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Abstract: Controlling the lattice orientation is significant for both two-dimensional (2D) vdW layered 

and non-layered film growth process. Here we report a unique and universal phenomena termed 

lattice orientation heredity (LOH). The LOH enables product films (including 2D layered materials) to 

inherit the lattice orientation from reactant films in a chemical conversion process, excluding the 

requirement on the substrate lattice order. We demonstrate the process universality by investigating 

the lattice transformations in the carbonization, nitridation, and sulfurization of epitaxial MoO2, ZnO, 

and In2O3 thin films. Their resultant compounds all inherit mono-oriented feature from their precursor 

oxides, including 2D vdW layered semiconductors (e.g., MoS2), metallic films (e.g., MXene-like Mo2C 

and MoN), wide bandgap semiconductors (e.g., hexagonal ZnS), and ferroelectric semiconductors 

(e.g., In2S3). Using LOH-grown MoN as a seeding layer, we achieved mono-oriented GaN on an 

amorphous quartz substrate. The LOH process is a universal strategy capable of growing epitaxial thin 

films (including 2D vdW layered materials) not only on single-crystalline but also the non-crystalline.  

 

1. Introduction 

 

The lattice orientation is rigorously required for electronic-grade materials applied in reliable 

integrated devices. The near-perfect monocrystal silicon has a purity of up to 99.9999999% for chip-

level application, strongly supporting the rapid development of modern information technologies 
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within the last 70 years.[1, 2] To meet the more complicated requirement in the coming 5G and big-

data era, many other advanced electronic materials have been developed with promising applications 

in high-level multifunctional chips. They include GaN,[3, 4] SiC,[5] diamond,[6] AlN,[7] ZnO,[8] 2D vdW 

layered materials,[9] perovskites.[10] However, preparing highly-crystalline mono-oriented films or 

crystals with minimized defects is still the common bottleneck for reliable high-end applications.[11-15] 

Direct epitaxial growth is widely explored for preparing highly-oriented or monocrystal films 

in many material systems. The well-demonstrated examples include epitaxial wide bandgap 

semiconducting nitrides by metal-organic chemical vapor deposition (MOCVD),[4, 16] many epitaxial 

oxides(ZnO, In2O3, Ga2O3, et al.) grown by pulsed laser deposition (PLD)[17] or molecular beam epitaxy 

(MBE),[18]  also 2D vdW layered epitaxial films (graphene,[19] h-BN, [20] MoS2 
[21] and WS2 [22]) by 

(MO)CVD.  Generally,  the direct epitaxial deposition could be divided into three steps: ①mono-

oriented nucleation, ②grain enlargement, and ③formation of highly oriented continuous films.[21, 23-

25] It has a strict requirement not only on the growth atmosphere but also on the substrate. The well-

designed MOCVD, PLD, and MBE could provide a precisely controlled atmosphere. But the highly 

oriented film can only happen on single-crystal substrates with minor lattice mismatch.[26] For vdW 

layered 2D materials, metal substrates are usually needed.  For example, graphene and h-BN are 

usually grown on single-crystal Cu substrate,[19, 20] and single-crystal MoS2 was recently demonstrated 

to grow on mono-oriented Au(111) surface.[21] They must be transferred to fabricate devices , which 

raises a big concern about metal residue contamination. [27] Therefore, these traditional direct 

epitaxial growth techniques still have many limitions. 

This manuscript presents a unique process using lattice orientation heredity (LOH) for preparing 

various highly-oriented films, including 2D materials. Our results indicate that the lattice orientation 
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of product films can be inherited in chemical conversions of precursor oxide films. Our process takes 

advantage of the ability to grow highly-oriented oxide films by direct epitaxial deposition.[28] We 

previously reported that highly-oriented vdW layered MoS2 films could be obtained by sulfurization of 

epitaxial mono-oriented MoO2 films. We demonstrated better transistor performance than 

polycrystalline MoS2 films converted from disordered MoO2 films.[29] This discovery encouraged us to 

explore the universality and profound principle of lattice orientation heredity in several different 

epitaxial oxide films. We investigated the lattice transformations in the carbonization, nitridation, and 

sulfurization of epitaxial MoO2, ZnO, and In2O3 thin films. The resultant compounds, such as Mo2C, 

MoN, MoS2, ZnS and In2S3, all inherit the crystalline mono-oriented character of their precursor oxides. 

Interestingly, with the assistance of vdW layer large-area transfer technique, we could perform the 

LOH process even on the disordered substrate (quartz and SiO2 (300 nm)/Si++). It helps to confirm that 

the lattice orientation heredity phenomenon could happen on the non-crystalline substrate surface. 

Using LOH-grown MoN as a seeding layer, we achieved mono-oriented GaN on an amorphous quartz 

substrate.  

Therefore, the LOH process is a new universal strategy for preparing epitaxial thin films with little 

requirement on substrate lattice order. It implies many promising applications for GaN on many lattice 

disordered substrates (glass, metal alloy and diamond ceramics). It also opens a unique viewing angle 

for large-area MoS2 film high-end application by supporting LOH involved GaN technology, aside from 

performing as the semiconducting layer in high-performance transistors. 

2. Results and Discussion 

2.1. General introduction on the process of lattice orientation heredity (LOH) 
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Figure 1. Schematic showing the crystalline heredity concept by chemical transformation process 

 

Figure 1 schematically displays the basic concept of the proposed LOH process. Basically, compounds 

converted from oxides films inherit the crystalline identity of the oxide structure (amorphous (Amo), 

polycrystalline (Poly), or epitaxial (Epi)). The remarkable feature is that these relationships occur even 

on Amo-substrates, as will be discussed later. Our experimental data on sulfurization, carbonization, 

and nitridation of various oxide films confirm this effect.  We first illustrate this concept using Epi-

MoO2 films, and later demonstrate the generality of the process.  

2.2.   LOH of Mo2C films 
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Figure 2. lattice orientation heredity (LOH) process based on the chemical conversion from MoO2 to 

Mo2C films. It can be clearly seen that the Mo2C film inherits the crystalline character of the precursor 

film.  XRD 2θ scans of a) the Amo-MoO2 film b) the Amo-Mo2C film c) the Poly-MoO2 film d) the Poly-

Mo2C film e) the Epi-MoO2 film f) the Epi-Mo2C film. Raman spectrum of g) the MoO2 film h) the Mo2C 

film.  Pole figures of i) the Epi-MoO2 film j) the Epi-Mo2C film. Interface models of k) the Epi-MoO2 film 

l) the Epi-Mo2C film on the (001) Al2O3 substrate. TEM cross-section images and elemental mappings 

of m) the Epi-MoO2 film and n) the Epi-Mo2C film. (Scale bar in m and n: 2 nm) 

 

Figure 2 displays the chemical conversion from monoclinic MoO2 to hexagonal α‐Mo2C film. 

Specifically, Figure 2a-b compares the X-ray diffraction (XRD) patterns of Amo-MoO2 film before and 
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after carbonization in CH4/H2 ambient. No clear film peaks can be seen except the substrate peaks, 

which means that both the precursor MoO2 and product Mo2C films are amorphous. XRD patterns in 

Figure 2c-d display some lattice plane peaks of both polycrystalline precursor MoO2 and product 

(Mo2C) films. The (020) and (002) preferred orientations of MoO2 film induce Mo2C film with preferred 

(002) orientation. The 2θ scans in Figure 2e-f help to figure out the out-of-plane lattice orientation of 

epitaxial Mo2C and MoO2 films. We observed that the out-of-plane relationship (002) Mo2C // (001) 

Al2O3 is inherited from (020) MoO2 // (001) Al2O3. Since the (020) MoO2 peak position is very close to 

the (002) Mo2C peak,  we measured Raman spectra to further demonstrate the complete MoO2 

carbonization and found that the product film spectrum (in Figure 2h) matches well with Mo2C 

Raman,[30] while MoO2 Raman peaks have all disappeared (compared with Figure 2g).[31] This result 

means that the MoO2 film has been completely carbonized into Mo2C film. We also detected some 

Amo-carbon residue on pristine Mo2C film, which could be removed through O2 plasma treatment 

(Figure S1, Supporting information). In-plane orientation relationships are indicated by pole figure 

analysis (Figure 2i-j) and ϕ scans (Figure S2, Supporting information). We see that both (011) MoO2 

and (101) Mo2C in-plane lattice have six-fold rotation symmetries. They both have 30o offsets to the 

(012) Al2O3 in-plane lattice plane. Through the stereographic projection calculation and alignment to 

the substrate (Figure S3-4, Supporting information), we could deduce that the precursor in-plane 

rotation relationship is [001] MoO2 // [11̅0] Al2O3 (Figure 2k), and the product is [01̅0] Mo2C // [11̅0] 

Al2O3 (Figure 2i). The cross-section (scanning) transmission electron microscopy ((S)TEM) images of 

MoO2 and Mo2C are shown in Figure 2m-n, revealing lattice distances of (020) MoO2 and (002) Mo2C 

of about 2.42 Å and 2.35 Å, respectively. Through comparing electron energy loss spectroscopy (EELS) 

elemental mapping between MoO2 and Mo2C cross-section area (Figure S5, Supporting information), 
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it can be seen that O has been fully replaced by C. It further confirms the conversion of epitaxial MoO2 

to Mo2C. 

2.3.   LOH principle investigation 
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Figure 3. Crystallographic analysis of the LOH process for MoO2 to Mo2C conversion a) Analysis of the 

(020) MoO2 or (002) Mo2C peaks using Gaussian fitting.  The MoO2 peaks remain when the 

carbonization temperature is below 500 oC.  There are neither MoO2 nor Mo2C peaks at 500 oC 

carbonization condition.  The Mo2C peaks appear while MoO2 peaks disappear when the conversion 

temperature exceeds 600 oC. b) Schematic showing the likely atomic arrangement during the lattice 

transformation process from MoO2 to Mo2C.  For the annealing of  RT, 300 oC 1 hr and 400 oC 1 hr, we 

show the full width of half maximum (FWHM) of  (020) MoO2 peaks.  For the annealing conditions 600 
oC 1 hr, 700 oC 1 hr, 800 oC 1 hr, and 800 oC 3 hrs, we show the FWHM values of (002) Mo2C peaks.  

The film seems to be in an amorphous-like, highly disordered state when the conversion process is at 

500 oC 1 hr.  

 

Through careful ex-situ XRD investigation and analysis of the MoO2 carbonization process, we 

show that the lattice orientation heredity in a chemical conversion process is a thermodynamically the 

preferred mode, as illustrated in detail Figure 3 and (Figure S6, Supporting information). We 

performed an XRD characterization on the carbonization of polycrystalline MoO2 film at different 

temperatures and times. Since the polycrystalline film has rich information about lattice orientation, 

grain domain size, grain boundaries, and other defects, it could fully disclose how the lattice 

orientation evolve based on the investigation of the polycrystalline film chemical conversion. 

  The X-ray diffraction patterns are displayed and analyzed in Figure S6(Supporting 

information). XRD peaks of MoO2 film disappear, and these of Mo2C film appear when the 

carbonization temperature reaches above 500 oC. The preferred orientation of Mo2C film is along the 

(002) plane, inherited from the MoO2 film preferred (020) orientation. We also notice that the longer 

carbonization time (3 hrs) at 800 oC causes the higher-index (101) Mo2C peak to disappear while the 

lower-index (100) Mo2C peak appears compared to the short time (1 hr) at 800 oC. The reason might 

be that the lower-index (100) Mo2C plane has lower surface energy than the higher-index (101) Mo2C 
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plane.[32] Thermodynamically, it appears that the crystal evolution of polycrystalline Mo2C film prefers 

the low-energy lattice surface rearrangement.[33, 34] 

 We further analyzed (020) MoO2 and (200) Mo2C (both are preferred lattice orientations) 

peaks to figure out how the lattice order evolves at different conversion temperatures. Figure 3a 

displays peak shifts and FWHM values from the Gaussian fitting of both (020) MoO2 and (200) Mo2C 

peaks. Figure 3b illustrates the FWHM at different temperatures, along with the schematic of lattice 

order evolutions during the carbonization process. When the conversion temperature is under 500 oC, 

the MoO2 is not carbonized, but the MoO2 lattice is modified. We could confirm based on the FWHM 

values of (002) MoO2 that the domain size along (020) direction changed very little when conversion 

temperature increased from RT to 300 and 400 oC, but the (002) MoO2 lattice distance shrinks. This 

has been evidenced in Figure S6 by the observed peak shift to high-angle (about 0.22) of (020) MoO2 

when the temperature rises from RT to 300 or 400 oC.  We attribute the lattice contraction to the 

oxygen deficiency in the MoO2 lattice in the relatively high-temperature CH4/H2 reducing atmosphere. 

When the conversion process is carried out at 500 oC, MoO2 XRD peaks disappear while Mo2C peaks 

do not appear.  This observation may be due to the fact that most of the O atoms are extracted from 

the solid film, while a large amount of C atoms enter the lattice. The high-temperature C-O exchange 

drives elemental Mo slightly from their normal lattice positions. Thus, the whole lattice of the film 

loses the orientation orders, and no relevant XRD peaks are detected. When the conversion 

temperature reaches more than 600 oC, some Mo-C bonds start to form a periodic lattice 

arrangement, with preferred orientation along the (002) Mo2C plane. This crystallographic orientation 

is precisely inherited from the MoO2 preferred (020) lattice orientation. Further increasing the 

conversion temperature from 600 to 800 oC enhances the film crystallinity, as evidenced by the 
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decreasing FWHM value of (002) Mo2C. However, when the carbonization time increased from 1 hr to 

3 hrs while holding the temperature at 800 oC, we could obtain the best crystallinity of Mo2C, but with 

relatively decreased domain size along the (002) direction. The reason for this might be the 

recrystallization that takes place during the longer annealing time of the higher-index (101) plane, 

which transform to lower-index (100) plane with lower lattice energy. 

 Thus, based on the above-detailed ex-situ XRD investigations of the polycrystalline MoO2 film 

carbonization process, we conclude that the MoO2 to Mo2C transformation occurs in three stages: 

MoO2 lattice ordering, Mo(C-O) lattice disordering, and Mo2C ordering. The crystallographic 

orientation heredity is transferred from (020) MoO2 to (002) Mo2C. 

2.4.   Universanality of the LOH process 
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Fig. 4. Universality of the LOH process:  a) photograph, b) XRD 2θ scan, and c) Pole figure of the 2″ 

epitaxial MoN sample; d) interface model of epitaxial MoN film on the Al2O3 substrate. e) Photograph, 

f) XRD 2θ scan, and g) Pole figure of the 2″ epitaxial MoS2 sample; h) interface model of epitaxial MoS2 

film on the (001) Al2O3 substrate; i) photograph, j) XRD 2θ scan, and  k) Pole figure of the 2″ epitaxial 

In2S3 sample; l) interface model of epitaxial In2S3 film on the (001) Al2O3 substrate. m) Photograph, n) 

XRD 2θ scan, and o) Pole figure of the 2″ epitaxial ZnS sample; p) interface model of epitaxial ZnS film 

on the (001) Al2O3 substrate. 

 

In order to verify the universality of the LOH process, we further explored nitridation and 

sulfurization of different epitaxial oxide precursor films.  We show that all the product metal nitride 

and metal sulfide films inherited the epitaxial feature from their oxide precursor films, as displayed in 

Figure 4.  Figure 4a shows the 2″ MoN film obtained through the nitridation of epitaxial MoO2 film; 
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where the complete conversion from MoO2 to MoN was verified through Raman analysis (Figure S7a, 

Supporting information).  The out-of-plane 2θ scan in Figure 4b shows the (001) MoN // (001) Al2O3. 

The six-fold rotation symmetry of the in-plane (202) MoN pole figure in Figure 4c confirms that the 

MoN is hexagonal (σ phase) [35]. The in-plane rotation relationship is [01̅0] MoN // [11̅0] Al2O3, as 

displayed in Figure 4d, based on stereographic projections calculation (Figure S8, Supporting 

information) with the information of the 30o offset between (202) MoN peak and (012) Al2O3 (ϕ scan 

in Figure S7b, Supporting information).  

The LOH process could also be used in the chemical conversion from oxide films to multilayer 

two-dimensional (2D) materials.  Figure 4e shows a wafer-scale MoS2 film (on a 2″ wafer), as evidenced 

from the Raman spectrum shown in Figure S9a. The epitaxial structure of MoS2 can be described by 

the out-of-plane and in-plane rotation relationships (001) MoS2 // (001) Al2O3 and [01̅0] MoS2 // [11̅0] 

Al2O3 (Figure 4h), respectively. This is also confirmed by the 2θ scan (Figure 4f), the pole figure (Figure 

4g), the ϕ scan (Figure S9b, Supporting information), and the calculation of the stereographic 

projection (Figure S10, Supporting information). Our previous report on few-layer (thinner) MoS2 films 

converted from ultrathin epitaxial MoO2 was already demonstrated with a better electric 

performance.[31] The MoS2 film obtained here is much thicker with well-kept the mon-orienation 

feature. Another key thing is it can still be easily transfered to amorphous substrtate in large area.  

This is very important for invistigating the LOH process on disordered substrates, which will be 

explained in detail later in section 2.5. 

The LOH process can be used to convert other oxides besides MoO2. Wurtzite - ZnS (hexagonal), 

a wide bandgap semiconductor with a direct bandgap (3.7 eV) and a high exciton binding energy (38 

meV), is very attractive for optoelectronic applications.[36] However, the hexagonal wurtzite is a 
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metastable phase compared with its cubic zinc-blende phase. It is more challenging to grow the pure 

hexagonal phase through the traditional direct deposition process.[37] Here we show that through 

inheriting the epitaxial hexagonal structure of ZnO film, a ZnS film with pure epitaxial hexagonal phase 

can be successfully obtained by chemical conversion from Epi-ZnO. The ZnO film grown by PLD is 

epitaxial as confirmed in Figure S11-12. The 2″ wafer ZnS film is shown in Figure 4i. We determined 

from the 2θ scan in Figure 4j that the out-of-plane rotation relationship is (001) ZnS // (001) Al2O3. The 

(101) ZnS pole figure in Figure 4k (also ϕ scan in Figure S11e, Supporting information) indicate the 

presence of pure hexagonal phase. Based on the information of 30o offset between (101) ZnS and 

(012) Al2O3 peaks, the stereographic projection calculations (Figure S13, Supporting information) 

shows that the in-plane rotation relationship is [01̅0] ZnS // [11̅0] Al2O3. The in-plane & out-of-plane 

rotation relationship of ZnS is displayed in the lattice model in Figure 4i, which is perfectly inherited 

from that of ZnO film.  

In2S3 is another promising semiconductor with experimentally confirmed excellent 

optoelectronic properties and theoretically predicted ferroelectricity.[38, 39] Having the ability to 

control the structure and orientation of In2S3 is crucial to explore its properties. However, such work 

has not been reported yet. Here we have successfully obtained epitaxial pure-phase metastable cubic 

In2S3 film through the LOH process. The precursor In2O3 film was successfully grown by PLD, and its 

epitaxial cubic phase was confirmed by XRD 2θ scan, ϕ scan, and pole figures (Figure S14, Supporting 

information); the out-of-plane and in-plane orientation relationships were also determined through a 

stereographic projection (Figure S15, Supporting information).  However, it takes a longer time 

(conversion detail in the methods section) to convert In2O3 to In2S3. Figure 4m shows the 2″ wafer 

In2S3 film. The 2θ scan in Figure 4n indicates that the out-of-plane orientation is only along cubic (111) 
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In2S3 direction. The pole figure of (044) cubic In2S3 in Figure 3o displayed six spots (two domains with 

three spots) separated azimuthally by 60°. Through the projection calculation (Figure S16, Supporting 

information) based on the 30o offset between (044) cubic In2S3 and (012) Al2O3, we deduced the out-

of-plane & in-plane orientation relationship is (111) In2S3 // (001) Al2O3 & [1̅10] In2S3 // [11̅0] Al2O3 

(Figure 4p), again perfectly inheriting the epitaxial nature from cubic In2O3 film on (001) Al2O3 

substrate. 

Thus far, we have tried different kinds of chemical conversions, such as carbonization, 

nitridation, and sulfurization. Three oxide precursors were involved, such as MoO2, ZnO, and In2O3. 

We produced five final epitaxial film products including Mo2C, MoN, MoS2, ZnS, and In2S3. There are 

also three different crystalline structures considered, such as monoclinic, hexagonal, and cubic. The 

above comprehensive experimental process space demonstrates that the LOH process is a universal 

method that can be used to prepare epitaxial films at the wafer scale such as 2D materials and difficult-

to-grow phases.  
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2.5. The LOH process on amorphous substrates 

 

Figure 5. The LOH process on amorphous substrates (Amo-substrates) a) schematic of the nitridation 

and carbonization of single-crystalline MoS2 film on an Amo-quartz substrate. b) 2″epitaxial MoO2 c) 
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epitaxial MoS2 film on the sapphire substrate. 2″ single-crystalline d) MoS2 film transferred on a quartz 

glass substrate. e) The MoN and Mo2C films after conversion on the quartz glass substrate.  XRD 2θ 

scan with insert ϕ scan spectra of single-crystalline f) MoS2 g) MoN h) Mo2C film on the quartz 

substrate. i) The low magnification TEM image (Scale bar: 2 µm) j) selected area electron diffraction 

pattern (SAED) k) Atomic resolution STEM image of epitaxial MoS2 film. (Scale bar: i) - 2 µm, j) - 5 1/nm, 

and k) - 2 nm) l) The low magnification TEM image m) selected area electron diffraction pattern (SAED) 

n) Atomic resolution STEM image of epitaxial MoN film. (Scale bar: l) - 20 nm, m) - 5 1/nm, and n) - 2 

nm) The AFM images of Ultrathin o) MoS2 p) MoN films. (Scale bar of o) and p): 5 µm) 

 

To confirm that the crystalline phase and orientation of the epitaxial films after conversion is 

inherited from the epitaxial precursor oxides (instead of being induced by the single-crystalline 

substrate) we performed the LOH process on an amorphous substrate. The conversion process is 

schematically displayed in Figure 5a. Firstly, the Epi-MoO2 film (the sample in Figure 5b) on the single-

crystalline Al2O3 substrate was sulfurized to form Epi-MoS2 film (the sample in Figure 5c). Then, a 

PDMS-assisted transfer process (detail in methods) was performed to transfer the MoS2 film from the 

single-crystalline substrate to the Amo-quartz substrate. The MoS2 film on the quartz substrate 

(sample in Figure 5d) could still retain its single-crystalline structure, as we will show shortly. Finally, 

a nitridation or carbonization process was carried out to convert the MoS2 film to MoN or Mo2C film 

on the Amo-substrate (samples in Figure 5e). Dramatically, we discovered that both MoN and Mo2C 

films maintain the mono-oriented structure even on Amo-substrates with the help of XRD and TEM 

characterization.  

The macroscopic crystalline orientations of MoS2, MoN, and Mo2C films were characterized 

by XRD 2θ and ϕ scan. Figure 5f illustrates the XRD of MoS2 transferred on the quartz glass substrate. 

The 2θ scan confirms the MoS2 film out-of-plane lattice orientation is only along the (001) direction; 

inserted ϕ scan confirms that the MoS2 film in-plane (101) lattice orientation with 6-fold rotation 
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symmetry. This indicates that the MoS2 film retains single-crystalline mono-orientation feature after 

transfer onto the Amo-substrate. The MoS2 film retains flat and continuous surface with thickness of 

about 9.80 nm according to the atomic force microscopy (AFM) image and line scan in Figure S17. 

Figure 5g shows the XRD of the MoN film, obtained from the nitridation of the MoS2 film. The 2θ scan 

of MoN confirms its out-of-plane lattice orientation is only along (002) direction, and the inserted ϕ 

scan confirms its in-plane (202) lattice orientation with 6-fold rotation symmetries. This result means 

the MoN film retained the mono-orientation feature. Thus, we can verify that the MoN film inherits 

the single-crystalline feature from the precursor MoS2 film, even though the conversion process was 

done on the Amo-substrate. The AFM image and the line scan ( Figure S18, Supporting information) 

show that the MoN film has a continuous and smooth surface with a thickness of about 5.40 nm. We 

also confirmed the similar heredity of SC MoS2 in the carbonization process. Figure 5h shows the XRD 

of the Mo2C film, obtained from the carbonization of the MoS2 film mentioned above. The 2θ scan 

shows the out-of-plane lattice orientation is along (002) direction, and inserted ϕ scan confirmed its 

in-plane (101) lattice orientation with 6-fold rotation symmetries. The Mo2C film on the quartz 

substrate also inherits the highly ordered in-plane and out-of-plane lattice orientation feature. The 

weaker signal of Mo2C XRD peaks compare to that of MoN indicates the diversity of the LOH process 

under different chemical conversion processes. The AFM image and the line scan ( Figure S19, 

Supporting information) show the continuous Mo2C film with thickness about 5.85 nm. In contrast, 

direct nitridation of the Amo-MoO2 film on SiO2 (300 nm)/Si++ substrate can only obtain the MoN film 

with an Amo-structure( Figure S22, Supporting information). 

The microscopic structure evolution in the epitaxial MoS2 nitridation process was investigated 

by (S)TEM characterization. The low magnification TEM image of the MoS2 film in Figure 5i is supported 
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by the lacy carbon network (marked with red arrow) of the TEM grid. The red area with a diameter of 

about 5 µm is for the selected area electron diffraction (SAEDs) characterization. The SAED pattern in 

Figure 5j with ordered hexagonal isolated light-points array indicates the mono-orientation feature of 

the MoS2 film with pure 2H-phase.[29] The atomic resolution STEM image in Figure 5k also displays the 

hexagonal arrangement of Mo atoms; we regard the multilayer of the film with AA’ stacking mode.[29] 

The distance between the adjacent Mo atoms in one layer is disclosed by the line profile (insert of 

Figure 5k) as 3.18 Å, close to the theoretical value 3.16 Å of 2H- MoS2 ( Figure S21a, Supporting 

information). We also made the MoN TEM samples by the direct nitridation of the MoS2 film 

transferred on the SiNx TEM grid (pore size 200 nm). The low magnification TEM image is displayed in 

Figure 4l; based on its selected area, we obtained the SAED pattern of hexagonal σ-MoN single-

crystalline-like pattern in Figure 4m. The atomic resolution STEM image in Figure  4n displayed the 

hexagonal structure. The inserted line profile gives adjacent Mo atoms distance about 2.85 Å, nearly 

constant to the ideal value of 2.89 Å of σ-MoN (Figure S21b, Supporting information). The lattice 

structure differences visualized by (S)TEM indicate the full chemical transformation from 2H-MoS2 to 

σ-MoN, with both possessing high crystalline qualities.  

MXenes, one kind of atomically thin 2D transition metal carbides or nitrides, are showing 

promise in some electronic applications.[40] Further development of this field requires synthesis of high 

quality and uniform MXene films at the wafer scale. However, wafer-scale growth of MXene is at the 

embryonic stage of development.  We evaluated our LOH process as a potential method to grow 

MXene-like films, (e.g., few layer thick MoN and Mo2C obtained films through the chemical 

transformation of epitaxial MoS2 film, but without surface functionalization).  Figure 5o shows an AFM 

image of a MoS2 film with a thickness of about 3.02 nm, which has been converted into a thin MoN 
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film of about 1.45 nm thick; the uniformity and continuity of the film are retained, as shown in the 

AFM image in Figure 5p. This preliminary result reveals 2D MXene-like films can be grown at the wafer 

scale using our process. 

 

2.6. The LOH process to support highly-oriented GaN growth on disordered substrates 

 

Figure 6. Epitaxial GaN growth on a quartz glass substrate with single-crystalline MoN as the seeding 

layer. Lattice plane model comparison between a) Hexagonal σ-MoN (001) and b) Hexagonal GaN 

(001). c) Schematic of the GaN on MoN/quartz substrate. d) 2θ-scan e) (102) ϕ-scan f) AFM image 

(scale bar: 4 µm) of the 200 nm thick GaN film grown by MBE at 800 oC. 

To investigate the potential of the LOH process in GaN-related technologies, we used mono-

oriented MoN film as the seeding layer to grow epitaxial GaN film on quartz glass substrate. The lattice 
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mismatch between the hexagonal (001) σ-MoN and the hexagonal (001) GaN is only +11.1% calculated 

through the equation𝑓 = (a𝐺𝑎𝑁 − a𝑀𝑜𝑁)/a𝑀𝑜𝑁 , [41] where 𝑓 represents the lattice mismatch, a𝐺𝑎𝑁 

and a𝑀𝑜𝑁  are respectively the GaN and MoN lattice parameters. As we can see from Figure 6a, 

the a𝑀𝑜𝑁 value is about 2.893 Å, while the a𝐺𝑎𝑁 is about 3.216 Å from Figure 6b.  The GaN / σ-MoN 

lattice mismatch is smaller than that between GaN and (001) Al2O3 or (111) Si, which are about +16.1% 

or -16.9%, respectively.[42] The GaN lattice parameter is larger than the MoN lattice parameter, 

indicating there will be a compressive strain in as-grown GaN film, which could offset the thermal 

expansion mismatch (about 55%) between MoN/Si substrate and GaN film.[43] We could grow epitaxial 

GaN film on MoN/quartz structure (made by LOH process) as shown in Figure 6.  Figure 6c shows 

schematically how the epitaxial GaN has been grown on a quartz substrate with single-crystalline MoN 

as the seeding layer. The GaN epitaxial film with mono-orientation in both in-plane and out-of-plane 

lattice, using MBE system grown at a low temperature 800 oC. The out-of-plane mono-orientation of 

GaN film was determined using 2θ-scan (Figure 6d), and was found to be highly aligned along the 002 

lattice plane direction. The XRD ϕ scan in Figure 6e confirmed the GaN film in-plane (102) lattice 

orientation with 6-fold rotation symmetries, confirming its high in-plane lattice orientation. The GaN 

surface morphology has been characterized by AFM in Figure 6f, with surface roughness about 8.85 

nm. Thus, with the single-crystalline MoN on a quartz substrate, epitaxial GaN film could be feasibly 

grown on the amorphous substrate. It should be emphasized that this is just a proof of concept and 

further optimization is under way. We also confirmed that the single-crystalline MoN film can grow 

on silicon substrates through similar process (Figure S22-23, Supporting information). This result 

indicates that our process could also potentially advance the GaN-on-Silicon technology. 
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3. Conclusion 

In summary, we have performed several different chemical conversion processes of epitaxial oxide 

thin films (MoO2, ZnO, and In2O3), involving sulfurization, carbonization, and nitridation process at the 

wafer scale.  After the conversion, we obtained different epitaxial compound thin films, including 

metallic films (MXene-like Mo2C, MoN), layered semiconductor (MoS2), wide-bandgap 

semiconductors (ZnS), and ferroelectric semiconductor (In2S3.)  These various conversion processes 

also involve a variety of crystalline structures (monoclinic, hexagonal, and cubic).  They clearly show 

the universality of our hereditary epitaxial conversion process. By performing the epitaxial film 

chemical conversion process on an amorphous substrates, we excluded the possibility that the 

product film epitaxy feature is induced by the substrate. Using single-crystalline MoN film as seeding 

layer, we successfully grew epitaxial GaN with mono-oriented structure on glass substrate. Discovery 

of the LOH process enabled the possibility of growing single-crystalline 2D films on an amorphous 

substrate, overcoming big challenges faced by traditional growth methods.   

4. Experimental Section/Methods  

MoO2 film growth: MoO2 film grew on SiO2 (300 nm)/Si++ or (001) Al2O3 substrate by pulsed laser 

deposition (PLD, Neocera180) process. The KrF excimer laser (λ = 248 nm, constant energy mode, 

Coherent) was used to ablate the MoO2 target. The repetition rate of the ablation is 5 Hz. The PLD 

chamber standby vacuum was always keeping at about 10−9 Torr. O2 atmosphere with pressure kept 

at about 10-2 torr in the chamber during the laser ablation process. Before the deposition, the pre-

ablation process with 500 shots was carried out to clean the target. The amorphous (Amo-) MoO2 film 

was grown on SiO2 (300 nm)/Si++ substrate with a temperature of 400 oC. The polycrystalline MoO2 
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film was grown on (001) Al2O3 substrate with a temperature of 375 oC. The epitaxial (Epi-) MoO2 film 

was grown on (001) Al2O3 substrate with a temperature of 400 oC. 

Epitaxial ZnO growth: The ZnO film was grown on (001) Al2O3 substrate PLD process. The KrF excimer 

laser (λ = 248 nm, constant energy mode, Coherent) was used to ablate the ZnO target. The repetition 

rate of the ablation is 1 Hz. The PLD chamber standby vacuum was always keeping at about 10−9 Torr. 

O2 atmosphere with pressure about 5×10-2 torr was keeping in the chamber during the laser ablation 

process. Before the deposition, the pre-ablation process with 500 shots was carried out to clean the 

target. During the deposition process, the (001) Al2O3 substrate temperature held at 600 oC. 

Epi-In2O3 growth: The In2O3 film was grown on (001) Al2O3 substrate PLD process. The KrF excimer 

laser (λ = 248 nm, constant energy mode, Coherent) was used to ablate the In2O3 target. The repetition 

rate of the ablation is 1 Hz. The PLD chamber standby vacuum was always keeping at about 10−9 Torr. 

O2 atmosphere with pressure about 5×10-2 torr was keeping in the chamber during the laser ablation 

process. Before the deposition, the pre-ablation process with 500 shots was carried out to clean the 

target. During the deposition process, the (001) Al2O3 substrate temperature was 500 oC. 

Conversion from MoO2 to Mo2C: The carbonization of MoO2 film was carried out in a chemical vapor 

deposition (CVD) system (Graphene Square CVD reactor). The MoO2 film was put inside the heating 

center in the quartz tube before the reaction started, the tube was pumped down to 20 mtorr and 

purged with Ar to eliminate the O2 residue inside. For the whole reaction process, the 5 standard cubic 

centimeter per minute (sccm) CH4 gas was provided as the carbon source and 100 sccm H2 as the 

carrier and protection gas. The reaction pressure was kept at 10 torrs. The time was 3 hrs for the rating 

from room temperature to holding temperature of 800 oC; then the holding time was also 3 hrs. Once 
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the furnace was naturally cooled down to room temperature, the gas CH4/H2 flow was stopped and 

the Ar gas was used to purge the tube.  

Conversion from MoO2 to MoN:  The nitridation was also carried out in the same CVD system, with a 

similar process of carbonization process. But the reaction atmosphere was NH3 gas with flow rate of 

200 sccm and pressure 10 torrs. The rating time was also 3 hrs, the holding temperature and time 

were 900 oC and 3 hrs. 

Conversion from MoO2 to MoS2: The sulfurization process was carried out in a 3-zone CVD system 

(MTI). The sulfur flower powder (Sigma-Aldrich) in the ceramic crucible was put in the right zone and 

the MoO2 film sample was put in the left zone. The Ar carrier gas flowed with 100 sccm from the right 

side to the left side, keeping pressure inside the tube about 6 torr. The holding temperature was 900 

oC, with, rating time 45 mins and holding time 1 hr. After the process, the system was naturally cooled 

down to RT. It should be noted that a capping layer annealing process (CLAP) [29] should be performed 

on as-deposited MoO2 film to eliminate its defects, which would disturb the 2D MoS2 film inheriting 

the in-plane orientation from the oxide.  

Conversion from MoS2 to Mo2C:  The carbonization of the MoS2 film is slightly modified from that of 

the MoO2 film. Cu foil should be utilized to cover the MoS2 sample as a catalyst for carbonization. It is 

very important that the purchased Cu foil should be sequentially cleaned by acetone/isopropanol/DI 

water to remove the organic residue. After this, it should be further cleaned by HCl aqueous solution 

to remove the surface oxide. The other reaction parameters are keeping the same.  
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Conversion from MoS2 to MoN: The MoS2 nitridation process is the same as the MoO2 to MoN. 

Stability and uniformity of these MoS2 and MoN films have been discussed in Figure S24-27, 

Supporting information. 

Conversion from ZnO to ZnS: The ZnS was obtained through the sulfurization of ZnO in a three-zone 

CVD furnace, same equipment and sulfur vapor atmosphere as the MoS2 growth process. But the 

reaction holding temperature was 700 oC and with a reaction time 8 hrs. 

Conversion from In2O3 to In2S3: The In2S3 was obtained through the sulfurization of In2O3 in a three-

zone CVD furnace, also the same equipment and sulfur vapor atmosphere as the MoS2 growth process. 

But the reaction holding temperature was 600 oC with a reaction time 60 hrs. 

Epi-GaN PA-MBE growth: The planar GaN layer was grown by using VEECO GEN 930 plasma-assisted 

molecular beam epitaxy (PA-MBE) system. Before sample loading to the PA-MBE chamber, 1 × 1 cm2 

MoN/quartz substrate was cleaned by acetone, isopropanol (IPA), and deionized (DI) water. Then, the 

sample was mounted on VEECO indium-free molybdenum block and introduced to a load-lock 

chamber. The pre-outgas temperature was 200 °C for 1 hr to remove moistures. After moving the 

sample to the buffer chamber, the molybdenum block was outgassed again at a higher temperature 

of 600 °C for 2 hrs to remove residual organic contaminants. Next, the sample was transferred into 

the growth chamber to mount on the continuous azimuthal rotation (CAR) heater. Before growth, the 

MoN/quartz substrate was ramped up to 800 °C for further outgassing. After decreasing heater 

temperature to 700 °C, gallium flux was firstly introduced on MoN/quartz substrate and N2 plasma 

was irradiated as a low-temperature GaN buffer layer. Subsequently, heater temperature again 

increased to 800 °C to get a high crystalline quality of planar GaN layer growth. N2 flow and RF plasma 
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power for GaN layer growth was maintained at 0.8 sccm with 300 W and gallium beam equivalent 

pressure (B.E.P.) was 2.0 × 107 Torr. The growth time was 10 min and 1 hr for the low-temperature 

GaN buffer layer and planar GaN layer, respectively. 

Transfer process of wafer-scale MoS2 film: A purchased PDMS (Gel-Pak) film was attached carefully 

on the surface of the MoS2 film, making sure no air bubbles were staying inbetween the PDMS film 

and the MoS2 film. Then, the sample with PDMS film well-cohesive was merged in DI water for 10 

mins. Then the PDMS film attached to MoS2 film could be slowly detached from the Al2O3 substrate. 

After the detaching, the blow-tried PDMS/MoS2 film should be attached to the target substrate 

carefully, again confirming no air bubbles in between them.  Then, the sample on the target substrate 

was heated at 80 oC for 60 mins to reduce the stickiness between the PDMS and the MoS2 film. Finally, 

the PDMS could be detached, and the MoS2 film stays on the substrate.  

 

 

Table 1. Lattice orientation parameters and information of  all the epitaxial films involved. 

 

Samples 
Out-plane 

lattice plane 

In-plane lattice 

plane 
2θ ϕ 

Out-of-plane 

rotation 

relationship 

In-plane rotation 

relationship 

Substrate (001) (012) 25.57 57.60 - - 

MoO2 (020) (011) 25.99 45.19 (010)//(001) [100]//[11̅0] 
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Mo2C (001) (101) 39.40 61.15 (001)//(001) [01̅0]//[11̅0] 

MoN (001) (202) 49.01 48.52 (001)//(001) [01̅0]//[11̅0] 

MoS2 (001) (101) 33.52 77.47 (001)//(001) [01̅0]//[11̅0] 

ZnO (001) (101) 36.23 61.67 (001)//(001) [01̅0]//[11̅0] 

ZnS (001) (101) 30.67 61.98 (001)//(001) [01̅0]//[11̅0] 

In2O3 (111) (044) 50.98 35.26 (111)//(001) [1̅10]//[11̅0] 

In2S3 (111) (044) 47.44 35.26 (111)//(001) [1̅10]//[11̅0] 

 Raman and X-Ray diffraction spectra characterization: Raman spectra were obtained through Horiba 

Aramis Raman spectrometer (Horiba Scientific), the excitation laser wavelength is 473 nm. All the out-

of-plane θ-2θ scans and in-plane ϕ scans and pole figures of these films were obtained through HR 

Thin-film X-Ray equipment (Bruker D8 Ultra), also with Cu Kα x-ray source. The parameters of 2θ and 

ψ angle of the Epi-films and substrate are shown in the following table; the ψ angle is the angle 

between the lattice plane parallel to the substrate surface and the in-plane lattice plane. The out-of-

plane and in-plane rotation relationship between the films and substrate were also deduced and 

provide in the Table 1. 

Microscope characterization: Surface morphologies of MoS2 and MoN was characterized by the 

Atomic Force Microscope (AFM) (Bruker, Dimension Icon SPM). (S)TEM cross-section specimens were 

prepared using a focused ion beam system (Helios 400s, ThermoFisher USA), and TEM images and 

EELS elemental mapping were obtained at 80kV by a Titan 60–300kV TEM, ThermoFisher USA (former 

FEI Co), equipped with a high-brightness gun, a probe corrector, and a Gatan Quantum 966 imaging 
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filter (GIF). The MoS2, MoN, and their twisted super-lattice films were made totally free-standing by 

etching the substrate in a BOE 20:1 solution, and it was then transferred onto Cu grids with lacey 

carbon film. High resolution (HR) (S)TEM images were recorded at 80kV with the ThermoFisher USA 

(former FEI Co) Titan Themis Z (40–300kV) TEM equipped with a double Cs (spherical aberration) 

corrector, a high-brightness electron gun (x-FEG), and a Gatan GIF 966. 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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The process using lattice orientation heredity is a unique but universal strategy for preparing 

many non-oxide layered and non-layered highly-oriented films. Different from direct epitaxial 

deposition, it is developed based on the heredity phenomena in material science. It provides new 

possibilities for GaN related technology on disordered substrates, also signifies a unique angle for 

large-area 2D MoS2 film high-end scalable application.  
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