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Abstract 

van der Waals epitaxy holds great promise in producing high-quality films of two-dimensional 

materials. However, scalable van der Waals epitaxy processes operating at low temperatures and low 

vacuum conditions are lacking. Herein, atomic layer deposition is used for van der Waals epitaxy of 

continuous multilayer films of two-dimensional materials HfS2, MoS2, SnS2, and ZrS2 on muscovite 

mica and PbI2 on sapphire at temperatures between 75 and 400 °C. For the metal sulfides on mica, 

the main epitaxial relation is (0001)[2110]MS2 || (001)[100]mica. Some domains rotated by 30° 

are also observed corresponding to the (0001)[1100]MS2 || (001)[100]mica alignment. In both 

cases, the presence of 60° domains (mirror twins) is also expected. For PbI2 on sapphire, the epitaxial 

relation is (0001)[2110]PbI2 || (0001)[2110]Al2O3 with no evidence of 30° domains. For all of the 

studied systems there is relatively large in-plane mosaicity and in the PbI2/Al2O3 system some non-

epitaxial domains are also observed. The study presents first steps of an approach towards a scalable 

and semiconductor industry compatible van der Waals epitaxy method. 

 

  



2D materials are one of the most active research areas of today due to their unique properties and 

behavior as well as the potential for ultimate dimensional scaling at (sub)-nanometer level, all arising 

from their layered crystal structures. After initial groundbreaking studies on first graphene1,2 and then 

MoS2
1,3, now tens of different 2D materials are being actively explored and scrutinized for a large 

variety of applications.4–8 Currently, semiconducting 2D materials - in particular transition metal 

dichalcogenides (TMDCs) such as HfS2, MoS2, MoSe2, ZrS2, WS2, and WSe2 - are of great interest 

due to the instrumental role of semiconductors in (opto)electronics and photovoltaics.5,9–12  

A major obstacle in the industrial application of 2D materials, however, is the difficulty in controlling 

thickness and crystal quality over wafer-scale dimensions. Ideally, monolayer-level thickness control 

and thickness uniformity on large as well as three dimensionally structured substrates should be 

achieved at low temperatures and at reasonable cost. The quality and domain size of the material 

should preferably be tunable to cater the needs of different applications. Morphology also plays a 

crucial role: depending on the substrate and growth conditions 2D materials are commonly observed 

to grow either flat or tilted at a random angle with respect to the substrate.13–17 

So far, the highest quality 2D materials are usually produced by mechanically exfoliating natural or 

high-temperature grown single crystals, but scaling the method for industrial applications is 

practically impossible. Chemical vapor deposition (CVD) processes operating at high temperatures, 

often 600–1000 °C, enable deposition of high-quality, monolayer to few-layer 2D materials.18–20 

Amorphous substrates, in particular SiO2, are usually used for CVD and a large grain size is pursued 

through a decrease of the nucleation density by surface treatments and careful control of precursor 

doses. An alternative approach to minimize grain boundaries uses single crystalline substrates, such 

as sapphire and mica, in order to enable epitaxial growth of 2D materials. This approach has been 

inspired by molecular beam epitaxy (MBE) growth of TMDCs under ultra-high vacuum (UHV) 

conditions pioneered by Koma21 in the 1980s and termed van der Waals (vdW) epitaxy. 



vdW epitaxy can occur when both the film and the substrate have inert, either 2D or passivated 3D 

surfaces. The presence of only weak van der Waals interactions between the film and the substrate 

instead of strong covalent or ionic bonding enables growth of epitaxial films of materials with 

dissimilar lattice constants and even different crystal structures than the substrate without a buildup 

of strain in the film.22–24 Epitaxial nuclei that share the same orientation can stitch together to 

effectively form a wafer-scale single crystal.  However, as outlined above, vdW epitaxy has been 

mostly limited to UHV (MBE) or high temperature (CVD) conditions, which are difficult or costly 

to integrate into existing process flows. Atomic layer deposition (ALD) is a thin film deposition 

technique based on surface reactions of alternately supplied vapor-phase precursors that offers 

accurate control over film thickness as well as excellent thickness uniformity, conformality, 

scalability, and repeatability25–27 – attributes which are difficult to achieve with most of the current 

CVD TMDC processes. Furthermore, ALD processes typically operate at relatively low temperatures 

from room temperature to 500 °C and mbar vacuum levels. ALD has already proven its capabilities 

in depositing various thin films in the semiconductor and other industries.28,29 ALD has also emerged 

as a promising method for the deposition of 2D materials. However, there are still several challenges, 

such as control of morphology and grain size as summarized in recent reviews.15–17 

Herein, we deposited several vdW epitaxial 2D materials, including metal sulfides HfS2,
30 MoS2,

31 

ReS2,
32 SnS2,

33 and ZrS2
30 as well as a 2D metal halide PbI2,

34 by ALD using previously reported 

processes that operate at relatively low temperatures of 75 to 400 °C. The processes have been 

previously shown to exhibit self-limiting ALD reactions and typical ALD characteristics including 

excellent thickness uniformity and conformality, reproducibility, and accurate thickness control. 

Experimental details are available in Supporting Information. The multilayer, 3–25 nm thick films, 

were deposited on two common vdW epitaxy substrates, c-plane sapphire and muscovite mica, with 

SiO2-terminated silicon as a reference substrate. Uniform films were prepared on up to 5 × 5 cm2 

substrates. Remarkably, all of the tested trigonal 1T phase metal sulfides (HfS2, SnS2, and ZrS2) grew 



vdW epitaxially on mica but not on sapphire. Using sapphire instead of silicon strengthened the 

(0001) out-of-plane texture but did not induce the in-plane registration needed for the vdW epitaxy. 

The situation for the 1T phase PbI2 deposited at a very low temperature of 75 °C was the reverse 

compared to the 1T phase sulfides. The PbI2 films were non-epitaxial on mica, whereas mostly 

epitaxial films with some non-epitaxial domains were deposited on sapphire. The hexagonal 2H phase 

MoS2 also exhibited vdW epitaxial growth on mica. ReS2, which crystallizes in the unique, distorted 

triclinic 1T’ phase, could not be grown epitaxially on mica or sapphire (see Section S9 for more 

details). The results including the epitaxial relationships are summarized in Table 1 and will be 

discussed in detail below. 

Table 1. Summary of the films of various 2D materials grown on SiO2/Si, sapphire, and mica 

substrates. Fiber texture means non-epitaxial growth with a specified preferred out-of-plane 

orientation (texture) and random in-plane orientation. vdW epi means in-plane registration in addition 

to the (00𝑙) or (000𝑙) out-of-plane orientation (the four-index notation is used for trigonal and 

hexagonal materials). 

Material 

(Structure) 

Films on silicon 

(native SiO2) 

Films on sapphire Films on mica 

HfS2 (1T) weak (0001) fiber 

texture 

weak (0001) fiber texture vdW epi: mostly [2110] or [1210]HfS2 || 

[100]mica (0/60°), some  [1100] or 

[0110]HfS2 || [100]mica  (30/90°) 

MoS2 (2H) weak (0001) fiber 

texture 

weak (0001) fiber texture vdW epi: equally [2110] or [1210]MoS2 || 

[100]mica (0/60°) and [1100] or 

[0110]MoS2 || [100]mica  (30/90°) 

PbI2 (1T) (0001) fiber 

texture 

vdW epi: [2110]PbI2 || 

[2110]sapphire (0°),  some non-

epitaxial domains, possibly 60° 

domains 

weak (0001) fiber texture 



SnS2 (1T) weak (0001) fiber 

texture 

weak (0001) fiber texture vdW epi: mostly [2110] or [1210]SnS2 || 

[100]mica (0/60°), some [1100] or 

[0110]SnS2 || [100]mica  (30/90°) 

ReS2 (1T’) weak (001) fiber 

texture 

weak (001) fiber texture strong (001) fiber texture 

ZrS2 (1T) weak (0001) fiber 

texture 

(0001) fiber texture vdW epi: equally [2110] or [1210]ZrS2 || 

[100]mica (0/60°) and  [1100] or 

[0110]ZrS2 || [100]mica  (30/90°) 

 

The epitaxy of the trigonal 1T metal sulfides on mica is discussed using ZrS2 as an example. XRD 

measurements showed excellent (0001)ZrS2 || (0001)mica out-of-plane alignment, as only the 

(000𝑙) reflections of both the film and the substrate were seen in a symmetric θ-2θ measurement and 

no peaks of the film were observed in an asymmetric grazing incidence (2θ) measurement (Figure 

1a). A rocking curve of the (0001)ZrS2 reflection confirmed the strong (0001) texture with a full-

width at half-maximum (FWHM) of only 0.16 (Figure S1, the instrumental broadening was 

approximately 0.05°).  

The in-plane alignment was studied by in-plane XRD measurements of planes perpendicular to the 

(0001) plane.35 A  scan of the (1010)ZrS2 reflection resulted in twelve peaks over a full 360 

rotation, while six peaks were observed for the (020)mica reflection (Figure 1b). Normally, peaks 

are expected every 
 360

n
 degrees for a plane of n-fold symmetry. The observation of six peaks every 

60° from mica, which has only mirror symmetry, has been explained by the presence of different 

stacking orientations.36 Although the 1T metal sulfides have only three-fold rotational symmetry 

around the c-axis, the (1010) plane has six-fold symmetry, which results in six peaks from a single 

in-plane orientation. Thus, at least two orientations of ZrS2 were present in rather similar amounts, 

one with [2110]ZrS2 || [100]mica alignment and the other one rotated by 30 with respect to the first 



one, i.e. [1100]ZrS2 || [100]mica. Rotation by 60, which in this case is equivalent to the formation 

of mirror twins, is likely to occur considering the mirror symmetry of the mica surface as well as the 

mismatch in the symmetry between ZrS2 and mica.37 Thus, [1210]ZrS2 (60) or [0110]ZrS2 (90) || 

[100]mica domains are expected to be present.  

The ZrS2 as well as HfS2 and SnS2 films deposited on mica were smooth with no clear evidence of 

the different domains offered by the morphology (Figure 1c). However, an epitaxial SnS2 sample 

prepared under conditions favoring island-like growth confirmed the presence of four main 

orientations at 30° intervals (Figure S2). Fortunately, the twin grain boundaries occurring between 0, 

30, 60, and 90° domains have not been observed to degrade the electrical properties of 2D 

dichalcogenides dramatically.38,39 The relatively large FWHMs of approximately 9 and 14 for the 

in-plane peaks of the 0/60 and 30/90 domains suggest considerable rotational disorder of the 

nominally epitaxial ZrS2 domains.  

The island size in the aforementioned discontinuous SnS2 film was approximately 200±100 nm 

according to AFM (Figure S2). For a smooth, 5 nm thick SnS2 film on mica, the domain size was 

estimated as 70 nm using in-plane XRD (Figure S3). Comparable SnS2 films deposited on sapphire 

and SiO2/Si had average domain (crystallite) sizes of 23 nm and 14 nm. Similarly, the average domain 

sizes of 7 nm thick ZrS2 films were estimated at 40, 17, and 11 nm on mica, sapphire, and SiO2/Si, 

respectively. Thus, using mica improves film quality not only through the epitaxial arrangement but 

also by the increase of domain size. 

Figure 1d schematically illustrates the different orientations of the 1T phase metal sulfides on the 

mica surface (alternative views are given in Figures S4 and S5). Despite different crystal structures, 

similarities in the mica (monoclinic, space group 15, 𝐶2/𝑐, JCPDS-ICDD PDF 72-1503) and MS2 

(trigonal, space group 164, 𝑃3𝑚1, JCPDS-ICDD PDF 28-444, 23-677, and 11-679 for HfS2, SnS2, 

and ZrS2) surfaces can be observed.  The bottom sulfur layer of MS2 has six-fold symmetry in contrast 



to three-fold symmetry of a MS2 monolayer, i.e. a S-M-S trilayer. The cleaved muscovite mica surface 

consists of silicon and oxygen atoms and is nearly hexagonal, although strictly speaking it only has 

mirror symmetry due to small corrugations and variations in atomic positions.36,40  

 

Figure 1. vdW epitaxy of MS2 films on mica with ZrS2 as an example. a) Out-of-plane X-ray 

diffractograms (2θ and θ-2θ measurements) with the (000𝑙)ZrS2 (dashed lines) and substrate 

reflections marked (asterisks mark substrate peaks originating from W Lα and Cu Kβ radiation, see 

Section S1). b) In-plane  scans of (1010)ZrS2 (28.2° 2θ) and (020)mica (19.7 °2θ) reflections. 

The data have been offset vertically for clarity. c) AFM image of a 7 nm ZrS2 film grown on mica at 

400 C using 1000 ALD cycles. d) Schematic of the possible MS2 (M = Hf, Sn, Zr) domains on mica 

(for clarity, only one MS2 layer is shown). e) Schematic of a possible CSL between mica and a 0° 

MS2 domain (only bottom sulfur layer is shown). 

Approximating the mica surface as hexagonal allows finding coincidence site lattices (CSLs), where 

only some of the lattice points of MS2 and mica coincide. Due to the weak interactions between the 

film and the substrate, the CSL concept is particularly relevant for the vdW epitaxy.41–43 For the 0/60° 



domains, a 7 ×  7 supercell of MS2 shows only a -1.0% (ZrS2) to -1.8% (HfS2) lattice mismatch with 

a 5 ×  5 hexagonal supercell of mica (Figures 1e and S6) compared to a lattice mismatch of 

approximately -30% for the unit cells of MS2 and mica. For the 30/90° domains, CSL with less than 

2% mismatch can also be found (Figure S6). The lattice mismatches were calculated using reported 

lattice parameters. Previously, the mica surface has been observed to relax once cleaved.44,45 

Furthermore, Kuwahara45 observed approximately ±5% variation in the unit cell dimensions across a 

cleaved mica surface. The first MS2 layer may also be strained to better match the mica surface, 

although no obvious strain was observed in the bulk of the films. Thus, it is difficult to predict the 

actual interface structure. 

Films of all of the studied 1T phase metal sulfides, i.e. HfS2, SnS2, and ZrS2, were epitaxial on mica 

with the same in-plane alignments for the majority of the crystallites (Figure 2). In terms of the out-

of-plane orientation, all of these materials were strongly (0001) t with FWHMs of 0.15–0.17 

(Figures S1, S7, and S8). In-plane, both 0/60 and 30/90 domains were observed for all of the 

materials, although in different amounts. For SnS2, the amount of the 30/90° domains was the lowest, 

whereas for ZrS2 nearly identical amounts of the 0/60° and 30/90° domains were observed. The 

intensity ratios of the 0/60° to 30/90° domains obtained by integrating the peak areas were 

approximately 4:1, 3:1, and 1:1 for SnS2, HfS2, and ZrS2, respectively. Furthermore, differences in 

the FWHMs were observed. The 0/60° domains of ZrS2 exhibited the smallest, although still quite 

large, mosaicity with a FWHM of approximately 9 compared to 14 and 19 for SnS2 and HfS2. 

Similar in-plane FWHMs have been observed in several reports on vdW epitaxy.46–48 However, using 

a three-step CVD process at 800 °C, Zhang et al.49 obtained an in-plane FWHM of only 0.28° for 

WSe2 on sapphire. Thus, we believe that the in-plane disorder can be decreased by further 

optimization of our process. 

MoS2 crystallizes in the hexagonal 2H structure (space group 194, 𝑃63/𝑚𝑚𝑐, JCPDS-ICDD PDF 

37-1492) and has a much smaller in-plane lattice constant (a,b = 3.16 Å) compared to HfS2, SnS2, 



and ZrS2. MoS2 films grew vdW epitaxially on mica, although with somewhat weaker (0001) out-

of-plane texture and rougher surface as compared to the 1T metal sulfides studied above (Figures S9–

S11). Non-epitaxial, rough films were deposited on sapphire and SiO2/Si (Figure S12). 

Approximately equal amounts of [2110] or [1210]MoS2 || [100]mica (0/60°) and [1100] or 

[0110]MoS2 || [100]mica (30/90°) orientations were observed (Figure S13–S15). The nearly -40% 

lattice mismatch is reduced to -2.4% for a 8 ×  8 MoS2 supercell on a 5 ×  5 hexagonal mica 

supercell for the 0/60° domains, whereas a √3 × √3 MoS2 supercell on a 1 ×  1 hexagonal mica unit 

cell results in a relatively small mismatch of 5.8% for the 30/90° domains (Figure S16). 

  

Figure 2. Comparison of different MS2 films on mica. In-plane  scans of the (1010) reflections 

of SnS2 (28.35 °2θ), HfS2 (28.6 °2θ), and ZrS2 (28.2 °2θ) films. For clarity, only a single 

measurement of the (020)mica reflection is shown (19.7 °2θ), although the registration was 

individually checked for each sample. The data has been offset vertically. 



On the c-plane sapphire, i.e. (0001)α-Al2O3, only the PbI2 films could be grown epitaxially, whereas 

all of the other materials formed non-epitaxial films that were more strongly (0001) textured 

compared to the amorphous SiO2/Si (see Section S10). The failure to obtain epitaxial growth might 

be ascribed to the relatively low deposition temperatures compared to the earlier reports of vdW 

epitaxy on sapphire (see Section S13 for a literature survey). It has been suggested that epitaxy of 

TMDCs on sapphire is enabled by chemical reduction of the sapphire surface in a chalcogen 

environment at high temperatures,50 or by formation of a chalcogen-terminated surface layer on the 

sapphire.51 Both are be unlikely to occur under our mild ALD conditions. Further comparing PbI2 to 

the studied 1T sulfides, it is interesting that PbI2 films on mica, unlike the 1T sulfides, were not 

epitaxial but composed of rather randomly oriented domains (Figure S24). 

In literature, the (0001)sapphire surface is suggested to be Al-terminated over a range of preparation 

conditions.52,53 Thus, we consider an Al-terminated surface with bulk atomic positions, i.e. with a 

somewhat corrugated hexagonal Al layer on top and a slightly distorted hexagonal oxygen layer 

beneath it. The successful epitaxy of PbI2 on sapphire might be due to the large in-plane lattice 

constants of PbI2 (a,b = 4.56 Å; trigonal, space group 164, 𝑃3𝑚1, JCPDS-ICDD PDF 7-235), which 

are approximately 25% larger compared to HfS2, SnS2, and ZrS2 and only 4.2% smaller than those of 

α-Al2O3 (a,b = 4.76 Å using the conventional hexagonal unit cell; trigonal, space group 167, 𝑅3𝑐, 

JCPDS-ICDD PDF 46-1212). This enables epitaxial growth with a simple 1:1 relationship between 

the unit cells of PbI2 and sapphire as shown in Figure 3a (tilted view in Figure S25).  

The PbI2/sapphire system was initially studied by an in-plane pole figure measured at 25.95 2θ 

(Figure 3b), which corresponds to the asymmetric (1011)PbI2 reflection but is also close enough to 

the asymmetric (0112)sapphire reflection to yield information on the film/substrate registration. 

Three sharp peaks over a 360° rotation were observed for the sapphire reflection, whereas six broader 

peaks were seen for PbI2, both being as expected for a single in-plane orientation considering the 



symmetry of the reflections. The alignment of the (1011)PbI2 and (0112)sapphire reflections 

corresponds to the (001)[2110]PbI2 || (001)[2110]Al2O3 epitaxial relation, i.e. parallel alignment 

of all the unit cell axes of PbI2 and sapphire as expected from the relatively small lattice mismatch 

between the film and the substrate. Presence of PbI2 mirror twins, i.e. (001)[1210]PbI2 || 

(001)[2110]Al2O3, could not be ruled out, however. Contrary to the metal sulfides grown on mica, 

no 30/90° domains were observed. The relatively broad peaks in β (FWHM 13°, Figure 3c) and α 

scans (FWHM 9°, Figure 3d) extracted from the in-plane pole figure suggest disorder in both the in-

plane and out-of-plane orientations, respectively. The elevated background in the in-plane β direction 

as well as out-of-plane XRD and the presence of some vertical flakes on the film surface show that 

some of the domains are not epitaxially aligned (see also Figures S26–S28). The epitaxial PbI2 films 

on sapphire are much rougher compared to the 1T sulfides on mica due to the pyramidal shape of the 

PbI2 grains (Figure S28). In-plane XRD measurements confirmed the in-plane alignment, the absence 

of 30/90° domains and the presence of some non-epitaxial domains (Figure 3e). Considering the very 

low deposition temperature of 75 °C, there is further room for improvement of the epitaxial quality 

by post-deposition annealing, although the easy sublimation of PbI2 should be kept in mind. To the 

best of our knowledge, epitaxy in the PbI2/sapphire system has not been reported before, whereas 

PbI2 has been grown epitaxially on mica, Se-terminated GaAs(111), and various TMDCs (Table S2). 



 

Figure 3. vdW epitaxy of PbI2 on sapphire. a) Schematic of the epitaxial alignment of PbI2
 on 

sapphire with either the bottom iodine layer or a PbI2 monolayer shown on the (0001)sapphire 

surface. Characterization of an epitaxial PbI2 film on sapphire. b) In-plane pole figure at 25.95 °2θ 

inset showing a zoomed view of the dashed area with both the {0112}sapphire and {1011}PbI2 

reflections visible. Extracted c) β scan along α = 29° and d) α scan along β = 180°. e) In-plane  scans 

of the (1120)PbI2 (39.45 °2θ) and (1120)sapphire (37.65 °2θ) reflections. The data in e) has been 

offset vertically for clarity. 

In conclusion, we have achieved vdW epitaxial growth of various 2D metal sulfides (HfS2, MoS2, 

SnS2, and ZrS2) on muscovite mica and PbI2 on sapphire using ALD. The films were deposited at low 

temperatures (75–400 °C) and low vacuum conditions (~5 mbar) in contrast to the previously used 

high temperatures and/or UHV conditions. Furthermore, using our approach, it is possible to benefit 

from the favorable characteristics of ALD including accurate and reproducible control of thickness, 



scalability, and excellent thickness uniformity and conformality. Epitaxial growth was observed using 

different classes of ALD precursors at different temperatures, which shows the generality of the 

approach and opens new avenues for the future research, including growth of heterostructures. In the 

future, we envision tuning the growth conditions, pre- and post-treatments as well as testing different 

substrates in order to reduce the number of different epitaxial orientations and in-plane mosaicity. 
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Section S1. Experimental   

The studied films were deposited by ALD using previously reported processes (Table S1). In each 

case, a single film of a thickness specified in the table was selected for more detailed studies. We 

confirmed that the epitaxial growth was retained over a range of thicknesses using SnS2. 

Table S1. Precursors, deposition conditions, and thicknesses of the studied films. The thicknesses 

were measured by XRR (HfS2, SnS2, ReS2, and ZrS2) or EDS (MoS2 and PbI2). The temperature of 

270 °C used for MoS2 corresponds to the 300 °C reported in the original publication, where the 

temperature was measured in a different way. 

Material 

(Structure) 

Precursors Temperature (°C) Thickness (cycles) Ref. 

HfS2 (1T) HfCl4 + H2S 400 10 nm (1000) 1 

MoS2 (2H) Mo(thd)3 + H2S ~270 ~25 nm (10000) 2 

PbI2 (1T) Pb(hmds)2 + SnI4 75 ~20 nm (2000) 3 

SnS2 (1T) Sn(OAc)4 + H2S 150 + anneal 

300 (mica) or 

250 (Si, sapphire) 

5 nm (400) 4 

ReS2 (1T’) ReCl5 + H2S 250 

400 

17 nm (150) 

8 nm (300) 

5 

ZrS2 (1T) ZrCl4 + H2S 400 7 nm (1000) 1 

 

The depositions were performed in a hot-wall cross-flow ALD reactor (ASM Microchemistry F120) 

operated under a N2 pressure of approximately 5 mbar. The metal precursors were evaporated from 

open glass boats inside the reactor at the following temperatures: 130 °C for Sn(OAc)4 (Alfa Aesar), 

55 °C for Pb(hmds)2 (hmds = 1,1,1,3,3,3-hexamethyldisilazane, synthesized in-house), 65 °C for SnI4 

(>99%, Acros Organics), 115 °C for Mo(thd)3 (thd = 2,2,6,6,-tetramethylheptane-3,5-dionate, 

synthesized in-house), 110 °C for ReCl5 (99.9%, Strem), 125 °C for HfCl4 (99.99%, Strem) and 130 

°C for ZrCl4 (EpiValence). All the precursors are air and moisture sensitive and were handled in glove 

box under N2 until they were transferred into the ALD reactor to minimize the air exposure.  

For the metal sulfide depositions, H2S (Linde, 99.5%) was supplied through needle and solenoid 

valves at a flow rate of 14 sccm. HfSs2 and ZrS2 are very sensitive towards oxidation and therefore 

gas purifiers were used for both N2 (SAES Microtorr MC1-902F, specified to remove H2O, H2, CO2, 

CO, and O2 to < 100 ppt, organic acids and refractory compounds to < 1 ppt, bases to < 5 ppt, and 
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metals to < 1 ppb) and H2S (SAES Microtorr MC1-302F, specified to remove H2O and metals to < 1 

ppb). Additional pre-treatment of the reactor to remove impurities was also used for these materials 

as described before.1 Pb(hmds)2 is very reactive towards oxygen-containing impurities, so a nitrogen 

purifier was used (Millipore Entegris Mykrolis WPMV200SI, specified to remove O2 to <1 ppb and 

H2O to <1 ppb). In each case, the pulse times were long enough to saturate the surface reactions as 

studied in the original publications. 

The films were deposited on two substrates commonly used  for vdW epitaxy: c-plane sapphire (α-

Al2O3, 2” wafers, c-plane off to M-plane by 0.2±0.1°, double-side polished, University Wafer) and 

muscovite mica (KAl2(Si3Al)O10(OH)2, Nano-Tec, V1 grade, 2.5 × 5 or 5 × 5 cm2 sheets or 15 mm 

disks, 0.15–0.21 mm thickness). The sapphire wafers were rinsed with ethanol, acetone, and 

isopropanol and blown dry using N2. The wafers were then annealed in air at 1000 °C for 2 h in a 

muffle oven to create atomically flat terraces separated by atomic steps.6,7 The muscovite mica 

substrates were cleaved using a double-edge razor blade to create a clean (001) surface immediately 

before loading into the reactor.8 Care should be taken in cleaving mica into as flat surfaces as possible 

because highly stepped or bent mica sheets turned out to be very difficult to align for in-plane XRD 

measurements. Most XRD measurements were performed on 15 mm mica disks as the larger sheets 

were usually not flat enough for successful XRD measurements. 

Film morphology was studied by tapping mode atomic force microscopy (AFM, Veeco Multimode 

V) in air using silicon probes (Bruker) with a nominal tip radius of less than 10 nm. The images were 

flattened to remove artefacts caused by sample tilt and scanner nonlinearity. Film roughness was 

calculated as a root-mean-square value (Rq). Scanning electron microscopy (SEM, Hitachi S-4800) 

was also used to study the morphology of selected films. 

Film thicknesses were mostly measured by X-ray reflectivity (XRR) using a Rigaku SmartLab 

diffractometer. Thicknesses of the rougher MoS2 and PbI2 films that could not be measured by XRR 

were measured by energy-dispersive X-ray spectrometry (EDS) using an Oxford INCA 350 

spectrometer connected to a Hitachi S-4800 SEM. The film thicknesses were calculated from the 

measured k ratios (Mo Lα, S Kα, I Lα, and Pb Mα) using a GMRFilm software.9  Smooth and uniform 

films and bulk densities10 of 5.06 g/cm3 (MoS2) and 6.10 g/cm3 (PbI2) were assumed. 

The crystallinity, preferred orientations, and epitaxial relationships of the films were studied by X-

ray diffraction using a Rigaku SmartLab diffractometer equipped with a Cu X-ray tube and an X-ray 

mirror producing a parallel beam. The beam contained mainly Cu Kα radiation (λ ≈ 1.54 Å, consisting 

of Kα1 at 1.5406 Å and Kα2 at 1.5443 Å). Cu Kβ (λ = 1.39 Å) and W Lα (λ = 1.48 Å) lines were also 
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present, which caused additional peaks in the diffractograms. Cu Kβ radiation is obviously created 

together with the Cu Kα radiation at the copper anode of the X-ray tube, whereas W Lα radiation is 

due to tungsten evaporated from the cathode to the anode of the tube.  

Out-of-plane texture was initially examined using conventional grazing incidence (2θ,  fixed to 1°) 

and θ-2θ measurements. Additionally, rocking curve ( scan) measurements were performed on the 

(0001) or (0002) reflections of the films to quantify the out-of-plane texture. The instrumental 

broadening in the rocking curve measurements was approximately 0.05°. Epitaxial relationships 

between the films and the substrates were mainly explored by in-plane measurements using the in-

plane arm of the diffractometer. For the in-plane measurements,  and 2θ were both fixed to 0.3° 

while either the 2θ or  axes were scanned. The 2θ scans were mainly used for the initial screening 

and to optimize the positions of the in-plane reflections. The  scans with 2θ fixed to a known 

substrate or film reflection were used to extract the epitaxial relationships between the film and the 

substrate.  The  scans of the substrate reflections were used to define 0 ° to correspond to the [100] 

and [1100] directions of mica and sapphire, respectively. Background correction was applied for the 

samples that had uneven background resulting from their physical shapes. 

The domain (crystallite) size was estimated using Scherrer equation, which assumes that peak 

broadening results from a limited crystallite size. To obtain an estimate on the in-plane crystallite 

size, in-plane XRD 2θ scans of (1010) and (1120)MS2 peaks were used. For the epitaxial films on 

mica, φ was chosen such that it corresponded to the 0/60° domains. Instrumental broadening 

measured from a silicon standard was approximately 0.42–0.43° in the 2θ angles of interest.  

For the PbI2 film on sapphire, in-plane pole figure measurements were also used to simultaneously 

extract information on both the out-of-plane and in-plane orientations of the film. 1° steps were used 

in both α and β directions. The incident slits used to limit the beam size were 10 and 1 mm horizontally 

and vertically. In these measurements, the diffraction angle (2θB) was fixed to 25.95°, which 

corresponds to the (1011) reflection of PbI2 and is close enough to the (0112) reflection of sapphire 

at 25.56° to simultaneously observe both reflections. In the in-plane pole figure measurements, the α 

axis is controlled with a combination of the 2θ and the 2θ (in-plane arm) axes, while β is scanned 

by simply rotating the sample using the  axis. More details on the in-plane and in-plane pole figure 

measurements can be found in references11,12. Here, α = 0 and α = 90°  were defined to correspond to 

the edge and the center of the pole figure, in other words planes perpendicular and parallel to the 

substrate surface, respectively. 
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VESTA software13 was used to visualize the structures of the films and the substrates. 

Section S2. Additional XRD characterization of ZrS2 films on mica 

 

Figure S1.  Rocking curve of the (0001) reflection ( scan, 14.7 °2θ) of a ZrS2 film deposited on 

mica using 1000 ALD cycles at 400 °C. 

 

Section S3. Evidence for the 0, 30, 60, and 90° domains from the 

morphology of SnS2 films on mica 

 

Figure S2. AFM image of a SnS2 film deposited on mica under conditions favoring island growth 

(500 ALD cycles at 175 °C, no annealing). The triangles of four different colors highlight the four 

preferred in-plane orientations. Misoriented and even randomly oriented domains are also evident.  
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Section S4. Comparison of crystallite size of SnS2 films deposited on 

different substrates 

 

Figure S3. In-plane X-ray diffractograms (2θχ scans) of 5 nm thick SnS2 films deposited on different 

substrates (deposition at 150 °C followed by H2S/N2 annealing at 250 or 300 °C). The open symbols 

and solid lines represent data and fits to the data, respectively. The shown FWHMs of the fitted 

(1010)SnS2 peaks were used to estimate the domain size using Scherrer equation. The peak on mica 

is closest to the reference position of the (1010)SnS2 reflection of 28.2°, which implies that the film 

on mica is the least strained. The film on mica was measured at a φ angle corresponding to 0/60° 

domains, whereas the films on SiO2/Si and sapphire were measured at a random φ angle. 
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Section S5. Epitaxial alignment of HfS2, SnS2, and ZrS2 films on mica 

 

Figure S4. Schematic of only the bottom sulfur layer of the possible MS2 (M = Hf, Sn, Zr) domains 

on mica. The angle refers to a clockwise rotation of the MS2 unit cell. For clarity, only the bottom 

sulfur layer of an MS2 layer is drawn. 

 

Figure S5. Schematic tilted view of the different MS2 (M = Hf, Sn, Zr) domains on mica (for clarity, 

only one MS2 layer is drawn). The sulfur rows (the most densely packed rows (S-S 3.64–3.66 Å) run 

in the < 1210 >  and < 1120 > directions and less densely packed rows (S-S 6.30–6.33 Å) along 

the < 0110 > and< 1010 >  directions) aligned parallel to the silicon-oxygen zig-zag rows in mica 

(< 100 >, < 110 >, and < 110 > directions) are indicated. The sulfur rows have six-fold rotational 

symmetry and the silicon-oxygen rows with slight variations in atomic positions also occur every 60°.  
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Figure S6. Schematic of possible coincidence site lattices (CSLs) for a) 0°, b) 60°, c) 30°, and d) 90° 

MS2 domains on mica. Instead of the rectangular unit cell of (001)mica surface (green), a hexagonal 

cell (violet) is used for the suggested CSLs although the mica surface is not strictly hexagonal due to 

small variations in atom positions. For clarity, only the bottom sulfur layer is drawn on the top mica 

surface. 
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Section S6. Additional XRD characterization of HfS2 films on mica 

 

Figure S7. a) θ-2θ (red) and grazing incidence (2θ, blue) X-ray diffractograms and b) rocking curve 

of the (0001) reflection (14.5 °2θ) of a HfS2 film deposited on mica using 1000 ALD cycles at 400 

°C. In a) the HfS2 and substrate reflections are marked in orange and black. Asterisks mark substrate 

peaks originating from W Lα and Cu Kβ radiation. 

 

Section S7. Additional XRD characterization of SnS2 films on mica 

 

Figure S8. a) θ-2θ (red) and grazing incidence (2θ, blue) X-ray diffractograms and b) rocking curve 

of the (0001) reflection (14.8 °2θ) of a SnS2 film deposited on mica using 250 ALD cycles at 150 

°C followed by H2S/N2 annealing at 300 °C. In a) the SnS2 and substrate reflections are marked in 

orange and black. Asterisks mark substrate peaks originating from W Lα and Cu Kβ radiation. 
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Section S8. MoS2 films on mica, sapphire, and silicon 

 

Figure S9. a) θ-2θ (red) and grazing incidence (2θ, blue) X-ray diffractograms and b) rocking curve 

of the (0001) reflection (13.9 °2θ) of a MoS2 film deposited on different substrates using 10000 ALD 

cycles at 300 °C. In a) the MoS2 and substrate reflections are marked in orange and black. Asterisks 

mark substrate peaks originating from W Lα and Cu Kβ radiation. Strong (0001) out-of-plane texture 

is evident on mica with only weak texturing observed on sapphire and silicon. 

 

Figure S10. SEM images of MoS2 films grown on different substrates using 10000 ALD cycles at 

300 °C. 

 

Figure S11. AFM images and roughnesses (Rq) of MoS2 films deposited on different substrates using 

10000 ALD cycles at 300 °C. The films are relatively rough in line with the SEM images. 
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Figure S12. a) In-plane 2θ and b)  scans of a MoS2 film deposited on sapphire using 10000 ALD 

cycles at 300 °C. The  scans of the (1010)MoS2 and (1120)Al2O3 reflections were measured with 

2θ fixed to 33.1 and 37.75°. The observation of several reflections in the 2θ scan and lack of peaks 

in the  scan shows the MoS2 film to be non-epitaxial on sapphire.  

 

Figure S13. In-plane  scans of (1120)MoS2 (58.3 °2θ) and (060)mica (61.8 °2θ) reflections of 

a MoS2 film deposited on mica using 10000 ALD cycles at 300 °C showing at least partial epitaxial 

alignment. The (1120) reflection was chosen over (1010) due to the greater intensity of the former.

Figure S14. Schematic of the possible MoS2 domains on mica (only one MoS2 layer drawn for clarity) 



S12 

 

 

Figure S15. Schematic tilted view of the different MoS2 domains on mica. The sulfur rows aligned 

parallel to the zig-zig silicon-oxygen rows in mica are indicated. The sulfur rows have six-fold 

rotational symmetry and the silicon-oxygen rows with slight variations in atomic positions also occur 

every 60°. The tilted view highlights the fact that in the 2H structure the atoms in the top and the 

bottom sulfur layers are aligned on top of each other, which is in contrast to the otherwise very similar 

1T structure of HfS2, SnS2, and ZrS2. For clarity, only one MoS2 layer is drawn. 

 

Figure S16. Schematic of possible CSLs for a) 0° and b) 30° MoS2 domains on mica. Similar CSLs 

can be constructed for the possible 60 and 90° domains. Instead of the rectangular unit cell of 

(001)mica surface (green), a hexagonal cell (violet) is used for the suggested CSLs although the mica 

surface is not strictly hexagonal due to small variations in atom positions. For clarity, only the bottom 

sulfur layer is shown. 
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Section S9. ReS2 films on mica, sapphire, and silicon 

ReS2 films were grown on silicon, sapphire, and mica substrates at two deposition temperatures, 250 

and 400 °C. Strong (001) texture, a prerequisite for epitaxy, was only observed for the film grown 

on mica at 250 °C (Figures S17 and S18). Much higher diffraction intensities were observed for the 

films grown at 400 °C, even though they were thinner, which suggests increased crystallinity 

(crystallite size) with increasing deposition temperature. The ReS2 films deposited at 400 °C were 

also rough due to the presence of some flakes oriented away from the substrate (Figure S19).  

Characterization of the possible epitaxy of ReS2 is more complicated than the other materials studied 

in this work due to the triclinic structure of ReS2 (space group 𝑃1, JCPDS-ICDD PDF 24-922) with 

all the unit cell angles differing from 90°. Thus, strictly in-plane reflections (planes perpendicular to 

the (001) plane) of reasonable intensity could not be found. Nevertheless, several in-plane pole figure 

measurements and  scans on asymmetric reflections including (100) and (102) confirmed the non-

epitaxial nature of the ReS2 films grown on all of the tested substrates. 

 

Figure S17. θ-2θ (red) and grazing incidence (2θ, blue) X-ray diffractograms of ReS2 films deposited 

on a) sapphire, b) mica, and c) silicon using 150 ALD cycles at 250 °C. The ReS2 and substrate 

reflections are marked in orange and black. Asterisks mark peaks originating from W Lα and Cu Kβ 

radiation. 
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Figure S18. θ-2θ (red) and grazing incidence (2θ, blue) X-ray diffractograms of ReS2 films deposited 

on a) sapphire, b) mica, and c) silicon using 300 ALD cycles at 400 °C. The ReS2 and substrate 

reflections are marked in orange and black. Asterisks mark peaks originating from W Lα and Cu Kβ 

radiation. 

 

Figure S19. AFM images and roughnesses (Rq) of ReS2 films deposited on silicon, sapphire, and 

mica at 250 °C (150 ALD cycles) or 400 °C (300 ALD cycles). 
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Section S10. ZrS2 films on sapphire and silicon 

  

Figure S20. θ-2θ (red) and grazing incidence (2θ, blue) X-ray diffractograms of ZrS2 films deposited 

on a) sapphire and b) silicon (SiO2/Si) using 1000 ALD cycles at 400 °C. The ZrS2 and substrate 

reflections are marked in orange and black. Asterisks mark substrate peaks originating from W Lα 

and Cu Kβ radiation. The much stronger intensity of the (0001)ZrS2 peak on sapphire, especially in 

the θ-2θ geometry, suggests stronger (0001) texture on sapphire compared to silicon. 

 

Figure S21. Rocking curves of the (0001) reflection (14.6 °2θ) of ZrS2 films deposited on a) sapphire 

and b) silicon using 1000 cycles at 400 °C. The sharp peaks on sapphire result from the forbidden 

(0002)sapphire reflection at 13.6 °2θ. Thus, it is difficult to interpret the texture of the films on 

sapphire using the rocking curve measurements. 
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Figure S22. In-plane 2θ scans of ZrS2 films deposited on a) sapphire and b) silicon using 1000 ALD 

cycles at 400 °C. The smaller FWHMs of the peaks on sapphire suggest improved crystallinity (in-

plane crystallite size) compared to the film on silicon. 

 

Figure S23. In-plane  scan of the (1010)ZrS2 reflection (28.2° 2θ) of a ZrS2 film deposited on 

sapphire using 1000 ALD cycles at 400 °C. The absence of clear peaks suggests a lack of epitaxial 

growth (the variation in the background results from the shape of the sample). 
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Section S11. Characterization of PbI2 films on mica 

 

Figure S24. In-plane pole figure of a PbI2 film on mica at 25.85° °2θ showing a ring resulting from 

the {1011}PbI2 reflection. The presence of a diffuse ring centered at approximately 30 °α indicates 

non-epitaxial orientation of the PbI2 crystallites (compared with Figure 3b showing epitaxial PbI2 on 

sapphire). The sharp peaks originate from the mica substrate.  
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Section S12. Additional characterization of PbI2 films on sapphire 

 

Figure S25. Cross-sectional view of an epitaxially aligned PbI2 domain on a sapphire surface 

according to the relation (001)[2110]PbI2 || (001)[2110]Al2O3. For clarity, only one PbI2 layer and 

the top layer of Al2O3 are drawn. 

 

Figure S26. θ-2θ (red) and grazing incidence (2θ, blue) X-ray diffractograms of a PbI2 film deposited 

on sapphire using 2000 ALD cycles at 75 °C. The PbI2 and substrate reflections are marked in orange 

and black. Asterisks mark substrate peaks originating from W Lα and Cu Kβ radiation. The 

approximately identical intensity of the (0001)PbI2 reflection in the 2θ and θ-2θ geometries as well 

as the presence of weak (1013) and (1014) reflections suggest a presence of some domains with 

imperfect out-of-plane orientation. 
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Figure S27. In-plane 2θ scans of a PbI2 film deposited on sapphire using 2000 ALD cycles at 75 

°C. The scans were performed around the (1120)PbI2 reflection at two different  angles, 0° 

corresponding to epitaxial grains (red) and 30° to non-epitaxial grains (black).  

 

Figure S28. AFM image and roughness (Rq) of a PbI2 film deposited on sapphire at 75 °C using 2000 

ALD cycles. Some flakes pointing away from the surface suggest presence of non-epitaxial domains. 

The reason for the relatively large roughness resulting from the tens of nm high pyramidal (conical) 

grains is not currently understood. 
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Section S13. vdW epitaxy in literature 

In this section, selected examples of vdW epitaxy reported in literature are discussed and compared 

to the present work. The discussion and the results tabulated in Table S2 are not meant to be 

exhaustive – for example the vdW epitaxy of organic materials is omitted. The majority of the vdW 

epitaxy papers report growth of a 2D film on either a 2D substrate (e.g. graphite, MoS2) or a 3D 

substrate with an inert surface (e.g. AlN, Al2O3, GaAs) perhaps following a chalcogenization 

treatment. Many examples have been reported on the growth of 2D TMDCs on another hexagonal 

2D material, including TMDCs, h-BN, and graphite/graphene. In these cases, typically the < 1010 > 

directions (i.e. [1010], [0110], [1100]) or 60° rotated < 1010 > ((i.e. [1010], [0110], [1100])) 

directions of the film and the substrate are reported to be aligned. Equivalently, the parallel alignment 

can be defined using the < 2110 > (i.e. [2110], [1210], [1120]) and the < 2110 > (i.e. 

[2110], [1210], [1120]) directions, which are at an angle of 30° and 90° with respect to < 1010 >

 in the crystal structure of TMDCs. We chose to use the latter directions to specify the epitaxial 

relationships. Another commonly reported alignment is between the < 1010 > direction of the film 

and the < 2110 > direction of the substrate (or vice versa), which corresponds to a 30° rotation 

between the film and the substrate.  

Similar 0 or 30° rotation is also usually observed for 2D materials grown on the trigonal sapphire and 

on different micas, which can be considered to have a somewhat distorted hexagonal surface structure 

(in this case, [100]mica equates to < 2110 > in the hexagonal notation, which is related to  <

1120 > by a 60° rotation). It should be noted that due to the six-fold symmetry of the {1010} or 

{1120} planes used to define the alignment compared to the three-fold rotational symmetry of (at 

least monolayer) TMDCs, it is not trivial to distinguish between the 0 and 60° orientations, which are 

mirror twins of each other (as are the 30 and 90° orientations), and will result in mirror grain 

boundaries between them. Some reports also demonstrate interesting examples of the vdW epitaxy 

of different 3D materials, including fcc and hcp metals, Ge, and ZnTe grown on 2D substrates. In 

these cases the epitaxial relationships vary likely due to the different crystal structures. 

In terms of deposition techniques and conditions, vdW epitaxy is usually realized using either MBE 

or some other PVD technique in UHV conditions and possibly high temperatures, or CVD at high 

temperatures, typically 700-1000 °C. High temperatures limit compatibility with different substrates, 

whereas UHV processing is expensive. Furthermore, MBE or CVD cannot offer the typical 

advantages of ALD, such as scalability, large-area uniformity, and conformality. 
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Table S2. Selected examples of vdW epitaxy reported in literature. The reports have been classified into MBE, 

other PVD, and CVD. The majority of the grown films have been layered (2D) materials, but a few 3D 
materials have also been demonstrated as listed. 

Film / substrate Deposition T (p) Epitaxial relation Ref. 

Molecular beam epitaxy (MBE) 

Layered (2D) films   

HfTe2 / (𝟎𝟎𝟎𝟏)AlN 530 °C (10-10 Torr) (0001)[1010]HfTe2 || (0001)[1010]AlN 
14 

MoSe2 /(𝟏𝟏𝟏)GaAs 
470–530 °C (10-7 

mbar) 

(0002)[1010]MoSe2 || (111)[1112]GaAs & 

(0002)[1120]MoSe2 || (111)[101]GaAs 

15 

MoSe2 / {𝟏𝟏𝟏}S-GaAs 400 °C (10-8 Pa) (0001)[1120]MoSe2 || (111)[101]GaAs 
16 

NbSe2 / (𝟎𝟎𝟏)mica 450 °C (10-8 Pa) 
(0001)[1120]NbSe2 || (001)[100]mica, some 

polycrystalline domains 

17 

PbI2 / (𝟎𝟎𝟎𝟏)MoS2 150 °C (10-8 Pa) (0001)[1010]PbI2 || (0001)[2110]MoS2 
18 

PbI2 / (𝟎𝟎𝟎𝟏)MoSe2 150 °C (10-8 Pa) 
(0001)[1010]PbI2 || (0001)[2110]MoSe2 & 

(0001)[1010]PbI2 || (0001)[1010]MoSe2 

18 

PbI2 / (𝟎𝟎𝟎𝟏)NbSe2 150 °C (10-8 Pa) 
(0001)PbI2 || (0001)NbSe2, 19° offset 

between [2110] of PbI2 and NbSe2 

18 

PbI2 / (𝟏𝟏𝟏)Se-GaAs 150 °C (10-8 Pa) (0001)[2110]PbI2 || (0001)[2110]GaSe 
18 

SnS2 / (𝟎𝟎𝟏)mica 325 °C (10-8 Torr) 
(0001)[1120]SnS2 || (001)[100]mica & 30° 

rotated domains 

19 

VTe2 / (𝟎𝟎𝟏)mica 350 °C (10-8 mbar) (001)[100]VTe2 || (001)[100]mica 20 

WSe2 / (𝟎𝟎𝟎𝟏)sapphire 
450 + 900 °C anneal 

(10-7 Pa) 
(001)[100]WSe2 || (001)[100]sapphire 21 

Other physical vapor deposition (PVD) methods 

Layered (2D) films   

MoS2 / (𝟏𝟏𝟏)Au 550 °C (10-6 mbar) 
(0001)MoS2 || (111)Au, single in-plane 

orientation 

22 

PbI2 / (𝟎𝟎𝟏)mica 150 °C (10-8 Pa) 
5° offset between (0001)PbI2 || (0001)mica, 

[1010]PbI2 and [310]mica 

23 

SnS / (𝟎𝟎𝟎𝟏)graphene ~285 °C (10-7 Torr) 
(010)[100]SnS || (001)[1010]graphene & 

(010)[100]SnS || (001)[2110]graphene 

24 

WSe2 / SnS2 600 °C (8 Torr) (0001)WSe2 || (0001)SnS2, 0 or 60° in-plane 25 

Non-layered (3D) films   

Al-doped ZnO (AZO) / 

(𝟎𝟎𝟏)mica 
200 °C (0.01–10 Pa) (001)[100]AZO || (001)[010]mica 26 



S22 

 

Ge / (𝟎𝟎𝟏)mica 
300–500 °C 

(10-7 Torr) 

(111)Ge || (001)mica, 20° × n (n=0, 1, …, 5) 

offset between [110]Ge and [100]mica 

27 

M / (𝟎𝟎𝟎𝟏)MoS2 

M = Ag, Au, Al, Cu, Pd, 

Pt 

RT (10-8 Torr) (111)[220]M || (001)[1120]MoS2 
28 

ZnTe / (𝟎𝟎𝟎𝟏)graphene 300 °C (10-7 Torr) 
(111)[112]ZnTe || (001)[10]graphene & 

(111)[112]ZnTe || (001)[11]graphene 

29 

Chemical vapor deposition (CVD) 

Layered (2D) films    

HfS2 / (𝟎𝟎𝟎𝟏)sapphire 1000 °C (20 Pa) (0001)[1010]HfS2 || (0001)[1100]sapphire 
30 

MoS2 / fluorophlogopite 

mica 

530 °C (30 Pa) (0001)MoS2 || (001)mica,  in-plane 0 and 60° 

domains 

31 

MoSe2 / (𝟎𝟎𝟎𝟏)GaN 860 °C (1 atm) (0001)[100]MoSe2 || (0001)[100]GaN 32 

MoS2 /(𝟎𝟎𝟎𝟏)graphene 800 °C (43 Torr) (0001)MoS2 || (0001)graphite, in-plane 86% 0 

or 60°, 14% 30 or 90°domains 

33 

MoS2 / (𝟎𝟎𝟎𝟏)sapphire 800 °C (40 Torr) (0001)MoS2 || (0001)sapphire, in-plane 0 and 

60° domains 

34 

MoS2 / (𝟎𝟎𝟎𝟏)sapphire 700 °C (1 atm) (0001)MoS2 || (0001)sapphire, in-plane 91% 0 

or 60°, 6% 30 or 90°, 2.5% other domains 

35 

MoS2 / (𝟎𝟎𝟎𝟏)sapphire 930 °C (1 Torr) (0001)MoS2 || (0001)sapphire, in-plane 0° 

(and 60°?) domains 

36 

MoS2 / (𝟎𝟎𝟎𝟏)sapphire 930 °C (1 atm) (0001)MoS2 || (0001)sapphire, in-plane either 

0/60° or 30/90° domains depending on S supply 

37 

MoS2 /(𝟎𝟎𝟎𝟏)sapphire 900 °C (0001)[1010]MoS2 || (0001)[1010]sapphire 

and 60° domains 

38 

MoS2 / (𝟎𝟎𝟎𝟏)SnS2 420–470 °C (1 atm) (0001)MoS2 || (0001)SnS2, 1°offset in-plane 39 

WSe2 /(𝟎𝟎𝟎𝟏)h-BN 800 °C (700 Torr) (0001)[1100]WSe2 || (0001)[1100]h-BN 

(very few 60° domains) 

40 

WSe2 /(𝟎𝟎𝟎𝟏)sapphire 800 °C (700 Torr) (0001)[1010]WSe2 || (0001)[1010]sapphire 

and 60° domains 

41 

Non-layered (3D) films   

AlN / (𝟎𝟎𝟎𝟏)graphene 1100 °C (?) (0001)[1100]AlN || (0001)[1100]graphene 
42 
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