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ABSTRACT 

 

Growth of Mono-Oriented Superconducting Hexagonal MoN on Amorphous 

Substrates 

 

Rajeh Salah R. Alsaadi 

 

 

 

Hexagonal molybdenum nitride (δ-MoN) is one of the hardest superconductors, 

and its superconducting properties depend on the crystalline structure and the substrate of 

use. Herein, a versatile growth method has been utilized to grow single-crystalline (SC) 

δ-MoN thin films on any arbitrary substrate of interest. SC δ-MoN films have been 

achieved on amorphous substrates via the transfer of MoS2 precursors followed by 

chemical phase conversion. The transferred SC δ-MoN film on an amorphous SiO2/Si 

substrate exhibits superconductivity at Tc = 4.75 with an upper critical field Hc2(0) = 8.24 

K. The effect of the transfer process was assessed by directly growing SC δ-MoN on an 

Al2O3 substrate, which showed enhanced superconductivity properties due to the 

nonuniformity in film thickness that the transfer process induces. The crystalline structure 

effect on superconductivity was studied by directly growing amorphous δ-MoN film on 

an amorphous SiO2/Si substrate. The amorphous film showed degraded superconducting 

behavior and confirmed that disorders in the crystal structure suppress superconductivity. 

The upper critical fields of the non-transferred δ-MoN films exceeded their Pauli 

paramagnetic limits, which could give rise to the existence of the Ising pairing effect, but 

further studies are needed to confirm this behavior. 

 



5 

 

 

 

ACKNOWLEDGEMENTS 
 

 

First and foremost, I would like to thank my thesis supervisor Professor Husam 

Alshareef for giving me the opportunity to conduct research and be part of his group, and 

for offering support and mentorship during the last two years at KAUST. This experience 

has improved my technical and analytical skills, which will help me to succeed in my 

future career. Additionally, I would like to express my greatest gratitude to my research 

mentor Dr. Xiangming Xu for providing help and guidance through my journey in this 

group, and for his kind encouragement and thoughtful advice. My thanks also go to my 

dear fellows in Prof. Husam’s group for offering help and support. I would like to thank 

the KAUST core labs’ staff for providing help with my experimental work. Finally, I 

would like to thank my family and friends for their continuous love and support. 

 



6 

 

 

 

TABLE OF CONTENTS 

 

EXAMINATION COMMITTEE PAGE  ................................................................................ 2 

COPYRIGHT PAGE ............................................................................................................... 3 

ABSTRACT ............................................................................................................................. 4 

ACKNOWLEDGEMENTS ..................................................................................................... 5 

TABLE OF CONTENTS ......................................................................................................... 6 

LIST OF FIGURES  ................................................................................................................ 7  

Chapter 1 Introduction ............................................................................................................. 8 

1.1 Motivation .................................................................................................................. 8 
1.2 Molybdenum Oxide: Structure and Properties ........................................................... 11 
1.3 Molybdenum Sulfide: Structure, Properties and Transfer Process ............................ 12 
1.4 Molybdenum Nitride: Structure, Properties and Application .................................... 13 
1.5 Superconducting Thin Films ...................................................................................... 16 

Chapter 2 Experimental Procedures ......................................................................................... 22 

2.1 Synthesis of Thin Films ............................................................................................. 22 
2.1.1 Growth of Epitaxial MoO2 .............................................................................. 22 
2.1.2 Capping Layer Annealing Process .................................................................. 23 
2.1.3 Chemical Conversion to MoS2 ........................................................................ 24 
2.1.4 Transfer of MoS2 Film ..................................................................................... 24 
2.1.5 Nitridation Conversion to MoN ...................................................................... 25 

2.2 Characterization of Thin-Films .................................................................................. 25 

Chapter 3 Results and Discussions .......................................................................................... 27 

3.1 Single-Crystalline MoN on Amorphous Substrates ................................................... 27 
3.1.1 Epitaxial MoO2 ................................................................................................ 27 
3.1.2 Epitaxial MoS2 ................................................................................................ 29 
3.1.3 Transferred MoN on Amorphous Substrates ................................................... 31 

3.2 Other MoN Systems ................................................................................................... 33 
3.2.1 Amorphous MoN on SiO2/Si ........................................................................... 33 
3.2.2 Single-Crystalline MoN on Al2O3 ................................................................... 34 

3.3 Superconductivity Analysis ....................................................................................... 34 

Chapter 4  Conclusions ............................................................................................................ 38 

Appendices ............................................................................................................................... 40 

BIBLIOGRAPHY .................................................................................................................... 41 



7 

 

 

 

 

LIST OF FIGURES 

Figure 1.1 Schematic of the general Hc behavior as a function of temperature. ...................... 17 

Figure 1.2 Schematics of superconducting domains. ............................................................... 199 

Figure 3.1 Characterization of epitaxial MoO2 films ............................................................... 27 

Figure 3.2 Characterization of epitaxial MoS2 films ................................................................ 299 

Figure 3.3 Characterization of transferred MoN films ............................................................. 311 

Figure 3.4 High-resolution scanning transmission electron microscope (HR-STEM) 

images .............................................................................................................................. 322 

Figure 3.5 Superconductivity characterization of MoN films ................................................. 344 

Figure 3.6 Superconductivity characterization of MoN films under applied magnetic 

fields. ................................................................................................................................ 366 

 

  

https://d.docs.live.net/b042b2524d335d4b/Documents/Fall%202021/MSE%20297B%20Thesis/Thesis/Rajeh%20Alsaadi%20MS%20Thesis%20-%2020220214-XXM%20(1).docx#_Toc96591275
https://d.docs.live.net/b042b2524d335d4b/Documents/Fall%202021/MSE%20297B%20Thesis/Thesis/Rajeh%20Alsaadi%20MS%20Thesis%20-%2020220214-XXM%20(1).docx#_Toc96591276
https://d.docs.live.net/b042b2524d335d4b/Documents/Fall%202021/MSE%20297B%20Thesis/Thesis/Rajeh%20Alsaadi%20MS%20Thesis%20-%2020220214-XXM%20(1).docx#_Toc96591277
https://d.docs.live.net/b042b2524d335d4b/Documents/Fall%202021/MSE%20297B%20Thesis/Thesis/Rajeh%20Alsaadi%20MS%20Thesis%20-%2020220214-XXM%20(1).docx#_Toc96591278
https://d.docs.live.net/b042b2524d335d4b/Documents/Fall%202021/MSE%20297B%20Thesis/Thesis/Rajeh%20Alsaadi%20MS%20Thesis%20-%2020220214-XXM%20(1).docx#_Toc96591279
https://d.docs.live.net/b042b2524d335d4b/Documents/Fall%202021/MSE%20297B%20Thesis/Thesis/Rajeh%20Alsaadi%20MS%20Thesis%20-%2020220214-XXM%20(1).docx#_Toc96591280
https://d.docs.live.net/b042b2524d335d4b/Documents/Fall%202021/MSE%20297B%20Thesis/Thesis/Rajeh%20Alsaadi%20MS%20Thesis%20-%2020220214-XXM%20(1).docx#_Toc96591280
https://d.docs.live.net/b042b2524d335d4b/Documents/Fall%202021/MSE%20297B%20Thesis/Thesis/Rajeh%20Alsaadi%20MS%20Thesis%20-%2020220214-XXM%20(1).docx#_Toc96591281
https://d.docs.live.net/b042b2524d335d4b/Documents/Fall%202021/MSE%20297B%20Thesis/Thesis/Rajeh%20Alsaadi%20MS%20Thesis%20-%2020220214-XXM%20(1).docx#_Toc96591282
https://d.docs.live.net/b042b2524d335d4b/Documents/Fall%202021/MSE%20297B%20Thesis/Thesis/Rajeh%20Alsaadi%20MS%20Thesis%20-%2020220214-XXM%20(1).docx#_Toc96591282


8 

 

Chapter 1  

 

Introduction  

1.1 Motivation 

 Hexagonal molybdenum nitride (δ-MoN) has attracted tremendous interest due to 

its impressive properties in catalytic, sensing, and superconducting applications [1-3]. δ-

MoN is known as the hardest superconductor with hardness and bulk modulus of 30 GPa 

and 345 GPa, respectively [4-5], and it exhibits superconductivity at a critical transition 

temperature (Tc) of ~ 13 K [6]. Superconductor-based devices have paved the way for 

novel applications in single-photon detection, field-effect transistors (FETs), quantum 

information processing, and quantum computing [7-10]. The performance of 

superconducting devices could be controlled by the modification and the injection of 

charge carrier density that affects the critical current density (Jc) and the critical 

transition temperature [10-12]. Based on the application, a various range of Tc values is 

desired. For example, superconducting nanowire single-photon detectors (SNSPD) 

require a low superconducting energy gap and low Tc for near-infra-red detection [3].  

 

 Superconducting properties of thin films could be further engineered and 

modified by applying an external electric field, inducing strain, and varying film 

thicknesses [13-17]. Most importantly, the substrate that holds the superconducting 
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material plays a major role in altering Tc and charge carrier density, which is caused 

mainly by interfacial effects [18-19]. For example, Li-decorated graphene on an h-BN 

substrate is expected (by DFT calculations) to exhibit 25% enhancement in Tc compared 

with suspended Li-decorated graphene due to electron-phonon coupling at the interface 

that leads to better Cooper pair bonding [20]. Moreover, hybrid heterostructures 

involving superconducting and metallic layers could boost superconductivity. The SC 

La2CuO4 experiences an increase in Tc by 25% when combined with the metallic 

La1.55Sr0.45CuO4 [21]. Additionally, Tc in ultra-thin FeSe increases from 8 K of the bulk 

to ~ 60 K when deposited on a SrTiO3 substrate, and such enhancement is caused by 

interfacial electron-phonon coupling and charge transfer from the substrate [22-26]. 

However, substrate selection must meet several criteria for superconductors: chemical 

compatibility (to prevent the formation of any undesired compounds at the 

superconductor-substrate interface), matching thermal expansion coefficients (to avoid 

cracks and loss of adhesion), and good surface quality (homogeneity and roughness) [27]. 

And for a specific application like superconducting qubits, a substrate with low dielectric 

loss is required to prevent current leakage and dissipation [28]. Thus, selecting 

compatible substrates with desired properties is determinant for the superconductivity 

behavior.  

 

 Another important substrate-related restriction is the lattice mismatch between the 

film and the substrate, which could degrade the performance of superconducting devices 

by the formation of interfacial defects [28]. For instance, for a hot-electron bolometer 
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(HEB) device involving superconducting NbN, the Si substrate is desired due to its 

reliability and low loss at THz and infrared regions [29]. However, the lattice mismatch 

between the NbN film and Si substrate degrades superconductivity due to worsened film 

quality at the interface [30]. To mitigate such an issue, a buffer layer is used to overcome 

the lattice mismatch and enhance film quality [29,31]. However, the buffer layer is also 

limited by the same criteria as the substrate. Furthermore, the quality of the crystal 

structure of the thin film is a critical factor in determining superconductivity properties. 

For a dense close-packed structure like that of δ-MoN, twin boundary defects, and 

disorders created by the existence of multiple phases and non-crystallinity suppress 

superconductivity [32-36]. Therefore, the growth of high-quality superconducting thin 

films on any substrate of interest is critical to realizing their full potential. 

 

 Herein, single-crystalline and highly-oriented δ-MoN films have been achieved 

on amorphous and single-crystalline substrates via phase conversion method. This 

method relies on the growth of highly-oriented epitaxial precursors, MoO2 and MoS2 

namely, followed by the transformation into δ-MoN through an ammonolysis process. 

Utilizing the ability to transfer the van der Waals (VdW) layered MoS2 precursor, high-

quality δ-MoN films could be realized on any arbitrary substrate of interest, maintaining 

its superconductivity behavior and good film quality. The δ-MoN films in here showed 

high upper critical magnetic fields exceeding the Pauli paramagnetic limit, indicating a 

probable existence of the unconventional Ising pairing behavior.   
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1.2 Molybdenum Oxide: Structure and Properties  

Molybdenum oxides are of great importance due to their superior properties and 

applications in electronics, sensors, catalysis, and many more [37]. Multiple phases and 

stoichiometries exit in the binary Mo-O system, but only two of them are stable, MoO3 

and MoO2 namely [38]. MoO3 is transparent with a wide bandgap (> 2.7 eV) and the 

MoO2 is gray/blue-colored with a narrower bandgap exhibiting a semi-metallic behavior 

[38-39]. The former is formed at lower temperatures compared to the latter [37, 40-41]. 

MoO2 can be oxidized in air or hydrogen atmospheres to an intermediate meta-stable 

phase such as Mo4O11 or to the stoichiometric MoO3 phase at elevated temperatures [41-

43].  

 

Molybdenum oxides are commonly used as precursors to grow large-area films 

through a co-evaporation process in a chemical vapor conversion. Of these oxides, for 

instance, MoO3 is commonly used as a vaporized metal precursor to produce high-quality 

MoS2 flakes or films [44-47]. However, it has been proven that during this reaction, 

MoO3 gets reduced to an intermediate product of MoO2, followed by the formation of 

MoS2 [48-50]. Also, the co-evaporation process is very sensitive to the fluctuation of the 

carrier gas flow and the heating, and thus difficult to achieve acceptable repeatability and 

very challenging to control the areal uniformity. To avoid these issues, MoO2 precursor 

solid thin films could be used directly for the sulfurization process [51-52]. For the 

interest of this thesis, MoO2 will be used as a film precursor for the chemical conversion 

to MoS2 and MoN. MoO2 crystallizes in a monoclinic distorted rutile structure with the 
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space group of P21/c [53]. The quality and the crystallinity of the molybdenum oxide 

precursor are linked directly to those of the resulting films upon conversion [54-55]. 

Therefore, single-crystalline MoO2 films at the wafer-scale will be grown following a 

previously published work by our group [56]. 

1.3 Molybdenum Sulfide: Structure, Properties and Transfer 

Process  

 Molybdenum disulfide (MoS2) is a two-dimensional (2D) material that belongs to 

the family of transition metal dichalcogenides (TMDs) [57]. MoS2 crystallizes in several 

closed-pack structures (polytypes), but the hexagonal honeycomb-like structure (2H-

MoS2) with a space group of P63/mmc is found to be the most stable one [57-59]. Similar 

to the other 2D TMDs, MoS2 is composed of stacks of layers where the Mo and S atoms 

in-plane are bonded by the strong covalent bonds whereas the layers are connected via 

the weak van der Waals forces. Owing to their free-dangling-bonds surface and the 

intrinsic vdW bonding, 2D materials could be isolated and removed from the grown 

substrates and transferred to any other arbitrary substrate of interest [60-63]. Generally, 

the transfer process consists of the peel-off of the 2D material from the grown substrate 

and the release on the target substrate. Many of the transfer processes that have been 

developed and studied require coating the 2D material with a carrier polymer layer such 

as PMMA or polystyrene (PS) [61-64]. However, such processes involve highly-

corrosive acids like hydrogen fluoride (HF) or strong bases like sodium hydroxide 

(NaOH) for the lift-off that degrades the quality of the material, in addition to the 
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possible surface contamination by the polymers residues [61-63,65]. Several etchant-free 

transfer processes have been developed for MoS2, but they are too complex and utilize 

coating the surface with polymer carrier layers [65-68]. Alternatively, a facile approach 

has been developed that requires only a PDMS tape and DI water, and it has been utilized 

for the transfer of large-scale films, maintaining their crystallinity [56,69]. Precisely, for 

the MoS2 film grown on an insulating Al2O3 substrate, a PDMS tape is attached to the 

MoS2 film followed by a dip in DI water. Since MoS2 is hydrophobic and the substrate is 

hydrophilic, water molecules penetrate between the film and the substrate and separate 

them apart from each other. The PDMS/MoS2 stack is then attached to the target 

substrate and released upon annealing at around 90°C. Therefore, the PDMS tape process 

will be used to transfer MoS2 on the substrate of interest in this thesis. 

  

1.4 Molybdenum Nitride: Structure, Properties and 

Application  

 

 Molybdenum nitrides crystalize in several nonstoichiometric and stoichiometric 

structures: γ-Mo2N (cubic) and β-Mo2N (tetragonal), B1-MoN (cubic) and δ-MoN 

(hexagonal) [70-74]. Of these, the B1-MoN phase with the NaCl-like structure is 

predicted to have the highest superconductivity transition temperature (Tc), ~ 30 K [73]. 

However, empirical and theoretical DFT studies concluded that the cubic B1-MoN phase 

is unstable and cannot be produced experimentally and that the δ-MoN phase is the most 

https://www.degreesymbol.net/
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stable one [5,75-76]. The crystal structure of the δ-MoN phase has been investigated by 

means of neutron diffraction and was found that the crystalline phase has a hexagonal 

structure with the P63mc space group and lattice parameters a = 5.74 Å and c = 5.62 Å 

[74].  

 

 MoN films have been fabricated by several methods including DC magnetron 

sputtering, atomic layer deposition (ALD), chemical solution methods, chemical vapor 

deposition (CVD), [1-3,6,77-85]. Hallett et al. (2021) [3] have reported the growth of 

polycrystalline 18nm-thick MoN films by DC magnetron sputtering on SiO2(300 nm)/Si 

substrates, which exhibited superconductivity at a transition temperature of 5.26 K. This 

study also investigated the effects of several parameters on superconductivity and found 

that Tc is proportional to film thickness and that it is dependent on the type of substrate. 

However, the XRD pattern indicated the formation of the cubic γ-Mo2N phase, and this 

phase is not in the interest of this thesis. ALD has also been reported in the literature to 

grow MoN films using molybdenum hexacarbonyl (Mo(CO)6) and ammonia (NH3) 

precursors at room and elevated temperatures. The films crystallized in the cubic γ-Mo2N 

phase, but they were converted to polycrystalline δ-MoN phase upon annealing in NH3 

atmosphere [79-81]. Moreover, Zhang et al. (2011) [6] have reported the growth of 

epitaxial 40 nm-thick δ-MoN film on Al2O3 substrate by polymer-assisted deposition 

(PAD) method at 890°C. The film showed superconductivity at Tc = 12.85 K, which is 

one of the highest values reported in the literature. Tong et al. (2020) [82] have also 

reported a similar Tc value of δ-MoN film using the PAD growth method, but with a 

https://www.degreesymbol.net/
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thickness of 70 nm. This result indicates that the value of Tc in MoN films is thickness-

dependent. Indeed, Haberkorn et al. (2016) studied the thickness dependence of Tc in δ-

MoN and found that Tc increases with film thickness until reaching 36 nm [83]. At 

thicknesses greater than 36 nm, Tc saturates at a value of ~ 12.5 K and becomes 

thickness-independent. Other chemical solution-based methods have been reported to 

grow δ-MoN, but resulted in non-continuous nanosheets and wrinkle-like features [1,84].  

 

 Lastly, several studies in the literature have demonstrated the synthesis of δ-MoN 

films through the CVD process of nitridation of molybdenum oxide precursors. H. Wang 

et al. (2012) have reported the conversion of amorphous MoO2 precursor to 

polycrystalline γ-Mo2N at 400°C and to δ-MoN at 600°C and found that crystalline 

MoO2 precursors require higher nitridation temperatures compared to the amorphous 

phase [85]. Y. Wang et al. (2021), on the other hand, have obtained ultrathin and 

micrometer-sized δ-MoN flakes via the ammonolysis process of single-crystalline MoO2 

precursors at 700°C [2]. Highly-crystalline hexagonal δ-MoN films over a two-inch 

wafer could also be achieved through the ammonolysis of MoS2 precursor as described by 

a recent paper published by our group [86]. The advantage of using such a vdW layered 

material is that it could be transferred onto any arbitrary substrates and δ-MoN could be 

grown on any substrate of interest. Therefore, the growth of δ-MoN in this thesis will 

utilize the ammonolysis conversion of both MoO2 and MoS2 precursors. 

  

 

https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
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1.5 Superconducting Thin Films 

Superconductivity, discovered in 1911, is a macroscopic quantum phenomenon 

where a material completely losses its intrinsic electrical resistance below a critical 

transition temperature (Tc) that is material-characteristic [87]. According to the Bardeen–

Cooper–Schrieffer (BCS) theory proposed in 1957, two electrons (or fermions) bind 

together by weak attractive forces that originate from electron-phonon coupling to form a 

Cooper pair [88]. The BCS theory predicts that the Cooper pair is held intact below 

excitation energy known as the superconducting energy gap (Eg), and it is described by 

the following equation: 

 

𝐸𝑔(𝑇) = 3.528 𝑘𝑇𝑐, 

 

where k is the Boltzmann’s constant [87]. Unlike fermions, Cooper pairs are bosons with 

an integer spin, which allows multiple pairs to condense to the ground state and be 

observed at the macroscopic level [89]. Tc is expressed by the following equation 

according to the modified BCS theory [90]:  

 

𝑇𝑐 = 1.14 𝜃𝐷 𝑒
−[1

𝑁(𝐸𝐹) 𝑉⁄ ]
 

 

where 𝜃𝐷 is Debye temperature, 𝑁(𝐸𝐹) is electron density state at Fermi level, and V is 

the electron-electron attractive interaction force. Tc could be modified by changing one of 

the three parameters. Besides showing perfect conductivity, a superconductor also 
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exhibits perfect diamagnetism. Meissner and Ochsenfeld discovered in 1933 that a 

superconductor never allows a magnetic flux density to exist inside it even under an 

applied magnetic field, and this is known as the Meissner effect [91]. This effect implies 

that superconductivity could be destroyed by applying an external magnetic field above a 

certain critical value (Hc). Hc is approximated empirically by the following equation: 

 

𝐻𝑐(𝑇) ≈ 𝐻𝑐(0) ∗ [1 − (
𝑇

𝑇𝑐
)

2

], 

 

where Hc(0) is the critical field at T = 0 K [87]. Figure 1 shows a plot of Hc indicating 

both superconducting and normal states [91].  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic of the general Hc behavior as a function of temperature. 
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Quenching of superconductivity via the breaking of Cooper pairs under high magnetic 

fields is due to orbital and Pauli paramagnetic mechanisms. The former happens by the 

coupling of the magnetic field and the electron momentum, whereas the latter happens 

due to spin alignment in Cooper pairs by the magnetic field [92]. However, in the limit of 

low dimensionality of thin films, the orbital contribution is weakened and the suppression 

of superconductivity is mainly governed by the Pauli effect [92]. When the spin of 

electrons in Cooper pairs are aligned by the external field, the total energy of the system 

increases but it cannot exceed the Pauli paramagnetic limit (Hp): 

𝐻𝑝 ≈ 1.86 𝑇𝑐(0) 

where Tc(0) is the critical transition temperature under zero magnetic field. However, it 

was found that Hc could exceed the Pauli limit by spin-orbit coupling (SOC) [93]. 

Electrons in a Cooper pair possess opposite momentum which creates an effective 

Zeeman field due to SOC. When an external magnetic field is applied, the intrinsic 

Zeeman field locks the spin of the Cooper pairs in a direction perpendicular to the 

magnetic field, which requires higher Hc to break down the superconductivity. The 

Zeeman-protected Cooper pairs are polarized in a similar way as in the Ising model, 

which defines a new class of Ising superconductors [92]. 

 

When a superconductor is subjected to an external magnetic field, a very thin 

normal state layer is formed at the surface, typically a few nanometers, and a stationary 

boundary separating the two states is formed at their interface as shown in Figure 1.2(a) 

[91]. The superconducting region has zero magnetic flux density and contains 
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superconducting electrons whereas the normal state region does not. According to the 

London theory (proposed in 1935), the magnetic flux density does not vanish abruptly 

moving from the normal state region to the superconducting one but rather decays 

exponentially into the superconducting region [91]. The width at which the magnetic flux 

density decays into the superconducting region is defined as the penetration depth (λ). 

The Ginzburg-Landau (GL) theory (proposed in 1950) defines another important 

superconducting parameter, the coherence length (ξ) [87]. Similar to λ, the density of the 

superconducting electrons does not sharply change at the interface but rather increases 

appreciably into the superconducting region. The distance at which this happens is the 

coherence length. 

 

 

 

 

 

 

 

Figure 1.2 Schematics of superconducting domains. (a) large superconducting domain to minimize the surface area, (b) 

multiple superconducting domains to maximize surface areas, and the formation of normal state regions within (vortices). 
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Superconductors fall into two main categories based on the behavior under 

applied external magnetic fields, namely, type I and type II, and they depend on the 

interfacial energy between the superconducting and normal state phases. The boundary 

between the two phases creates surface energy that contributes to the Gibbs free energy, 

and it is thermodynamically favorable to reduce the free energy of the system [91]. 

Positive surface energy between the superconducting and normal phases implies that the 

free energy is minimized by creating small surface areas (large and few domains of the 

superconducting state as in Figure 1.2(a)). Type I superconductor is characterized by 

having positive surface energy and under applied magnetic fields below Hc, the split of 

the superconducting domains into smaller ones (as depicted in Figure 1.2(b)) is 

unfavorable as it creates more surface areas. Thus, type I superconductor’s domains 

remain intact in the superconducting state up to Hc. On the other hand, negative surface 

energy favors the formation of many superconducting domains inside the superconductor 

with greater surface areas to lower the Gibbs free energy of the system. Type II 

superconductor has negative surface energy and exhibits two Hc transitions. Type II starts 

with large superconducting domains and splits into smaller domains at the lower critical 

field (Hc1), forming what is known as vortices. Vortices are magnetic quantum fluxes that 

penetrate the superconductor and create normal states within as shown in Figure 1.2(b). 

The existence of both superconducting and normal states is known as the mixed state. 

Further increase in the magnetic field allows more vortices to form until reaching an 

upper critical field (Hc2) where all superconducting regions are destroyed and the 

material transforms completely to a normal conductor. The GL constant (k) is used to 
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determine the type of superconductors, which is defined as the ratio of the penetration 

depth to the coherence length: 

𝑘 = λ
ξ⁄  

If 𝑘 <
1

√2
, the surface energy is positive and the superconductor is of type I, whereas if 

𝑘 >
1

√2
, the surface energy is negative, and the superconductor is of type II [91].  

δ-MoN is a type II superconductor with k >> 1, and for the interest of this thesis, 

only the calculation of the upper critical field will be discussed [83]. For a perpendicular 

magnetic field, Hc2 is described by the linearized GL theory: 

 

𝐻𝑐2,⊥(𝑇) =
𝛷0

2𝜋𝜉𝐺𝐿(0)2
[1 −

𝑇

𝑇𝑐
] 

 

where ξGL(0) is the in-plane coherence length at T = 0 K and 𝛷0 is the quantum flux. This 

equation is used to fit experimental data and calculate the upper critical field Hc2 (0) and 

the coherence length ξGL(0) [94]. To do so, Tc is measured empirically under increasing 

magnetic fields up to the point that the superconductor becomes a normal conductor 

(when the material shows no superconducting transition). Tc is, then, plotted against Hc2 

(T) and the slope is calculated for the linear fitting and the determination of the 

superconducting parameters.  
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Chapter 2  

 

Experimental Procedures 

2.1 Synthesis of Thin Films  

 In this section, the growth procedures of hexagonal MoN thin-films are explained 

in detail, which involve the growth of epitaxial MoO2 precursor via pulsed laser 

deposition (PLD), followed by sulfurization process to epitaxial MoS2 thin-film through 

tube furnace, and lastly, transformed into epitaxial MoN through tube furnace 

ammonolysis process. Single-crystalline MoN films grown on amorphous substrates were 

achieved by the transfer of the MoS2 precursor on selected substrates followed by the 

nitridation conversion on those substrates. To study the effects of crystallinity and 

transfer process on the superconductivity of MoN, three main growth structures were 

investigated: single-crystalline MoN on Al2O3 substrate (system I), transferred single-

crystalline MoN on amorphous substrates (system II), and amorphous MoN on 

amorphous SiO2/Si substrate (system III).  

2.1.1 Growth of Epitaxial MoO2 

MoO2 films were deposited on a 2-inch (0001) Al2O3 substrate (for systems I & 

II) (Cryscore Optoelectronic Limited, China) and on SiO2(300 nm)/Si substrate (for 

system III) via PLD. The substrates were cleaned by immersion in baths of acetone, IPA, 

and DI water for 5 minutes each with sonication, then dried up using a nitrogen gun. The 
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substrate was placed inside the PLD chamber (Neocera LLC, MD, USA), and it was 

pumped down below 10-7 Torr. For systems I & II, the substrates were annealed to 400 

°C from room temperature at a rate of 25 degrees/minute, and O2 gas was introduced to 

the chamber while maintaining the pressure at 10 mTorr. On the other hand, the 

deposition process for system III was carried out at room temperature. For the deposition 

process, MoO3 target material (99.9% purity, SCM Inc., Tallman, NY, USA) was 

utilized, and it was ablated at 5 Hz by a 248-nm KrF laser (Coherent Inc., Gottingen, 

Germany) at constant energy mode and 210 mJ. The substrate was rotated at a rate of 36° 

s-1 for better uniformity. After the deposition ended, the samples were left to cool down 

naturally to room temperature. 

2.1.2 Capping Layer Annealing Process 

The capping layer annealing process (CLAP) is described in a previously 

published work [95], and it was demonstrated that it enhances the crystallinity of MoS2 

and produces mono-oriented films. In this process, a 50-nm-thick Si3N4 capping layer is 

deposited on the as-grown MoO2 films (systems I & II only) via PECVD, and the samples 

were annealed at 900 °C for an hour in a vacuum furnace. Afterward, the capping layer 

was removed by immersing the samples in buffered oxide etchant (BOE) (20:1) for two 

hours, then rinsed with DI water three times.  

https://www.degreesymbol.net/
https://www.degreesymbol.net/
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2.1.3 Chemical Conversion to MoS2 

 In this work, both pristine and CLAP-treated MoO2 films (systems I & II only) 

were used as precursors to grow MoS2 for comparison purposes. The epitaxial MoO2 

films were placed on a quartz boat and inserted inside a three-zone glass tube furnace 

(MTI Corp., Richmond, CA, USA). The system was pumped down below 1 Torr then Ar 

carrier gas was introduced at 200 SCCM for 40 minutes to remove any residual O2 inside 

the glass tube. A sulfur powder (Fisher Scientific, Fair Lawn, NJ, USA) was placed in the 

cold region of the tube, and the temperature was gradually increasing to 200 °C at a rate 

of 20 degrees/minutes. Subsequently, the sample was placed in the hot region, and the 

temperature was set to 900 °C at the same heating rate. After both regions reached the 

desired temperatures, the Ar gas was kept flowing, maintaining a pressure of 10 Torr, and 

the temperatures were held constant for an hour. The system was left to cool down 

naturally after the process ended. 

2.1.4 Transfer of MoS2 Film 

 This step was only applied for system II only. For the purpose of growing highly-

crystalline MoN films on amorphous substrates (quartz and SiO2(300 nm)/Si), the MoS2 

film was transferred using PDMS tape (Gel-Pak, Hayward, CA, USA). The tape was first 

attached carefully to the MoS2 /Al2O3 sample and immersed in a DI water bath for an 

hour. Since MoS2 is hydrophobic and Al2O3 is hydrophilic by nature, the PDMS/MoS2 

film detached from the substrate and dried up using a nitrogen gun. The new substrate 

https://www.degreesymbol.net/
https://www.degreesymbol.net/
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was cleaned using the same process described for Al2O3 and annealed on a hot plate for 

10 minutes at 150°C to remove any residual water molecules at the surface. The 

PDMS/MoS2 film was attached carefully to the new substrate and annealed in a vacuum 

furnace at 95 °C for a couple of hours to weaken the adhesion forces. Lastly, the PDMS 

tape was detached and the transfer process of the MoS2 film was completed. 

2.1.5 Nitridation Conversion to MoN 

 Similar to the previously described chemical conversion, MoS2 (systems I & II) 

and MoO2 (system III) films were converted into MoN through an ammonolysis process. 

In this process, however, NH3 gas was used for the reaction and the holding time and 

temperature were set to three hours and 900°C, respectively.  

2.2 Characterization of Thin-Films 

  

 X-ray diffraction (XRD) patterns were measured using high-resolution (Bruker 

D8 Ultra) (θ-2θ scans and Φ scans) and powder (Bruker D8 Da Vinci) (2θ scans) x-ray 

diffractometers. Both systems operated at 40 kV voltage and 40 mA filament current 

using a standard Cu-Kα source with a wavelength of 1.5418 Å. Raman spectra were 

measured using an Alpha300 Apyron (WITec, Ulm, Germany) spectrometer with a 473-

nm visible light source.  

 

https://www.degreesymbol.net/
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 Transmission electron microscope (TEM) cross-sectional samples of MoN were 

prepared through focused ion beam (FIB) in a scanning electron microscope (SEM) 

(Helios 400s, Thermofisher). High-resolution scanning TEM (STEM) images were 

obtained by a 40-400 kV Titan Themis Z TEM instrument (Thermofisher Scientific, 

USA) operating at 80 kV, equipped with a high-brightness electron gun (x-FEG), Gatan 

Quantum 966 imaging filter (GIF), and a double spherical aberration 

corrector. Superconductivity measurements were carried out using a physical property 

measuring system (PPMS, DynaCool, Quantum Design). Four-probe configuration was 

used with Al contacts. 
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Chapter 3  

 

Results and Discussions 

3.1 Single-Crystalline MoN on Amorphous Substrates 

3.1.1 Epitaxial MoO2 

 

 

MoO2 films were deposited on 2-inch (001) Al2O3 substrates by PLD at 400°C 

using 5000 laser shots. The wafer-scale film is gray-colored (characteristic of the MoO2 

Figure 3.1 Characterization of epitaxial MoO2 films. (a) The optical image of the film, (b) θ-2θ XRD patterns for the 

pristine and CLAP-treated MoO2 films, (c) and their corresponding Φ-scans measured at (011), (d) schematics of 

monoclinic and hexagonal structures, (e) XRD rocking-curves.  

https://www.degreesymbol.net/


28 

 

 

 

phase) and shows good uniformity as visualized in Figure 3.1(a). Some of the MoO2 films 

were thermally treated by the capping layer annealing process (CLAP) at 900°C to 

enhance film quality as described in a previously published work by our group [95]. The 

θ-2θ X-ray diffraction (XRD) pattern depicted in Figure 3.1(b) shows the pattern for the 

pristine and CLAP-treated MoO2 films. For both films, only peaks at 37.5° and 80.3° 

belonging to the (020) and (040) planes of the MoO2 film, respectively, were present, 

confirming the existence of the MoO2 phase and the preferred orientation along the [010] 

direction (PDF: 01-072-4534). The out-of-plane epitaxial relationship between the film 

and the substrate is (020) MoO2 // (001) Al2O3. Moreover, the in-plane orientation of the 

MoO2 layers with respect to each other was investigated by XRD Φ-scan for at the (011) 

plane as depicted in Figure 3.1(c). The patterns of both pristine and CLAP-treated films 

show six 60° inter-spaced discrete peaks, indicating that the films are mono-oriented. 

Even though that MoO2 crystallizes in a monoclinic structure, the Φ-scan at the {011} 

family of planes would show a six-fold symmetry if the film is preferentially oriented 

along the b-axis. This is further illustrated by schematics in Figure 3.1(d). The simple 

monoclinic structure oriented along the c-axis is depicted on the left where α = γ = 90° ≠ 

β. However, if the structure is rotated and oriented along the b-axis (middle), it would 

look very similar to the hexagonal structure (right) in terms of angles and lattice 

parameters (a ≈ c for the monoclinic MoO2). Compared to the hexagonal structure, the γ 

angle now takes place of β with the same value (90°) and the β angle takes place of the γ 

angle with very similar value (119.37°). The same happens for lattice vectors b and c. It 

is also noted that the peaks of the CLAP-treated MoO2 film are sharper and more defined 

https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
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compared to the pristine film, pointing to better film quality. This is further confirmed by 

the XRD rocking curve measured at the (020) MoO2 peak as depicted in Figure 3.1(e). 

The full-width at half maximum (FWHM) of the CLAP-treated MoO2 film peak 

decreased and experienced a right shift, resulting in a decrease in the d-spacing, thus, 

enhancing film quality. 

3.1.2 Epitaxial MoS2 

 

 

Both pristine and CLAP-treated MoO2 films were converted to MoS2 through a 

tube furnace at 900°C. The resulted films showed good uniformity and were yellowish as 

Figure 3.2 Characterization of epitaxial MoS2 films. (a) optical image of the MoS2 film, (b) θ-2θ XRD patterns 

for the pristine and CLAP-treated MoS2 films, (c) Raman spectra of MoO2 and MoS2 films, (d) Φ-scan patterns at 

(101), (e) schematic of the crystal structures of the pristine and CLAP-treated MoS2 films looking down the c-

direction.   

https://www.degreesymbol.net/
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visualized in Figure 3.2(a). The θ-2θ XRD patterns depicted in Figure 3.2(b) confirm the 

presence of (00l) planes only, indicating that the MoS2 films are preferentially oriented 

along the c-axis. Namely, the peaks were measured at 14.3°, 28.7°, 44.1°, 60.2°, and 

77.2°, which corresponds to the (002), (004), (006), (008), and (0010) planes of the 2H-

MoS2 phase (PDF: 00-037-1492), respectively. The out-of-plane epitaxial relationship 

between the film and the substrate is determined to be (002) MoS2 // (001) Al2O3. The 

two peaks of the MoO2 film disappeared, indicating the full conversion to MoS2. This is 

further supported by un-matching Raman spectra of MoO2 and both CLAP-treated and 

pristine MoS2 films as shown in Figure 3.2(c). The Raman spectra show the characteristic 

E1
2g and A1g peaks of the 2H-MoS2 phase at 382 cm-1 and 407 cm-1, respectively. 

Furthermore, the in-plane orientation of the MoS2 layers with respect to each other was 

investigated by XRD Φ-scan at the (101) plane. 2H-MoS2 crystallizes in a hexagonal 

structure, and a six-fold symmetry is expected to be observed for the planes that belong to 

the {101} family of planes, namely (101), (110), (011), (10-1), (1-10), and (01-1). 

However, the Φ-scan pattern of the pristine MoS2 film showed twelve discrete peaks 

separated by 30° (Figure 3.2(d), top). This is explained by a 30° misorientation between 

the MoS2 layers as illustrated in the schematic in Figure 3.2(e) left. On the contrary, the 

CLAP-treated MoS2 film exhibited a six-fold symmetry (Figure 3.2(e), down), indicating 

that the film is mono-oriented. It is evident that the CLAP process is essential for 

producing high-quality mono-oriented MoS2 films, and thus, CLAP-treated MoS2 films 

will be used as precursors for the MoN CVD conversion. 

 

https://www.degreesymbol.net/
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3.1.3 Transferred MoN on Amorphous Substrates 

 

 

 

CLAP-treated MoS2 films were transferred to amorphous SiO2/Si and quartz films 

via the dry transfer process described above. Figures 3.3(a-b) show 2-inch transferred 

MoS2 films on a 4-inch SiO2/Si and quartz substrate, respectively. Subsequently, the 

transferred MoS2 films underwent an ammonolysis process at 900°C for three hours to 

transform the films into MoN. The conversion process is confirmed by the Raman spectra 

as depicted in Figure 3.3(c). The peaks of the transferred MoS2 on SiO2/Si disappeared 

upon conversion, and the MoN spectrum looked similar to the bare SiO2/Si substrate at 

Figure 3.3 Characterization of transferred MoN films. (a) optical image of the transferred MoS2 film on 4-inch SiO2/Si 

substrate, (b) and on a quartz substrate, (c) Raman spectra of MoS2, MoN, and bare SiO2/Si substrate at low wavelengths, (d) and 

higher wavelengths, (e) 2θ XRD patterns for the transferred MoN films on quartz and SiO2/Si substrates, (f) and their 

corresponding Φ-scan patterns at (202). 

https://www.degreesymbol.net/
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low wavelengths. However, Figure 3.3(d) indicates the formation of MoN by the 

presence of the 1604 cm-1 peak compared to the spectra of the bare substrate at higher 

wavelengths. The 2θ powder XRD patterns of MoN (Figure 3.3 (e)) indicate that the 

films maintained their epitaxial structure even after the transfer process as they only show 

the out-of-plane c-plane peaks (002) and (004) at 32.2° and 66.9°, confirming the 

existence of the δ-MoN phase (PDF: 01-074-4266). Moreover, the Φ-scan patterns 

(Figure 3.3 (f)) at the in-plane (202) of MoN exhibit six-fold symmetry on both 

substrates, indicating that the films are mono-oriented and single-crystalline. 

 

 

 

The crystallinity of the transferred MoN was further confirmed by a high-

resolution (HR) (scanning) transmission electron microscope (HR-(S)TEM). The TEM 

sample of MoN was cut along the [2-1-10] direction by a focused ion beam (FIB) in a 

scanning electron microscope (SEM). Figure 3.4(a) depicts the (S)TEM image of δ-MoN 

Figure 3.4 High-resolution scanning transmission electron microscope (HR-STEM) images. (a), (b) cross-

sectional HR-STEM image of the single-crystalline MoN film on amorphous SiO2/Si substrate, (c) schematic of δ-

MoN crystal structure.      

https://www.degreesymbol.net/
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on an amorphous SiO2/Si substrate with atomic resolution, which confirms the growth of 

single-crystalline MoN film on an amorphous substrate. The d-spacing along with the 

directions [0001] and [0-110] were found to be 2.5 Å and 2.8 Å, which matches those of 

the (200) and (002) planes of the δ-MoN phase (shown in Figure 3.4(c)). However, the 

film thickness was not uniform as some regions were thinner (6.2 nm) compared to other 

regions of the film (7.4 nm). Since the Raman spectrum in Figure 3.3 indicated the full 

conversion of transferred MoS2 to MoN, the non-uniformity is mostly caused by the 

transfer process. 

3.2 Other MoN Systems 

For the purpose of studying the effects of crystal structure and transfer process on 

the superconductivity of MoN, two other MoN systems were investigated. 

3.2.1 Amorphous MoN on SiO2/Si 

To study the effect of crystal structure effect on MoN superconductivity, an 

amorphous MoN film was grown on a SiO2/Si substrate. Firstly, an amorphous MoO2 

precursor was deposited on the SiO2/Si substrate at room temperature using 5000 PLD 

laser shots. Subsequently, the precursor was converted to MoN via a similar ammonolysis 

process as described previously at 900°C. The amorphous crystal structure and formation 

of the MoN phase were confirmed by the 2θ powder XRD and Raman spectroscopy as 

illustrated in Appendix I.  

https://www.degreesymbol.net/
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3.2.2 Single-Crystalline MoN on Al2O3 

To study the effect of the transfer process effect on MoN superconductivity, a 

single-crystalline MoN film was grown on an Al2O3 substrate. Firstly, a single-crystalline 

MoO2 precursor was deposited on Al2O3 at 400°C using 5000 PLD laser shots. Similarly, 

the precursor underwent conversion to MoN via the ammonolysis process at 900°C. The 

single crystalline nature of the resulting MoN film was confirmed by the out-of-plane 2θ 

powder XRD and in-plane Φ-scan at (202) MoN as shown in Appendix II.  

3.3 Superconductivity Analysis 

 

 

Figure 3.5 shows plots of normalized resistance as a function of temperature for 

the three MoN systems of study. The single-crystalline MoN film on Al2O3 starts to 

exhibit superconductivity behavior at an onset transition temperature (Tc
onset) of 6.34 K 

(at which resistance drops by 10%) and a critical transition temperature (Tc) of 5.64 K 

Figure 3.5 Superconductivity characterization of MoN films. (a), (b) normalized resistance dependence on 

temperature under no applied magnetic fields of the single-crystalline MoN on Al2O3, single-crystalline MoN on 
SiO2/Si, and amorphous MoN on SiO2/Si.  

https://www.degreesymbol.net/
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(at which the resistance drops by 50%). The transition width (the difference in 

temperature between 90% and 10% decrease in resistance) was found to be ΔTc = 0.65 K, 

and such a low value of ΔTc suggests that the epitaxial δ-MoN film is highly 

homogenous. However, the measured Tc value is lower than the highest reported value in 

literature (~13 K), and it is attributed to the low thickness of the MoN film here ~ 7 nm, 

which is around ¼ of the film found in the literature (40 nm) [6]. This explanation is 

aligned with previous studies that concluded that Tc in MoN is inversely related to film 

thickness [83]. Moreover, the onset of superconductivity of the transferred single-

crystalline MoN film on the SiO2/Si substrate takes place at Tc
onset = 7.07 K, a higher 

value compared to the SC MoN on Al2O3, which illustrates the effect that the substrate 

has on superconductivity. However, Tc experienced a drop by roughly one degree to 4.75 

K and ΔTc has increased by four degrees to 4.35 K, suggesting worsened uniformity in 

film thickness of the transferred MoN film as illustrated by the (S)TEM images in Figure 

4. Additionally, the directly-grown amorphous MoN film on the SiO2/Si substrate 

showed an even lower Tc (3.06 K) with Tc
onset = 6.05 K and higher ΔTc (> 6 K), 

highlighting the effect that crystallinity has on superconductivity. In fact, it is proven that 

disorder and amorphous structures of superconducting thin-films suppress Tc and their 

superconductivity behavior [96-98]. 
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Furthermore, plots of the resistance dependence of temperature under different 

out-of-plane magnetic fields of the three systems are depicted in Figure 3.6(a). Their 

corresponding Hc2-Tc plots are shown in Figures 3.6(b). All systems show linear behavior 

of Hc2 as a function of Tc, which agrees with the linearized GL theory of superconductors 

[87]. Superconductivity in the single-crystalline MoN film on Al2O3 is suppressed around 

Figure 3.6 Superconductivity characterization of MoN films under applied magnetic fields. (a) normalized resistance 

dependence of temperature under magnetic fields of the single-crystalline MoN on Al2O3, single-crystalline MoN on SiO2/Si, 

and amorphous MoN on SiO2/Si, (b) and their corresponding Hc2-Tc plots. 
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magnetic field strength of 6 T. The linear fit of the experimental Tc values indicates that 

the upper critical field value at zero-temperature is Hc2(0) = 11.46 K. However, this value 

exceeds the Pauli paramagnetic limit (HP ≈ 1.86Tc(0)) of 10.5 T for this specific system. 

Such an observation points toward that the electron-electron interaction in the Cooper 

pairs is strong as explained by the two-dimensional Ising pairing effect [92]. However, 

further investigation of the Hc2-Tc relationship under in-plane applied magnetic fields will 

be needed to confirm the existence of the Ising pairing effect. The coherence length 

(ξGL(0)) at zero-temperature was found to be 12.8 nm, which is almost twice the thickness 

of the film. This observation indicates that the Cooper pairs are strongly protected by the 

effective Zeeman field due to spin-orbit coupling (SOC) [99].  

 

 In addition, the transferred single-crystalline MoN film on the SiO2/Si substrate 

exhibits superconductivity break-down at a lower magnetic field strength of 4 T, which is 

attributed to the disorder in film thickness [96]. The upper critical field value at zero-

Kelvin is Hc2(0) = 8.24 K, which is slightly below its Pauli paramagnetic limit of 8.87 T. 

ξGL(0) was found to be 14.0 nm, which is close to the previous film. Lastly, the 

amorphous MoN film on the SiO2/Si substrate showed superconductivity suppression at 

an even lower magnetic field (3 T) due to the disorder of the amorphous structure [97]. 

Hc2(0) is 6.14 T and its HP is 5.83 T, indicating that this film might also exhibit the 

superconducting Ising effect. Its ξGL(0) is similar to that of the previous films (13.0 nm). 
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Chapter 4 

 

Conclusions 

To sum it all up, single-crystalline (SC) and highly oriented hexagonal 

molybdenum nitride (δ-MoN) thin-films have been achieved on amorphous substrates via 

the transfer of MoS2 precursor followed by chemical phase conversion. The transferred 

SC δ-MoN film showed superconductivity behavior at Tc = 4.75 with an upper critical 

field Hc2(0) = 8.24 K below its Pauli paramagnetic limit HP = 8.87 T. The effect of the 

transfer process on the superconductivity was studied by growing SC δ-MoN film on an 

Al2O3 substrate. The film experienced enhanced Tc (5.64 K) and Hc2(0) (11.46 T) as the 

transfer process induces nonuniformity in film thickness as revealed by HR-STEM 

images. This suggests that the transfer process needs further developments with better 

control of film uniformity. Surprisingly, the upper critical field exceeded the Pauli limit 

by ~ 1 T, pointing toward the possible existence of the Ising pairing effect. Moreover, the 

crystallinity effect on superconductivity was investigated by growing amorphous δ-MoN 

film on SiO2/Si substrate. The superconductivity was suppressed by having worsened Tc 

(3.06 K) and Hc2(0) (6.14 T). This result indicates that the disorder in the film hinders 

superconductivity. Similarly, the upper critical field of this film exceeded its Pauli limit 

(5.83 K) and showed a probable Ising behavior. Up-to-date, those findings are the first to 

show the probable existence of the Ising effect in δ-MoN, which would pave the way for 

further studies for high critical field superconductors. However, further investigation of 

the Hc2-Tc behavior under in-plane applied magnetic fields will be needed to confirm the 
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Ising effect. The Pauli paramagnetic limit was exceeded in the non-transferred δ-MoN 

films, which suggests that this effect is mainly affected by nonuniformity in film 

thickness rather than a disorder in the crystal structure. The discovery of the two-

dimensional Ising pairing effect in δ-MoN is the first to be ever reported, and it paves the 

way for further studies in this field. 
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Appendices 

 

 

 

Appendix I. Amorphous MoN on SiO2/Si. (a) powder 2θ XRD pattern showing no peak for δ-MoN, (b) Raman spectra of 

MoN and bare SiO2/Si substrate indicating the formation of the molybdenum nitride phase. 

Appendix II. Single-crystalline MoN on Al2O3. (a) in-plane powder 2θ XRD pattern showing only c-plane peaks of δ-

MoN, (b) out-of-plane Φ-scan pattern at (202). Both patterns confirm the formation of the single-crystalline phase. 
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