopy 

(TEM) characterization. The oxide films were tellurized in a two-zone furnace under an H2/Ar 

atmosphere at 600 °C for three different time intervals: 15 minutes, 20 minutes, and 50 minutes 

(Figure 1e, see Methods for synthesis details). This 8-10 cycle synthesis resulted in a 

discontinuous, polycrystalline film (Figure S1a, b), where the individual domains consisted of 

monolayer 2H MoTe2, with an average domain size of 10 - 20 nm.  The discontinuity observed 

in MoTe2 is due to the fact that 8 and 10 ALD cycle MoOx films were not sufficiently thick to 

form a continuous monolayer. Uniform and continuous 2H MoTe2 films were obtained using the 

120 ALD cycle MoOx films deposited on amorphous AlOx (Figure 1f, g).  The selected area 

electron diffraction and high-resolution TEM images confirm the 2H phase for MoTe2.
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Figure 1: Growth of 2H MoTe2 converted from MoOx thin films. a, b) 2H MoTe2 viewed 

along b- and c-axis. c, d) 1T′ MoTe2 viewed along b- and c-axis. e) Two-zone furnace growth 

schematic. f) TEM image taken along the c-axis, showing a 2H MoTe2 film, converted from 120 

ALD cycle-thick MoOx grown on 3 nm-thick amorphous AlOx. Scale bar, 100 nm. (Inset) 

Selected area electron diffraction from (f). Scale bar, 10 nm-1. g) High resolution TEM image of 

the film shown in (f). Scale bar, 3 nm.
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The evolution of the crystalline phase of the MoTe2 films on the three different substrates 

was tracked throughout the length of the 50 minute reaction after three different time intervals 

(15 minutes, 20 minutes, and 50 minutes) using Raman spectroscopy (Figure 2) (Methods). The 

2H phase is characterized by two main modes at 170 cm-1
 (A1g) and 234 cm-1 ( ),16–18 while 𝐸1

2𝑔

the 1T′ phase is characterized by a primary mode at 163 cm-1
 ( ).19 For MoTe2 synthesis, it is 𝐴4

𝑔

known that the 1T′ phase is initially synthesized due to the Te-defficient stoichiometry and a 2H 

phase can nucleate out of the 1T′ phase with the continual supply of Te vapor3,15 (Figure S2).  

After a 15 minute growth, only the 8 cycle-thick MoOx film on amorphous AlOx has converted 

fully to 2H MoTe2, while the MoTe2 on Al2O3 (0001) and amorphous SiO2 shows a mixed phase 

of 2H and 1T′. After 20 minutes of growth, MoTe2 on the Al2O3 (0001) substrate has also fully 

converted to 2H, while the MoTe2 on amorphous SiO2 still remains mixed-phase. From 20 to 50 

minutes of growth, the growth result did not change substantially, with MoTe2 on the AlOx and 

Al2O3 (0001) substrates remaining in the 2H phase, and MoTe2 on the SiO2 not converting fully 

to the 2H phase (Figure 2d). We observe the same trend when 10 cycle-thick MoOx films were 

converted to MoTe2 on the three substrates (Figure S3).
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Figure 2: Raman spectroscopy characterization of MoTe2 films converted on different 

substrates at varying reaction times. Raman spectra of MoTe2 converted from 8 cycle-thick 

MoOx deposited on Al2O3 (0001) (a), amorphous SiO2 (b), and amorphous AlOx (c). Spectra 

were captured after three different intervals for each sample: 15 minutes (black), 20 minutes 

(red), and 50 minutes (blue). Overlaid spectra from all three substrates after 50 minutes of 

growth are shown in (d).

The progression of the MoTe2 films from MoOx is further characterized using x-ray 

photoelectron spectroscopy (XPS) (Figure 3). Mo has two primary peaks at 228 eV ( ) and 3𝑑5 2

231 eV ( ),20 with Mo-oxide peaks at slightly higher binding energies. By tracking the 3𝑑3 2

intensity of the oxide peaks as a function of reaction time, the reaction time needed to transform 

MoOx to MoTe2 was determined for each substrate. In agreement with the Raman results, after 
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15 minutes of reaction, MoTe2 converted on the amorphous AlOx substrate is shown to have the 

least amount of oxidized Mo. MoTe2 converted on Al2O3 (0001) and amorphous SiO2 substrates 

still show significant amounts of Mo-oxide peaks, suggesting incomplete conversion to MoTe2. 

After 20 minutes of reaction, all films show almost a complete reduction in Mo-oxide peaks, 

with little change from 20 to 50 minutes of reaction. Interestingly, a residual amount of MoOx 

remains in the MoTe2 films converted on the amorphous SiO2 and amorphous AlOx substrates, 

with a higher concentration evident in the SiO2 substrate, and no residual oxidation is observed 

in the MoTe2 converted on sapphire (Figure 3d). This residual MoOx may be from surface 

oxidation of MoTe2, or due to non van der Waals bonding at the interface between MoTe2 and 

the two amorphous substrates. If the residual MoOx were from the surface oxidation of MoTe2, 

the MoOx peaks should be present for MoTe2 on all three substrates, which is not the case. Thus, 

the residual MoOx observed for the two amorphous substrates cannot be attributed to the surface 

oxidation of MoTe2.  This hypothesis is further supported by very little oxidation in the Te peaks 

for all three substrates after 50 minutes of reaction (Figure S4). The absence of the oxide peaks 

for MoTe2 converted on Al2O3 (0001) thus suggests that the residual MoOx is either from the 

chemical bonds of MoTe2 to the amorphous oxide substrates or from the diffusion of Mo atoms 

into the amorphous oxide substrates. We note the residual MoOx is not reflected in the O 1s 

binding energy, which is dominated by the oxygen of the underlying substrates (Figure S5). The 

same result is observed when 10 cycle-thick MoOx films were converted on the three substrates 

(Figure S6).
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Figure 3: XPS analysis of Mo 3d peaks in MoTe2 films converted on different substrates at 

varying reaction times. XPS of Mo 3d peaks in MoTe2 films converted from 8 cycle-thick 

MoOx deposited on Al2O3 (0001) (a), amorphous SiO2 (b), and amorphous AlOx (c). Spectra 

were captured after three different intervals for each sample: 15 minutes (black), 20 minutes 

(red), and 50 minutes (blue). Overlaid spectra from all three substrates after 50 minutes of 

growth are shown in (d).

We also investigated the topography of the MoTe2 films using atomic force microscopy 

(AFM). Figure 4 shows the changes in topography of MoTe2 as a function of substrate and 

reaction time.  Before the reaction, the surface roughness of the MoOx films deposited on the 

three substrates was measured, showing that the Al2O3 (0001) case is the most flat and films 
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grown on amorphous AlOx and SiOx substrates have higher surface roughness similar to each 

other.  No significant changes were observed in the surface roughness after annealing the MoOx 

films in H2/Ar environment at 600 ºC (Figure S7).  After the conversion to MoTe2, the height 

distribution profiles show that the surface roughness of MoTe2 on all three substrates is much 

larger than the initial surface roughness of the substrates (Figure 4e, j, o), indicating the 

formation of discontinuous monolayer MoTe2 islands of domain size in the 10’s of nm range 

(Figure 4d, i, n). This is due to the insufficient number of ALD cycles for the initial MoOx 

precursor film for the synthesis of continuous monolayer MoTe2 and could be remedied by 

increasing the thickness of the MoOx film.15 MoTe2 films converted on Al2O3 (0001) are the 

most flat, while MoTe2 films converted on amorphous AlOx became slightly rougher as the 

conversion continued from 15 minutes to 50 minutes of reaction time. In contrast, the surface 

roughness of the MoTe2 on the SiO2 substrate did not appear to change after the initial 15 

minutes of reaction and, after 50 minutes of reaction, the surface roughness of the MoTe2 is the 

largest on SiO2. The same trend in surface roughness was observed for MoTe2 films converted 

from 10 cycle-thick MoOx films (Figure S8).
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Figure 4: AFM characterization of MoTe2 films converted on different substrates at 

varying reaction times. AFM images of MoTe2 converted from 8 cycle-thick MoOx deposited 

on Al2O3 (0001) (a-d), amorphous SiO2 (f-i), and amorphous AlOx (k-n) after different reaction 

times. Scale bars, 100 nm. Height profiles for the three substrates (e, j, o) were obtained by 

averaging the height distributions of four AFM images taken from each sample, 8 µm distance 

from one another at each time point: 0 minutes (cyan, pristine oxide), 15 minutes (black), 20 

minutes (red), and 50 minutes (blue).

The Raman and XPS analysis suggest that MoTe2 conversion occurs most quickly on the 

amorphous AlOx substrate and most slowly on the amorphous SiO2 substrate. Additionally, 

residual MoOx peaks remain for MoTe2 converted on amorphous substrates, possibly suggesting 

chemical bonding at the interface between MoTe2 and the substrate.  Therefore, from the 

combination of Raman spectroscopy, XPS, and AFM analysis, we conclude that the chemistry of 

the substrate has a major role in the nucleation of 2H monolayer MoTe2 films from precursor 
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MoOx films. One reason this could occur is the overall diffusivity of the MoOx films on SiO2 vs. 

AlOx. It has been shown previously that MoOx shows greater diffusivity on amorphous AlOx 

than it does on amorphous SiO2,21 indicating stronger wetting between MoOx and AlOx. Growth 

of other TMDCs on AlOx and SiOx substrates has also been examined. When WS2 was 

synthesized directly on different substrates by ALD using WF6 and H2S as precursors, the 

Delabie group at University of Leuben showed that WS2 on amorphous AlOx and sapphire Al2O3 

grew in a layer-by-layer manner,22 while WS2 on amorphous SiO2 grew in a 3D manner as 

clusters.23 Their results suggest that the W precursor interacts more strongly with sapphire Al2O3 

or AlOx than with SiO2, similar to the diffusivity case of MoOx on AlOx vs. SiO2.  Additionally, 

it has been shown that adhesion of metal atoms to oxide supports depends more strongly on the 

choice of oxide support rather than the metal.24 Thus, these studies provide strong evidence that 

the conformal synthesis of 2D materials on AlOx vs. SiOx substrates is driven by better adhesion 

between metal atoms (Mo or W) and the oxide substrates underneath, as opposed to crystallinity 

of the substrates. We also note that strain imparted from the substrate due to different degrees of 

thermal expansion could stabilize the 1T′ phase over the 2H phase. It has been shown that CVD 

grown WSe2 on SiO2 experience significant tensile strain due to a large mismatch between the 

thermal expansion coefficient values, while WSe2 grown on sapphire experience little strain due 

to similar thermal expansion coefficients.25 This could be significant as the phase transition of 

MoTe2 is sensitive to strain.26 In addition to the effect of substrate composition on the nucleation 

and film uniformity of MoTe2, we further observe that substrate crystallinity affects the bonding 

at the interface between MoTe2 and substrate: MoOx is present at the interface between MoTe2 

and amorphous AlOx while it is absent between MoTe2 and crystalline Al2O3. Although a 

relationship has been determined for MoTe2 on the three different substrates, conclusive physical 
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explanations for why adhesion energies of metal atoms on different oxide substrates are different 

are unclear.24

Conclusion

While large-area synthesis of MoTe2 thin films has been demonstrated previously, the 

impact of chemistry and crystallinity of the substrate on the nucleation and crystalline quality of 

MoTe2 has been unclear. Here, we show that the conversion of MoOx to monolayer 2H MoTe2 

proceeds at comparable rates on amorphous AlOx and Al2O3 (0001), while the conversion is 

slower on SiO2. We conclude that this is due to increased wetting between Te or Mo atoms on 

the surface of AlOx compared to SiOx, allowing for improved lateral mobility and 

reconfiguration to successfully realize the 2H phase. This work shows the need for further 

studies regarding substrate interactions during synthesis of 2D materials and for increased 

understanding of the diffusion of metal species on oxide films.

Methods

Atomic Layer Deposition of MoOx Films and Substrate Preparation: 

Silicon wet thermal oxide substrates (500 nm, University Wafer) were prepared using a standard 

RCA process. Samples were immersed in a 5:1:1 volume ratio solution of deionized (18 MΩ) 

H2O (18.2 MΩ):NH4OH:H2O2 and subsequently immersed in a 6:1:1 solution of DI 

H2O:HCl:H2O2. Both rinses were conducted for 10 min between 70 and 80 °C and were 

immediately followed by a DI H2O rinse.
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Atomic layer deposition of 3 nm thick AlOx films was performed in a Cambridge Nanotech S-

100 reactor at a substrate temperature of 200 °C. The silicon thermal oxide substrates (500 nm, 

University Wafer) were first pretreated with UV-ozone for 2 minutes. 

Trimethylaluminum (TMA) and O3 were utilized as precursors for 30 cycles of ALD, giving 

approximately 3 nm of amorphous AlOx on the surface of the thermal oxide substrate.

Sapphire substrates were cleaned in a modified version of the RCA process.27 The first step was 

a soak in an ethanol bath for 12 hours at room temperature, followed by a rinse with DI H2O. 

Samples were then sonicated for 30 min at room temperature in a 1:20:79 solution of 

detergent:ethanol:DI H2O. Samples were then soaked in a 3:1 H2SO4:H2O2 piranha solution. 

Finally, samples were immersed in more concentrated variants of the standard RCA solutions, 

comprising 2:1:1 DI H2O:NH4OH:H2O2 and 2:1:1 DI H2O:HCl:H2O2. Each of the latter 3 rinses 

was conducted for 20 min at 80 °C and was followed with a DI H2O rinse. All samples were 

dried with high purity nitrogen gas between each step.

Atomic layer deposition of MoOx films was performed in a Cambridge Nanotech S-100 reactor 

at a substrate temperature of 200 °C. Bis(tert-butylimido)bis(dimethylamido)molybdenum 

(NtBu)2(NMe2)2Mo and ozone were utilized as precursors in accordance with a previously 

published procedure.28 Films of different thicknesses were synthesized using cycle numbers of 8, 

10, and 120.
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Conversion of MoOx to MoTe2 Films:

MoTe2 thin films were synthesized through the annealing of MoOx thin films of various 

thicknesses grown by ALD in a tellurium atmosphere. Te powder (2 g, Sigma-Aldrich, 99.999%) 

was placed in a 2-inch quartz tube at zone 1 of a two-zone furnace (MTI OTF-1200X-II), while 

MoOx thin films on various substrates were placed downstream in the second zone of the tube 

furnace.  After purging the tube many times with Ar to ensure no residual oxygen was present, 

the two zones were heated to 570 °C for Te powder and 600 °C for MoOx films in 15 min and 

held there for 50 minutes total, with characterization conducted after 3 different time intervals: 

15 minutes, 20 minutes, and 50 minutes. A mixture of H2/Ar was flowed at 100/10 sccm in 

atmospheric pressure during the reaction. After the synthesis was completed, the chamber was 

purged with 200 sccm Ar gas for 25 minutes, and then rapidly cooled to room temperature by 

opening the furnace cover. We note that the samples were removed from the furnace for 

characterization between the three time intervals.  Thus, the samples were first reacted for 15 

minutes, then for additional 5 minutes (denoted as ‘20 minutes’), and finally for additional 30 

minutes (denoted as ‘50 minutes’). 

Structural and Chemical Characterization:

Plan-view TEM images were taken at 200kV using a Tecnai Osiris microscope at the Yale 

Institute for Quantum Engineering (YINQE). All plan-view MoTe2 films were grown on 

amorphous AlOx substrates for easy lift-off using hydrofluoric acid as etching of sapphire for 

lift-off was proven difficult and the lifted MoTe2 films were transferred onto carbon covered 

Quantafoil TEM grids with equally spaced 2 µm holes. To characterize the surface of the films, 

atomic force microscopy was conducted using a Cypher ES microscope from Asylum Research. 
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The microscope was operated in peak-force tapping mode. Raman spectroscopy (Horiba) was 

used to verify film uniformity and characterize the thickness and phase of the MoTe2 films. The 

laser used was 633 nm, with a laser power of 10% and diffraction grating 1800 g/mm. Full 

conversion of the films from MoOx to MoTe2 was verified through x-ray photoelectron 

spectroscopy (XPS) (PHI VersaProbe II).
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