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Abstract 

The transition metal carbide (TMC) family has been previously studied for various catalytic, mechanical, 

and electronic applications, and recently TMCs have been isolated into the ultrathin limit. A bottom-up 

approach has been developed to synthesize non-layered, ultrathin TMCs (UThTMCs). In this work, liquid 

metal assisted chemical vapor deposition is used to control the growth of different phases of tungsten 

carbide. In particular, WC and W2C single crystal nanoplates are synthesized when using copper and 

gallium, respectively, as the tungsten diffusion barrier. First principles calculations confirm the stability 

found experimentally in the two synthesized carbide phases. We also report the first low temperature 

measurements of electronic transport in WC below 300 mK and ultrathin W2C down to 1.8 K. We find that 

WC does not enter a superconducting state, while UThTMCs of W2C enter a 2D superconducting state 

below 2.8 K. Our results provide new ground on the synthesis of other UThTMCs with controlled crystal 

phase. Given the richness of phases among metal carbides and the related transition metal nitride family, 

further research will be motivated by this work to isolate novel carbide and nitride phases in this ultrathin 

limit. Finally, it is important to note that the electronic transport of UThTMCs follows a 2D regime and 

further systems should be evaluated and compared, especially the superconducting phases. These 

UThTMCs and their heterointerfaces could find important applications in electrocatalysis, carbide 

plasmonics, transparent conducting films, and materials for effective radiation shielding due to their high 

density and ability to absorb neutrons and gamma rays.  

Introduction 

Transition metal carbides (TMCs) and nitrides have historically received attention for applications that 

utilize the high hardness, chemical stability, and catalytic activity of these compounds in bulk crystal, 

powder, and thin film morphologies.1–3 This family entered into the ultrathin spotlight under two synthesis 

paradigms, with the isolation of two dimensional (2D) carbides and nitrides in layered, van der Waals 

(vdW) phases, termed MXenes,4–6 and non-layered phases, termed ultrathin TMCs (UThTMCs).7 MXenes 
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are commonly isolated through chemical exfoliation via selective etching in hydrofluoric acid8,9 or molten 

salts,10 though a recent bottom-up approach using chemical vapor deposition (CVD) has been developed 

for MXene synthesis.11 The majority of MXene studies use the key MAX phase ingredient for top-down 

MXene synthesis. In the case of tungsten-based MXenes, ternary tungsten-based ternary MAX phases are 

not stable and only one binary tungsten carbide MXene has been isolated to date from quaternary 

tungsten-based MAX phases.12 The scarcity of suitable tungsten-based MAX phases limits the exploration 

of ultrathin tungsten carbide properties which have been shown to be competitive candidates for 

applications in electrocatalysis13 and a platform for exploring dimensionality effects in the ultrathin limit 

like what has been in done in similar TMC systems.7,14 Additionally, probing electronic transport is 

frustrated by small grain size, non-uniform layer terminations, and interlayer intercalants in MXene 

powders.15 One way to address these issues is to seek alternative synthesis routes for highly crystalline 

UThTMCs to investigate phase dependent electrocatalysis16 and low dimensional electronic transport 

properties.  

Liquid metal-assisted chemical vapor deposition (LMCVD) is an approach that has previously been used to 

grow high purity, single crystal, non-layered UThTMC nanoplatelets such as Mo2C,7,14,17–19 WC,20,21 NbC,22 

TaC,23 and VC24 which are all distinct from MXenes. The high degree of crystallinity and purity of these 

platelets facilitates accurate and detailed property characterization, such as catalysis and electronic 

transport properties. Such systems also have been used for the generation of high-quality 

heterostructures and have potential to function as templates for integration with layered systems such as 

the transition metal dichalcogenide family.25,26 LMCVD-synthesized Mo2C exhibits thickness- and phase-

dependent superconducting transitions operating in the clean limit, and anisotropic critical field behavior 

characteristic of 2D superconductivity;7,14 ultrathin semimetallic WC shows anisotropic 

magnetoresistance20 consistent with predicted and measured non-trivial topological features;27 and as-

grown ultrathin NbC platelets exhibit a Josephson network array.22 While at least one carbide phase from 

all Group-V and Group-VI TMCs has been grown using LMCVD, to the best of our knowledge there have 

not been detailed studies on phase control of TMCs beyond Mo2C with LMCVD. Phase control is critical 

towards controlling the properties of these UThTMCs. For example, in the tungsten carbide system, 

hexagonal WC is a semimetal,28 while W2C is a conventional type-II superconductor as shown in early 

studies of the bulk carbides.29,30  2D superconducting features have been well-studied in ultrathin Mo2C 

platelets synthesized through LMCVD but not yet in ultrathin W2C owing to challenges of phase control. 

The LMCVD approach shares features with conventional CVD, but the key difference is the role of the 

substrate. In LMCVD, the substrate consists of a bilayer stack of two metals—the bottom consists of the 

target transition metal in the TMC, and the top layer is an immiscible, low-carbon-solubility metal. This 

substrate is then heated above the melting point of the diffusion barrier under a mixture of gaseous 

hydrocarbons (e.g. CH4) and reducing agents (e.g. H2). The liquefied top layer functions as a diffusion 

barrier for both carbon species and transition metal atoms from the bottom layer of the substrate. 

Reaction temperature, time, gas concentrations, and diffusion barrier thickness are all parameters that 

can tune the diffusion of carbon species and transition metal atoms through the barrier and consequently, 

the nucleation and growth of the ultrathin TMC platelets. Previous works have typically used copper as 

the diffusion barrier,7,14,18,20,22,31 though copper/zinc alloys,32 gallium,21 gold,33 and indium19 have also been 

used. In previous LMCVD studies of UThTMCs, typically one crystalline structure is formed, but tuning the 

CH4 to H2 ratio can promote the formation of both orthorhombic (Pbcn) and hexagonal (P63/mmc) Mo2C 

grown on copper/molybdenum bilayer substrates.14,34 Because TMC properties are closely coupled to the 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

crystal structure,35,36 control over the crystal structure and morphology (e.g. platelet thickness and lateral 

dimension) of UThTMCs is critical for their utilization in applications such as electrocatalysis, plasmonics, 

radiation protection, and for electronic transport studies. While ultrathin Mo2C has received much 

attention, few studies have focused on tungsten carbide with respect to phase or polymorph modification.  

In the tungsten carbide system,20,21 there has been little study on the effects of growth temperature, time 

and gas ratios on the lateral size and thickness of the platelets, aspects that are important towards 

understanding aspects of the tungsten carbide growth mechanism. Additionally, there has been no focus 

on phase control in LMCVD-synthesized tungsten carbides. In this study we probe the LMCVD synthesis 

parameter space of tungsten carbide by modification of the diffusion barrier. We find that using copper 

and gallium produces two distinct tungsten carbide phases in nanoplatelet morphologies following the 

work of two recent reports,20,21 and we offer explanations for the formation of two distinct phases. We 

carry out structural, chemical, and electronic property characterization of both WC (P6̅m2) and W2C (Pbcn) 

nanoplatelets. Here we report the first, to the best of our knowledge, electronic transport properties of 

ultrathin WC below 300 mK and ultrathin W2C to 1.8 K to assess the superconducting features here. We 

also carry out first-principles density functional theory (DFT) calculations coupled with thermochemical 

data to understand the thermodynamic conditions under which these two phases may be stabilized. These 

results provide a foundation for extending the LMCVD approach to isolate new UThTMCs, control TMC 

phase formation in the ultrathin limit, and tailor UThTMC morphology for application in catalysis, radiation 

protection, and electronic transport. 

Results 

A schematic of the LMCVD process is shown in Figure 1a. Two substrates are used to synthesize tungsten 

carbide: copper foil on tungsten foil (termed Cu/W) and a gallium shot (liquid) on tungsten foil (termed 

Ga/W). Each substrate rests at the center of an atmospheric pressure quartz tube furnace where varying 

flows of Ar, H2, and CH4 are controlled at set temperatures. In the LMCVD process, the substrate 

temperature must exceed that of the diffusion barrier melting point (1085°C for copper and 30°C for 

gallium) and ensure sufficient methane pyrolysis in the argon/hydrogen atmosphere. Typically, CH4 

pyrolysis onset in an inert environment occurs at temperatures greater than 1200°C, though the 

introduction of catalysts and hydrogen can lower this temperature.37,38 For Cu/W substrates, we choose 

a growth temperature of 1090°C, and for Ga/W substrates we use 1000°C. We first identify that the 

platelets grown on Cu/W yield primarily triangular platelets, while those on Ga/W substrates yield 

hexagonal ultrathin platelets as seen in Figure S1a,b. We perform atomic force microscopy (AFM) 

measurements on the platelets after transferring them to SiO2/Si substrates using a polymethyl 

methacrylate (PMMA)-assisted wet transfer. The platelets shown for WC and W2C have respective 

thicknesses of around 40 nm and 20 nm (Figure S1c-f). We note that both the WC and W2C platelets host 

surface impurities on the micron scale. In the case of both systems, the carbon residues from the PMMA 

transfer may explain some of these features. The ribbon-like features in WC likely correspond to graphene, 

and the thick aggregates on the W2C platelet are likely gallium oxide, both of which features will be 

discussed at a later point in the article.  

We also show representative flake statistics in Figure S2. From optical microscopy images, we measure 

the size of the W2C hexagonal flakes (Ga/W substrates), and WC triangular platelets (Cu/W substrates) 

shown in Figures S2a and S2b, respectively. For W2C hexagonal flakes, we find an average lateral size of 

about 2.3 µm and standard deviation of 0.9 µm; for WC triangular flakes we find an average lateral size 
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(triangle side length) of about 3.8 µm and standard deviation of 1.6 µm. The thickness distribution of W2C 

and WC flakes, measured from atomic force microscopy of samples transferred onto SiO2/Si, are shown 

in Figure S2c. We find a mean nanoplatelet thickness of 50 nm and 43 nm for W2C and WC, respectively. 

The standard deviations for the platelet thicknesses are quite large with about 26 nm and 23 nm for W2C 

and WC, respectively, indicating room for improvement for thickness control over these nanoplates. 

Figure 1: Synthesis and planar crystal structure analysis of WC and W2C. a) Schematic of substrate configurations used for the 

LMCVD process, highlighting the formation of WC nanoplates with Cu/W substrates and W2C nanoplates with Ga/W substrates. 

b-c) Planar TEM images of WC and W2C platelets, respectively, with their respective d-e) SAED patterns (5 nm-1 scalebar). The WC 

pattern is consistent with the [0001] zone axis of the WC (P6̅m2) phase, and the W2C pattern is consistent with the [200] zone 

axis of the W2C (Pbcn) phase. f-g) Crystal structures of WC and W2C viewed from the zone axes of the SAED patterns. 

We next assess the crystal structure and degree of crystallinity of the tungsten carbide platelets. Shown 

in Figure 1b-c are planar transmission electron microscopy (TEM) images of tungsten carbide platelets 

from Cu/W and Ga/W substrates, respectively. These TEM images show a triangular platelet grown on 

Cu/W and a hexagonal platelet grown on Ga/W. The selected area electron diffraction (SAED) patterns 

shown in Figure 1d-e indicate that the triangular and hexagonal platelets are single crystalline. We 

measured the interplanar spacings of the first order diffraction peaks from the SAED patterns, and we find 

these values are 2.522 Å for tungsten carbide grown on Cu/W and 2.605 Å for tungsten carbide grown on 

Ga/W. Comparing these measurements to JCPDS standard references, we find that the interplanar 

spacings for crystals grown on Cu/W match closely to the (100) planes of WC (P6̅m2) with d100 = 2.517 Å 

(PDF card no. 00-051-0939), and the spacings for crystals on Ga/W match closely to the (021) and (002) 

planes of W2C (Pbcn) with d021 = 2.606 Å and d002 = 2.590 Å (PDF card no. 04-003-6377). We then carry out 

high-resolution TEM (HRTEM) on WC (Figure S3a) and W2C (Figure S3d). We match the W2C polymorph to 

the orthorhombic configuration (Pbcn) owing to the appearance of forbidden reflections in the Fourier 

transform of the HRTEM images (Figure S3b,e) matching with simulated SAED patterns (Figure S3c,f). 

We identify the zone axes of the SAED patterns as [001] for WC and [200] for W2C, respectively. Moreover, 

we show in Figure 1f and 1g the atomic models of WC (P6̅m2) and W2C (Pbcn) along these zone axes and 

the plane terminations of the platelet facets, oriented along with the TEM and SAED images. The planar 

SAED analysis suggests that the triangular tungsten carbide nanoplates on Cu/W are the monocarbide WC 

(P6̅m2) and the hexagonal nanoplates grown on Ga/W are the semicarbide W2C in the orthorhombic 

polymorph (Pbcn). We note however that these planar SAED patterns can be difficult to differentiate, and 

this difficulty reflects the historical challenges in crystal structure identification of TMCs.39 It was recently 
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reported21 that tungsten carbide grown on Ga/W was the monocarbide (P6̅m2) on the basis of planar 

SAED patterns. To corroborate these findings from planar SAED and to resolve discrepancies in the 

literature, we carry out X-ray diffraction (XRD) and cross-sectional TEM. 

The XRD patterns of both as-grown WC/Cu/W and W2C/Ga/W, as well as these samples transferred onto 

SiO2/Si are shown in Figure 2a. First, the substrate contributes in the as-grown samples with the body-

centered-cubic tungsten metal (200) peak; the SiO2/Si substrate contributes in this range at ~33°, 

corresponding to a forbidden reflection of the (400) planes of SiO2/Si. In the WC/Cu/W pattern, we can 

identify three contributions to the observed diffraction peaks: WC, W2C, and tungsten (body-centered 

cubic). The tungsten originates from the tungsten foil substrate, and the W2C originates from tungsten-

rich features (aggregates) that are distinct from the triangular platelets as seen in the dark particle-like 

features in the optical microscopy image in Figure S1a. We note however that upon transfer in the 

WC/SiO2/Si spectrum, these W2C peaks are still present, namely from the (200) and (121) planes. To 

determine the origin of this signal, we carried out Raman spectroscopy on both WC and W2C platelets. 

Raman spectra under 532 nm excitation of as-grown hexagonal W2C/Ga/W (Figure S4a) and triangular 

WC/Cu/W (Figure S4b) platelets are shown in Figure S4c. We find that the W2C shows three prominent 

Raman modes at 106, 117, and 140 cm-1, while the WC shows no Raman modes in this region. Using these 

spectra as a reference, we examine the Raman response of features in the as-grown WC/Cu/W and 

transferred WC/SiO2/Si samples. Figure S5a shows an optical microscope image of the carburized Cu/W 

with regions labelled according to where Raman spectra were taken shown in Figure S5a. This region was 

selected to highlight the small aggregate features, rather than the triangular WC nanoplates. The copper 

substrate in spectrum g1 shows no peaks, while those in g2, g3, and g5 have Raman modes that match 

those observed in Figure S4c. We also note that in Region g4 with the discolored patch, there is copper 

oxide Raman signal.40 These Raman measurements show that W2C originates from these small, sub-

micron-sized particulates on the as-grown WC/Cu/W. To determine the origin of the W2C peaks in the 

XRD scan of WC transferred onto SiO2, we then measure Raman spectra of select regions of WC/SiO2/Si in 

Figure S5c-d. Spectra from regions t1 through t4 show Raman signals similar to the as-grown sample, 

particularly regions g2, g3, and g5 in Figure S5b. These small aggregates show Raman peaks at the same 

positions as those observed for the hexagonal W2C platelets on gallium (Figure S4c).  

We then estimate the proportion of W2C that is formed during the synthesis of tungsten carbide on Cu/W 

substrates. To do this, we measured OM images similar to the one shown in Figure S1a. Using ImageJ41, 

we count the number of triangular nanoplates (WC) and small aggregates (W2C) using thresholding and 

measure their respective areas. Across eight representative OM images collected, from Cu/W substrates, 

containing both triangular WC platelets and aggregates of W2C, we find average area coverages of about 

2.4% for triangular WC platelets and 0.088% for W2C aggregates, with respective standard deviations of 

1.0% and 0.0087%. The nucleation density is estimated by counting the number of triangular WC platelets 

and W2C aggregates and dividing by the area of the optical image. In units of number of triangular tungsten 

carbide nanoplates (for WC) or number of tungsten carbide aggregates (for W2C) per (100 µm)2 = 10,000 

µm2 we find average nucleation densities of 21 for triangular WC platelets and about 34 for W2C 

aggregates (respective standard deviations of 10 and 7). While the nucleation density of both phases is 

similar, the area coverages are different by an order of magnitude. We estimate the contributions of each 

tungsten carbide phase to the total tungsten carbide content by examining the area coverages. The 

contribution of triangular WC to the tungsten carbide coverage is approximated by taking the ratio of 

(average) WC coverage to the combined WC and W2C coverage, as (100%)*2.4/(2.4+0.088) ≈ 96%. While 
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this estimate does not take into account the relative volume fractions of the two phases, the majority of 

the lateral coverage arises from triangular WC nanoplates on copper substrates. With the origin of the 

W2C signal in the XRD spectra of WC understood and with estimates on the relative quantity of phases on 

Cu/W substrates, we next turn to the analysis of the WC peaks.  

 We identify three reflections corresponding to WC in the as-grown and transferred samples: (001), (100), 

and (101). The existence of multiple planes of the WC could result from nanoplatelets that are not flat 

with respect to the XRD stage. This is a consequence of the copper substrate having local variations in 

height after the solidification of liquid copper after the growth step (Figure S1a).  After investigation of 

the SAED pattern for the WC/Cu/W system, we confirm that the zone axis is [001], observed in the XRD 

pattern. From the (001) position we measure d001 = 2.83 Å (PDF card no. 00-051-0939: d001 = 2.84 Å). We 

next turn to the W2C/Ga/W and W2C/SiO2/Si spectra. Notably, there is no evidence of other tungsten 

carbide phases in the W2C samples synthesized from Ga/W substrates. We observe one prominent 

diffraction peak near 2θ = 38° that corresponds to the [200] zone axis of the SAED pattern for the W2C 

polymorphs. We measure an interplanar spacing of d200 = 2.36 Å (PDF card no. 04-003-6377: d200 = 2.36 

Å). The additional (021) peak of W2C in the as-grown W2C/Ga/W sample likely originates from platelets 

embedded in the Ga/W substrate. The crystal structures of WC and W2C from side profiles ([110] and 

[010], respectively) are shown in Figure 2b and 2c, respectively. To further confirm these interplanar 

spacings, we image WC and W2C with cross-sectional HRTEM (Figure 2d, e). Interplanar spacings between 

rows of tungsten atoms are measured via Fourier transforms (Figure S6b,d) The bright lines are tungsten 

atoms, and measuring the distance between these layers in the Cu/W and Ga/W systems yields distinct 

interplanar spacings of 2.83 Å and 2.36 Å, respectively, which match closely to the reference values shown 

next to the crystal structure drawings of WC and W2C.   

Figure 2: Cross-sectional crystal structure analysis of WC and W2C. a) XRD spectra of as-grown WC/Cu and W2C/Ga, and these 

samples transferred to SiO2/Si denoted respectively as WC/SiO2 and W2C/SiO2. Miller indices are labelled according to the WC 

(P6̅m2), W2C (Pbcn), W (Im3̅m), and Si (Fd3̅m) crystal structures. b-c) Crystal structures of WC and W2C viewed from [110] and 

[010], respectively. The interplanar spacings between tungsten atoms are labelled with lines that correspond to d-e) cross 

sectional HRTEM images of WC and W2C platelets (scale bars are identical for both HRTEM images).  
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With the confirmation of two distinct tungsten carbide phases (WC and W2C) in the nanoplate 

morphology, we return to the planar TEM and SAED data for the W2C. A closer look at the SAED pattern 

reveals weak intensity diffraction peaks. These kinematically-forbidden reflections may arise in the Pbcn 

polymorph of W2C due to the presence of defects such as stacking faults and vacancies or dynamic 

scattering events from screw axes.41 With this in mind, we conclude that the W2C crystallizes in the Pbcn 

polymorph. This analysis confirms that modification of the diffusion barrier in the LMCVD process yields 

two distinct tungsten carbide phases in the nanoplatelet morphologies. 

To investigate the chemical composition of the crystals, we perform energy dispersive X-ray spectroscopy 

(EDS) on the WC and W2C nanoplates from Cu/W and Ga/W, respectively. Scanning transmission electron 

microscope (STEM) images of WC and W2C are shown in Figure 3a and 3d. In WC nanoplates, we find that 

both tungsten (Figure 3b) and carbon (Figure 3c) signals are uniform across the platelet. For W2C, we 

observe curvature, reflected in slightly non-uniform tungsten (Figure 3e) and carbon (Figure 3f) 

distributions in the EDS map. As for the W2C crystals, the other primary elements observed are gallium 

and oxygen with maps shown in Figure 3g and 3h, respectively. For both WC and W2C, we do not observe 

any other elemental contributions in the entire regions, evidenced by the total EDS spectra shown in 

Figure 3i. The gallium and oxygen signals in W2C originate from gallium oxide that was produced during 

the synthesis process and was transferred along with the tungsten carbide crystals to the TEM grid. We 

notice that such crystallites have overlapping gallium and oxygen signals. The exact composition of the 

oxide cannot be verified across the entire platelet, though in some regions the Ga:O ratio is near 2:3, 

expected for the thermodynamically stable gallium oxide Ga2O3. The origin of gallium oxide may result 

from oxygen contamination from the gas cylinders, the quartz tube, and/or the alumina crucible. Such 

low levels of oxygen contamination could still influence the gallium substrate, considering that gallium 

oxide can form at sub-ppm levels of O2.42 On the other hand, WC does not appear to host a detectable 

oxygen content. While the sources of potential oxygen contamination are the same in the synthesis 

approaches for WC/Cu/W and W2C/Ga/W, there are two key differences arising from the substrates. The 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

first is that the formation of gallium oxide is more favorable than copper,43,44 and the second is that copper 

can more-readily form graphitic carbon which may act as a barrier for oxidation of the copper surface.  

Figure 3: Chemical composition analysis of (a-c) WC and (d-f) W2C platelets from Cu/W and Ga/W substrates, respectively. STEM 

images of a) WC and d) W2C platelets illustrate microstructural differences between these two systems, consistent with TEM data 

shown in Figure 1. The difference in signal across the W2C platelet could arise from curvature in the platelet from a small thickness 

or a remaining artifact from growth over the liquid gallium substrate. EDS maps of b) tungsten and c) carbon for the WC platelet 

reveal a uniform distribution of these elements. Similar maps are shown for W2C for e) tungsten and f) carbon. While the carbon 

signal across the W2C platelet region suspended over vacuum is uniform, carbon contaminates the remainder of the TEM grid 

and platelet. Additionally, the tungsten signal is not uniform but instead follows the curvature of the platelet in d). EDS maps of 

g) gallium and h) oxygen in W2C reveal the composition of aggregates at the edge of the W2C platelet. i) EDS spectra of WC and 

W2C from the entire regions shown in the STEM images in a) and d), indicating that no other elements than those shown in the 

EDS maps are present. 

To assess the chemical environment of the tungsten and carbon species, we then carried out X-ray 

photoelectron spectroscopy (XPS). The XPS spectra of the W 4f region are shown in Figure S7. All measured 

spectra are fit to two pairs of 4f doublets, with one pair at lower binding energies corresponding to 

metallic tungsten, and the second pair at higher binding energies corresponding to tungsten bonded to 

carbon. In elemental tungsten, the binding energy of the W 4f7/2 orbital lies in the range of 31.2-31.8 eV 

and typically lower in energy than with tungsten bonded to carbon.45 Binding energies for the W4f7/2 

position for tungsten bonded to carbon in thin films and bulk powders have been reported at 31.66,46 

31.8,47 and 32.2 eV.48 In W2C/Ga, the W4f7/2 peak positions for elemental W and tungsten bonded to 

carbon are 31.8 eV and 32.2 eV, respectively; those in WC/Cu are 31.7 eV (elemental W) and 32.3 eV (W-

C). We expect to see contributions of metallic tungsten in the as-grown samples in Figure S7a and S7b 

because the substrates become alloyed with tungsten and the corresponding diffusion barrier. In the 

samples transferred from the growth substrate onto SiO2/Si, we still observe signal of both metallic and 
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carbon-bonded tungsten in Figure S7c and S7d. For W2C transferred to SiO2/Si, we find the peak positions 

of the W 4f7/2 orbital in elemental W at 31.7 eV and 32.3 eV for tungsten bonded to carbon. For WC 

transferred to SiO2/Si, the W 4f7/2 positions are similar, with 31.5 eV for elemental tungsten and 32.2 eV 

for tungsten bonded to carbon. The contributions of metallic tungsten may arise from pieces of the Cu/W 

or Ga/W substrate that were not fully removed during the transfer process. We note that there is no 

evidence of tungsten oxides in any of these spectra as compared with reference data for tungsten 

oxides,45,47,49 consistent with EDS mapping through STEM (Figure 3). We next turn to the C 1s regions of 

as-grown and transferred WC and W2C, shown in Figure S8. In Figure S8a, we have the C 1s spectrum of 

as-grown W2C/Ga/W, with peaks fit to many carbon species. Importantly here, we note that there is a 

small shoulder next to the sp2 carbon peak that corresponds to carbon bonded to tungsten with reference 

values measured in the range 282.65-283.45 eV.45,46 In WC/Cu/W, shown in Figure S8b, there are two 

primary contributions from graphitic carbon and C-O signal, as well as a small contribution from C-W near 

283 eV. We note the significant differences in carbon species at the surface of both the gallium and copper 

substrates. Graphitic carbon is present in both samples, but the Ga/W substrate hosts an additional sp3 

carbon peak as well as a C=O contribution, reflecting the differences in methane decomposition over Ga 

versus Cu. Examining the transferred samples in Figure S8c and S8d, these spectra match well with the as-

grown counterparts. While we observe the presence of tungsten-carbon bonding from XPS, consistent 

with structural characterization, we are unable to quantify the exact ratios of C/W here. First, the coverage 

of samples in these synthesis approaches is relatively small. Second, there is a large scattering cross 

section difference between X-rays and tungsten compared with carbon. This is complicated by the fact 

that there are ubiquitous carbon species across the substrate, mostly in the form of graphitic carbon as 

we discuss in the next section. 

Assessment of process parameters on W2C morphology and distribution 

In the W2C/Ga/W system, we investigated the influence of the quantity of Ar, H2, and CH4 on W2C 

morphology and on the byproducts in the W2C nanoplate synthesis. In Figure S9a-d we show 

representative SEM images of four conditions of W2C growth—with and without H2, and with 1 sccm CH4 

or 5 sccm CH4. In the presence of H2 at 5 sccm CH4, we observe that platelets adopt a flat hexagonal 

morphology and are partially coalesced. By reducing the CH4 flow rate to 1 sccm, still in the presence of 

H2, we find that hexagonal platelets adopt a pyramid-like morphology. In the absence of H2 at both 1 sccm 

and 5 sccm CH4, we observe that the W2C platelets begin to coalesce and increase in thickness. Moreover, 

there are brighter features in the SEM images shown at the border of these platelets and their aggregates; 

at the 1 sccm CH4 growth condition in the absence of H2, we also observe the presence of square pyramidal 

crystallites. To elucidate the growth of such features, we carried out EDS in SEM and found that these 

brighter crystallites are gallium oxide. Previous reports50 and the Ga-O phase diagram51 indicate that such 

gallium oxide is monoclinic β-Ga2O3, further confirmed in the XRD spectrum of as-grown W2C/Ga/W in 

Figure S10. Analysis of the thermochemistry of the gallium/carbon/oxygen system revealed52 that while 

H2 is an effective reducing agent for Ga2O3 to Ga2O at temperatures below 1100 °C, both CH4 and carbon 

can reduce Ga2O3 as well, with CH4 acting as a stronger reducing agent than H2. The reduction of Ga2O3 is 

important in this process because under even parts per million O2 content, which is inevitable in most 

atmospheric pressure CVD systems, Ga2O3 can form42. Moreover, at these high synthesis temperatures, 

stable Ga2O3 will crystallize. The growth of Ga2O3 on the gallium surface may inhibit lateral tungsten 

diffusion, as well as CH4 reduction and subsequent carbon diffusion across the liquid gallium. We observe 
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that in the absence of H2, while the W2C platelets do seem to coalesce, compared to the synthesis in the 

presence of H2, these gallium oxide crystallites are attached to the edges of the platelets. These relatively 

large crystallites may inhibit full coalescence of the W2C platelets to form a film by limiting the tungsten 

and carbon diffusion to existing nucleation sites/carbide platelets. We also find that the gallium oxide 

crystals appear to attach to the edges of platelets with 1 sccm CH4 in the presence of H2, seen in the SEM 

images of two regions (Figure S11a,f) and corresponding oxygen maps (Figure S11b,g). 

Another key aspect of the LMCVD synthesis of WC and W2C that we investigate here is the simultaneous 

growth of the carbide and carbon species. Previous studies have demonstrated the growth of graphitic 

carbon with the LMCVD method, notably on Mo2C on copper, and WC on both copper and gallium.17,21,33 

Figure 4 shows Raman spectra of as-grown WC/Cu/W, W2C/Ga/W, as well as these samples transferred 

onto SiO2/Si substrates. The Raman signal both on and off the WC flakes from Cu/W in 4a1) and 4b1) show 

the presence of D, G, and 2D bands corresponding to graphitic carbon. The peak position of the 2D band 

on and off WC, both as-grown and transferred, matches that of monolayer graphene.53,54 Notably, there 

is a shift in the 2D band position on and off the WC flake. Further studies will be carried out to determine 

the origin of this shift. Also of note is the appearance of the D’ peak post-transfer of the graphene/WC 

heterostructure. The wet transfer process has been shown to introduce defects in the graphitic carbon,55 

and we note this as the origin of these defects in the transferred graphene/WC. We next examine the 

Raman signal of the W2C platelets from Ga/W shown in Figure 4c1) and 4d1). In the as-grown sample, we 

observe D and G bands corresponding to sp2 amorphous carbon.56,57 The Raman spectrum taken on the 

W2C/Ga shows no apparent Raman signal. There could be strong coupling between the metallic W2C and 

metallic Ga substrate which may quench the Raman signal. The lack of the 2D band both on and off the 

substrate could indicate poor crystallization of graphitic carbon owing to the low carbon solubility in 

gallium and relatively high hydrogen to methane ratio during the synthesis. The synthesis conditions for 

high-quality graphene via CVD synthesis and the LMCVD process necessitate larger carbon/hydrocarbon 

to hydrogen ratios promote higher quality graphitic carbon; higher quantities of hydrogen or reducing 

agents result in the degradation or elimination of graphite.58,59 On the transferred W2C sample, we find 

that there is an increased signal of the D and G bands both on and off the W2C flake. In both regions on 

this transferred sample, we likely have contributions from both as-grown carbon as well as residues from 

the transfer process. In either case, we note that these observations via Raman identify the ribbon-like 

features and particle-like features, seen in the AFM images in Figure S1c, as graphitic carbon.  
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Figure 4: Raman spectroscopy of as-grown and transferred WC and W2C nanoplates, from Cu/W and Ga/W respectively, onto 

SiO2/Si. In all optical microscope images a-d1), scalebars are identical, and the lighter-shaded circle and darker-shaded square 

correspond to the respective location of the Raman spectra pictured in a-d2). In all optical microscope images, the lighter-shaded 

circle corresponds to spectra taken off the tungsten carbide flakes, and the darker-shaded square corresponds to Raman spectra 

taken on the tungsten carbide flake. The optical microscope images show a1) WC on Cu and b1) transferred to SiO2/Si; c1) W2C 

on Ga and d1) transferred to SiO2/Si. Labels in the Raman spectra correspond to the D, G, D’, and/or 2D bands of graphitic carbon. 

Assessing the formation of distinct tungsten carbide phases 

To assess the formation of the two tungsten carbide phases in the nanoplate morphology on different 

substrates, we investigated the thermodynamic properties of this system. According to the phase 

diagram,60 bulk WC(P6̅m2) is thermodynamically favored under the reaction conditions in our system, and 

W2C is metastable.61 Our experimental analysis and data confirm that we do have these two phases, and 

this is confirmed by Density Functional Theory (DFT) calculations of various tungsten carbide phases 

(Figure S12a-e). In Figure S12f, we show the results of the calculation of the formation energy per atom 

(𝐻𝑓) of tungsten carbide phases using bulk unit cells from the formula,  

𝐻𝑓 =
𝐸 − 𝑛𝐸𝑊

𝐵𝐶𝐶 − 𝑚𝐸𝐶
𝑠𝑝2

𝑛 + 𝑚
(1) 

where 𝐸 is the total energy of the WnCm phase, 𝑛 and 𝑚 are the number of tungsten and carbon atoms 

(respectively) in the supercell, and 𝐸𝑊
𝐵𝐶𝐶  and 𝐸𝐶

𝑠𝑝2

are the reference states for tungsten (body centered 

cubic) and carbon (sp2, graphite), respectively. These results accurately reproduce the phase stability 

according to the phase diagram, as expected.  
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One key difference between the two experimental setups is the diffusion barrier in the LMCVD process. 

We first observed that the density of gallium is less than that of copper (both in the liquid state).62,63 With 

this in mind, we calculated the mean square displacement of tungsten atoms in a melt of gallium and 

copper (Figure S13a,b) near experimental temperatures (1173 K and 1367 K) using ab initio molecular 

dynamics simulations to investigate to investigate differences in the diffusion coefficients. The pair 

correlation function (Figure S13c) is used to extract the mean square displacement of tungsten in gallium 

(Figure S13d) and copper (Figure S13e), from which diffusion coefficients can be extracted. Our results 

indicate that while the diffusion coefficient of tungsten in gallium is greater than that of copper, they are 

still the same order of magnitude. These results are consistent with our observations of differences in the 

nucleation density of WC and W2C platelets. A limitation in this calculation is that clustering of tungsten 

atoms during the diffusion process and the presence of Ga2O3 or other suboxide gallium species on the 

gallium substrate are not examined. We next considered a key difference between copper and gallium, 

their carbon solubility. Examining the carbon-copper binary phase diagram, carbon solubility in liquid 

copper is about 14 ppm (0.0076 wt%).64 In gallium, there are no reported carbon-gallium phase diagrams 

owing to its nearly-negligible carbon solubility. However, gallium has been used in the synthesis of 

graphitic carbon and has been shown to graphitize carbon at its surface.65–67 We also observed this in 

carburization of Ga/W in our system (Figure 4c,d). This reduced carbon solubility of gallium when 

compared to that of copper may explain the formation of the carbon-deficient (tungsten-rich) W2C phase 

on Ga/W substrates. Considering this, we investigated the phase stability ordering with changes to the 

carbon chemical potential. 

As revealed by TEM and SAED analysis, the basal plane of the WC corresponds to the (001) while that of 

W2C corresponds to (200). Considering a slab model for each tungsten carbide phase (structures shown 

in Figure S14a-e), we find that the phase stability ordering changes for the carbon chemical potential. The 

presence of the (001) and (200) surfaces of hexagonal WC and orthorhombic W2C are predicted to affect 

the stability of these nanostructures. We plot the deviation in formation energy, termed ΔΦ, defined in 

Equation (2) as  

ΔΦ = 𝐻𝑓 −
𝑛

𝑛 + 𝑚
Δ𝜇𝐶 (2) 

where Δ𝜇𝐶  is the deviation of carbon chemical potential 𝜇𝐶  from the reference state energy for graphite, 

𝐸𝐶
𝑠𝑝2

. The relationship between ΔΦ  and Δ𝜇𝐶  is shown in Figure S15. We find that at highly carbon 

deficient conditions, W2C in the P3̅1m and Pbcn polymorphs are more stable than WC (P6̅m2). We can 

qualitatively relate these thermodynamic calculations to experimental observation. To explain this 

experimentally, we hypothesize that it is the difference in carbon solubility and methane pyrolysis activity 

between gallium and copper that leads to the formation of two distinct carbide phases in the nanoplate 

morphology. The precise flow rates of CH4 in the synthesis of WC and W2C are different but no more than 

10 sccm in magnitude. In the thermodynamic calculation, we are interested in the local chemical potential 

of carbon at the substrate surface which from experiment is difficult to estimate. The total flow rate of 

CH4 is not immediately linked to the chemical potential of carbon, because this chemical potential must 

be taken locally at the surface of the liquid metal substrate. Because copper has higher carbon solubility 

and can graphitize carbon more readily than gallium, we expect that these substrates host a carbon rich 

environment, relative to the gallium substrates. These findings are consistent with previous reports on 

the synthesis of transition metal borides and phase control via chemical potential modulation.68 It is 

important to emphasize, however, that our analysis does not consider kinetic effects. While we claim that 
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this thermodynamic consideration of tuning carbon chemical potential can explain the isolation of two 

tungsten carbides in the LMCVD process, a full picture should include kinetic considerations such as the 

carbon diffusion rate, both on the surface of and in the bulk of the liquid metal.  

Electronic transport properties of WC and W2C single crystals 

Transition metal carbides are generally understood to be conventional type-II superconductors. 

Historically, these superconducting properties have been studied in bulk powder samples with ranges of 

reported transition temperatures and critical fields. This is attributed to variations in sample quality as 

well as phase.29,30,69,70 For tungsten carbide, previous studies showed that the monocarbide WC (P6̅m2) 

was not superconducting down to 300 mK and the semicarbides (W2C) are superconducting below 

4 K.29,30,70 While anisotropic magnetoresistance has been observed in ultrathin single crystal WC (P6̅m2) 

produced via LMCVD,20 electronic transport properties were not probed below 300 mK, and no reports 

on the electronic transport properties of ultrathin W2C exist to date. This provides motivation to 

systematically study electronic transport properties of both WC and W2C.  

We first examine the electronic transport of WC. An AFM image of the crystal and the device structure is 

shown in Figure 5a. This WC platelet has a measured thickness of about 20 nm (Figure S16c,d). We show 

the channel resistance (between probes labelled in Figure 5a) in response to an external out-of-plane 

magnetic field at 12 mK in Figure 5b. This resistance is a combination of transverse and longitudinal 

contributions due to the device geometry, with a minimum value of about 300 mΩ at zero magnetic field. 

The nonzero resistance in the absence of a magnetic field indicates that WC does not enter a 

superconducting state down to 12 mK. Additionally, the monotonic increase in resistance with increasing 

magnetic field is consistent with previous observations of ultrathin WC.20 One explanation for the lack of 
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observation of a superconducting state is the low density of states at the Fermi energy as calculated by 

DFT, shown in Figure S17.  

Figure 5: Longitudinal electronic transport in WC and W2C. a) AFM image of WC device, where the arrows indicate source and 

drain, and the dots indicate the voltage terminals. b) Resistance measured across the voltage terminals as a function of applied 

magnetic field out-of-plane at a temperature of 12 mK. c) AFM image of W2C  device. d) Temperature dependence of resistance 

in the absence of magnetic field, and out-of-plane magnetic field dependence of resistance at a temperature of 1.8 K.  

We have also probed the electronic transport properties of W2C single crystals down to 1.8 K. Figure 5c 

shows an AFM image of the W2C device. The platelet in this device has a thickness of around 51 nm (Figure 

S16a,b), and the resistance as a function of temperature and out of plane magnetic field is shown in Figure 

5d. The W2C crystal shows metallic behavior (dR/dT > 0) for the temperature range probed (Figure S18). 

We assign the superconducting transition temperature to the temperature at which the resistance of the 

material falls to 90% of its normal state resistance.14 Using this criterion, we determine the transition 

temperature of the platelet in Figure 5c to be 2.8 K with a transition width of about 0.27 K, measured from 

the onset temperature and the temperature at which the resistance reaches 0 Ω. We also measure the 

resistive transition in a second W2C platelet which shows similar superconducting behavior (Figure S19a-

d). This superconducting transition temperature is consistent with those reported from previous studies 

of powder tungsten carbide samples.30 It should be noted that early work on superconductivity in TMCs 

focused on carburized tungsten precursors, which can exhibit a range of composition, carbon 

concentration, and sample heterogeneity.29,30,35,69 In this work, the W2C nanoplates exhibit sharp 

superconducting transitions, similar to those reported for Mo2C.7 While thickness-dependent transport 

properties are not systematically studied here, we expect that W2C will follow the same trends for other 

conventional type-II superconductors, such as Mo2C.7,14 
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We further probe the low temperature electronic transport properties of W2C in Figure 6. We first apply 

an out-of-plane and in-plane magnetic field and measure the channel resistance, shown in Figure 6a and 

6b, respectively. We find that the critical temperature shifts to lower values with increasing magnetic 

fields, as expected for type-II superconductors.71 Moreover, the in-plane magnetic fields required to 

suppress the superconducting state are larger than the out-of-plane fields. We extract the temperature 

dependence of the upper critical magnetic field in the out-of-plane and in-plane directions, (Figure 6c and 

Figure S20a,b). According to linearized Ginzburg-Landau (GL) theory for 2D superconductors, the upper 

critical field out-of-plane will follow a linear dependence on temperature, as shown in Equation (3), where 

Φ0 = ℎ/2𝑒  is the flux quantum.71 We fit the measured out-of-plane critical field to Equation (3) and 

extract the in-plane GL coherence length as 𝜉∥(0) =17 nm. 

𝐻𝑐2,⊥(𝑇) =
Φ0

2𝜋𝜉∥(0)2
(1 −

𝑇

𝑇𝑐
) (3) 

 

𝐻𝑐2,∥(𝑇) =
√12Φ0

2𝜋𝜉∥(0)𝜉⊥(0)
√1 −

𝑇

𝑇𝑐

(4) 

We next analyze the in-plane critical field temperature dependence. Figure 6c shows the in-plane critical 

field temperature dependence and its fit to the result from linearized GL theory shown in Equation (4)71. 

From this fit, we extract the out-of-plane GL coherence length as around 52 nm. 

 

|
𝐻𝑐2(𝜃) cos 𝜃

𝐻𝑐2,⊥
| + (

𝐻𝑐2(𝜃) sin 𝜃

𝐻𝑐2,∥
)

2

= 1 (5) 

(
𝐻𝑐2(𝜃) cos 𝜃

𝐻𝑐2,⊥
)

2

+ (
𝐻𝑐2(𝜃) sin 𝜃

𝐻𝑐2,∥
)

2

= 1 (6) 

We then probe the angular dependence of the critical field. We measure magnetoresistance curves at 

1.8 K with magnetic fields applied at an angle with respect to the normal of the platelet, and we extract 

the angular dependence of the critical field as shown in Figure 6d. The measured data fits well with the 

Tinkham formula, derived for 2D superconducting systems, and shown in Equation (5).71 From this fit, we 

find an anisotropy ratio of about 1.8. One key observation is the deviation of the measured data from the 

cusp. The tails of the data in Figure 6d match well with the Tinkham fit, though the data deviates from 

Equation (5) near 𝜃 = 𝜋/2, lacking a cusp. To rule out the possibility of a mass anisotropy feature, we fit 

the 3D GL result for the angular dependence of critical fields from Equation (6), and the plot is shown in 

Figure 6d. We note that the 2D Tinkham fit is in better agreement with our data than the 3D fit with 

residual R2 errors of 0.995 and 0.975, respectively. Further investigation is required to resolve this 

deviation of the critical field about the in-plane case, in particular an analysis of the GL penetration depth 

relative to the film thickness and Ginzburg-Landau coherence length could explain this difference.72 Using 

the weak coupling limit of the Bardeen-Cooper-Schrieffer (BCS) theory,73 we can estimate the GL 

penetration depth (in nanometers), as 𝜆𝐺𝐿(0) [nm] = 64.2 √𝜌/𝑇𝑐 , where 𝜌 is the normal state resistivity 

in µΩ cm. To estimate the normal state resistivity, we use 𝑅 = 𝜌ℓ/𝑤𝑑  where ℓ is the channel length 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

(between the middle two electrodes), 𝑑 is the platelet thickness (measured by AFM), and 𝑤 is the channel 

width (across the edges of the platelet). Using the device in Figure 5c, we find that 𝜌 ≈ 30.9 µΩ cm, and 

consequently 𝜆𝐺𝐿(0) ≈  210 nm. We note that the platelet thickness is 51 nm, while the in-plane 

coherence length is 17 nm. Rather than satisfying the conventional criterion for 2D superconductivity that 

the film thickness is less than the penetration depth 𝜆 but smaller than the coherence length 𝜉,72 𝑑 < 𝜆, 𝜉, 

we find that 𝜉 < 𝑑 < 𝜆. This behavior has been observed in superconducting niobium nitride films that 

also exhibited deviation from predicted angular dependence of the upper critical fields.72 The in-plane 

magnetic field fully penetrates the nanoplatelet, resulting in 2D-like supercurrents in the platelet74 but 

still retains some 3D character from the relative size of the coherence length to the platelet thickness. 

This is evidenced by the relatively small anisotropy ratio of the in-plane to out-of-plane critical fields. 

Equations 5 and 6 are ideal edge cases of 2D and 3D superconductivity, respectively, though our 

measurements indicate that we are in an intermediate regime. Further work is needed to study the exact 

nature of this crossover from 2D to 3D superconductivity, and to do this careful control over platelet 

thickness and lateral size is needed, a subject of further study.  

Figure 6: Superconducting features of W2C. Temperature dependence of resistance in response to a varying a) out-of-plane and 

b) in-plane magnetic field. Insets define the relevant directions of the magnetic field and [200] zone axis of the W2C platelet. c) 

Temperature dependence of upper critical magnetic fields out-of-plane and in-plane. d) Angular dependence of upper critical 

magnetic field measured at a temperature of 1.8 K. 

Discussion 

In this study, we have controlled the synthesis of single crystal, tungsten carbide nanoplates in two phases 

through substrate modification: triangular WC (P6̅m2) nanoplates on Cu/W substrates, and hexagonal 

W2C (Pbcn) nanoplates on Ga/W substrates. A small contribution of W2C aggregates is present in the 
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synthesis of tungsten carbide on copper/tungsten substrates. The thickness of the nanoplates has been 

measured within the range of 20-100 nm. Moreover, we find that the ratio of methane and hydrogen is a 

critical parameter towards controlling platelet morphology. Key features of the W2C synthesis include 

gallium oxide crystallites which may play a role in the growth of W2C platelets. Thermodynamic 

considerations indicate that surface effects during nucleation as well as differences in carbon chemical 

potential on the liquid metal surfaces could lead to the formation of distinct tungsten carbide phases in 

the nanoplate morphology that can be modified through substrate choice. We also measured the low 

temperature electronic transport properties of ultrathin WC and W2C nanoplates, and we found that while 

WC does not enter a superconducting state down to 12 mK, ultrathin W2C crystals enter this state near 

2.8 K. Semimetal WC is not superconducting likely because of its low density of states at the Fermi energy 

and weak electron-phonon coupling.20 In W2C, we find that the platelets behave like 2D superconductors 

with weak anisotropy, following a linear and square root dependence of out-of-plane and in-plane critical 

fields with temperature, respectively, similar to what has been observed in Mo2C platelets.7,14 The findings 

in this study lay groundwork towards modification of TMC phases through changes to the LMCVD diffusion 

barrier. Future work should investigate the use of other substrates in LMCVD synthesis of TMCs and 

transition metal nitrides (TMNs), while taking care to control the formation of other compounds in the 

synthesis. Additionally, thickness control in novel TMCs and TMNs would offer opportunities to investigate 

thickness dependent anisotropies and probe the boundaries of 2D and 3D-like superconducting behavior 

in TMCs and TMNs. The LMCVD technique could also be used for creating doped and alloyed TMCs and 

TMNs to further tailor emergent properties. 

Methods 

LMCVD synthesis of WC and W2C. We adapt the methods of recent studies of LMCVD-grown tungsten 

carbide.20,21 For WC synthesis, Cu foils are stacked on top of W foil; for W2C synthesis, a 10 mg Ga shot is 

placed on the W foil. then loaded into an alumina crucible at the of a quartz tube furnace (Lindberg/Blue 

M). For the synthesis of WC, 10 mm x 10 mm x 25 um copper foil (Alfa Aesar, 99.8% metals basis, 25 µm 

thick) is placed on 10 mm x 10mm x 50 micron tungsten foil (Alfa Aesar, 99.95% metals basis, 50 µm thick). 

W and Cu foils are cleaned first in acetone, then isopropanol, then submerged in acetic acid (20 vol.%) for 

10 minutes at 80°C. The substrates are then rinsed in deionized water. The W and Cu foils are stacked and 

pressed together manually using a glass slide. For the synthesis of W2C, 10 mg liquid Ga (Beantown 

Chemical, Hudson NH, 99.9999% trace metals basis) is placed on a 5mm x 5mm x 50 um tungsten foil 

cleaned in acetone, isopropanol, then a 1:1 (by volume) solution of hydrochloric acid for 10 minutes, then 

rinsed in DI water. The substrate is placed into an alumina boat which is then placed into a quartz tube 

and loaded into the furnace. The furnace used for all experiments is a Mini-mite tube furnace (Lindberg 

Blue M); the quartz tubes used have length 1.3 m, inner diameter 27 mm, and outer diameter 28 mm. For 

the synthesis of WC, the furnace is set to 1090°C for 240 minutes under 500 sccm Ar/H2 (85:15) and 10 

sccm CH4. For the synthesis of W2C, the furnace is set to 1000°C for 30 minutes under 500 sccm Ar/H2 

(85:15) and 1-5 sccm CH4. For the synthesis of both WC and W2C, the furnace is initially purged under 500 

sccm Ar/H2 (85:15) for 20 minutes prior to the growth, and the furnace is rapidly cooled following the 

growth to avoid unwanted tungsten precipitation.   

Transfer procedure 

A polymethyl methacrylate (PMMA) assisted wet transfer was used to transfer the WC and W2C platelets 

to either SiO2/Si substrates or TEM grids (Au, Quantifoil) for further characterization. For both WC/Cu/W 
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and W2C/Ga/W, ~1 mL PMMA (495 A6) was dropped onto the substrate and subsequently spin coated at 

4000 rpm for 45 seconds. The PMMA-coated samples were immediately placed onto a hot plate at 180°C 

for 90 seconds to cure the PMMA. Then, the edges of the substrates were cut to the desired size, and 

each was placed into an etchant bath. For WC/Cu/W, copper etchant (Thermo Scientific) at ambient 

temperature was used, and for W2C/Ga/W, a 10% (by volume) solution of hydrochloric acid (Sigma-

Aldrich, ACS reagent 37%) at 80°C was used. After the copper and gallium etched and the tungsten foil 

released, the floating PMMA/tungsten carbide was picked up with a glass slide and transferred into a 

deionized water bath. The PMMA/tungsten carbide was transferred to three additional water baths for 

10-15 minutes each. A SiO2/Si substrate or TEM grid was then used to pick up the PMMA/tungsten carbide 

at the last step, and then placed on a hot plate at 70°C for 10 minutes. To wash off the PMMA, samples 

were submerged in an acetone bath at 80°C for 60 minutes, then rinsed in isopropanol at room 

temperature for 10 minutes. 

Characterization 

Optical microscopy images were taken with a Zeiss optical microscope. SEM images were acquired on a 

XL30 ESEM (TSS Microscopy) using secondary electrons at 10 kV accelerating voltage. Cross-sectional TEM 

samples were prepared using a Scios 2 dual beam focused ion beam (Thermo Scientific). Prior to milling 

the samples with the gallium ion beam, a layer of amorphous carbon was deposited in the SEM to protect 

the surface of the nanoplate. Next an amorphous carbon layer was deposited, and trenches were milled 

using the gallium ion beam. The cross-section was lifted from the substrate, placed on a copper TEM grid 

(gold, Quantifoil), and thinned to electron transparency. HRTEM was performed on an FEI Talos F200X 

(Thermo Scientific) operated at 200 kV. EDS was acquired in STEM mode using a Super-X detector. EDS 

was analyzed and mapped using the Bruker ESPIRIT 2 software. TEM (SPECS). XPS measurements were 

performed using a Physical Electronics VersaProbe III system equipped with a monochromatic Al Kα X-ray 

source (hν = 1,486.7 eV) and a concentric hemispherical analyzer. High-resolution spectra were acquired 

from an analysis area with lateral dimension of ~200 μm. The C 1s and W 4f regions were collected at a 

pass energy of 27 eV, while the O 1s, Si 2p, Ga 3d, and Cu 2p regions were acquired at a pass energy of 55 

eV. All spectra were fitted using Lorentzian line shapes with a Shirley background. Binding energies were 

charge-referenced to the sp²-hybridized carbon peak in the C 1s region at 284.5 eV. XRD spectra acquired 

were from an Empyrean X-ray diffractometer in the Bragg-Brentano geometry (Malvern Panalytical) using 

copper Kα1 X-rays (𝜆 = 1.54061 Å). Raman spectra were collected using a confocal Raman microscope 

(HORIBA LabRAM HR Evolution) with linearly polarized, 532 nm laser excitation with 1800 gr mm-1 grating. 

Standard electron beam lithography techniques were used to pattern the tungsten carbide device 

structures. The contacts are composed of a 10 nm chromium bonding layer, followed by 100 nm gold. The 

W2C electronic transport properties were measured in a physical property measurement system by 

Quantum Design with an excitation current of 10 µA with each data point averaged from 25 

measurements, and the WC electronic transport properties were measured in a Bluefors LD250 cryogen-

free dilution fridge with an AMI 9-1-1 T magnet with an excitation current (through the WC device) of 100 

nA. The excitation current was sent in from a SR860 lock-in amplifier, and the output is filtered through 

with RC low frequency low-pass filters (QFilter) from Quantum Machines. The QFilter consists of 3 

cascaded sections, each individually shielded, one reflective 7-pole pi filter and two dissipative RC filter 

stages.   

Density functional theory calculation details 
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All of the DFT calculations in this work were performed using the Vienna ab initio simulation package 

(VASP) code.75 The effective core potentials were described by the projector augmented wave (PAW) 

potentials76 with a cutoff energy of 600 eV. The Perdew–Burke–Ernzerhof (PBE) functionals77 were used 

to describe the exchange-correlation interactions. The Monkhorst-Pack k-mesh was sampled with a 

density of 0.05 Å-1. As for structure relaxation, BFGS quasi-Newton algorithm was used, and the thresholds 

of convergence were using 10-5 eV as break conditions for the electronic self-consistence loop and 

Hellmann-Feynman force on each atom is less than 0.01 eV Å-1. The valence electron configurations are 

6s25d4 for W and 2s22p2 for C. For all slab models, a 15 Å thickness of vacuum layer was used to eliminate 

interaction between neighboring supercells due to the periodic boundary conditions (PBCs). In addition, 

9-atomic-layered WC was used as slab. We note that a 9-layer slab is considered sufficiently thick to 

eliminate interactions between the upper and lower surfaces.78 Given the polar nature of the [0001] 

tungsten carbide surface, both W-termination and C-termination have been considered.  

The diffusivity of tungsten in liquid copper and gallium was calculated using ab initio molecular dynamics 

(AIMD) as implemented in VASP. The simulation cells for liquid copper and liquid gallium consisted of 64 

and 108 atoms, respectively, with one tungsten atom substituted into each system. Preliminary 

equilibration was performed in the NPT ensemble to adjust the internal pressure to approximately zero. 

Production simulations were then carried out in the NVT ensemble, with temperature controlled by a 

Nosé–Hoover thermostat.79 The Mean squared displacement (MSD) of tungsten atoms was extracted 

from the AIMD trajectories, and the diffusivity 𝐷 was computed using the Einstein relation:80 

𝐷 = lim
𝑡→∞

1

6𝑡
⟨|𝒓(𝑡 + 𝑡0) − 𝒓(𝑡0)|2⟩. (7) 

where 𝑟(𝑡0) denotes the MSD of tungsten atom at time 𝑡0. As the time tends to infinity, the slope of the 

MSD versus time graph gives six times the diffusion coefficient.  
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