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Abstract 

 We report x-ray photoelectron spectroscopy (XPS) core level binding energies (BE’s) 

for the widely-applicable groups IVb-VIb transition metal carbides (TMCs) TiC, VC, CrC, 

ZrC, NbC, MoC, HfC, TaC, and WC. Thin film samples are grown in the same deposition 

system, by dc magnetron co-sputtering from graphite and respective elemental metal targets in 

Ar atmosphere. To remove surface contaminations resulting from exposure to air during sample 

transfer from the growth chamber into the XPS system, layers are either (i) Ar+ ion-etched or 

(ii) UHV-annealed in situ prior to XPS analyses. High resolution XPS spectra reveal that even 

gentle etching affects the shape of core level signals, as well as BE values, which are 

systematically offset by 0.2-0.5 eV towards lower BE. These destructive effects of Ar+ ion etch 

become more pronounced with increasing the metal atom mass due to an increasing carbon-to-

metal sputter yield ratio. Systematic analysis reveals that for each row in the periodic table (3d, 

4d, and 5d) C 1s BE increases from left to right indicative of a decreased charge transfer from 
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TM to C atoms, hence bond weakening. Moreover, C 1s BE decreases linearly with increasing 

carbide/metal melting point ratio. Spectra reported here, acquired from a consistent set of 

samples in the same instrument, should serve as a reference for true deconvolution of complex 

XPS cases, including multinary carbides, nitrides, and carbonitrides. 
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1. Introduction  

 

Transition metal carbide (TMC)-based compounds attract tremendous scientific and 

technological interest due to their unique properties including high hardness, high melting 

points, chemical inertness, and metallic conductivity.1,2 The applications range from wear-

resistant coatings on cutting tools3,4 electrical contacts in electronic devices,5 electrodes in fuel 

cells,6 coatings on optical components,7 as well as electrocatalysts for the hydrogen evolution 

reaction.8 Group IVb-VIb TMs form so-called interstitial carbides with host-metal atoms 

arranged in a close-packed structure, while carbon atoms occupy specific interstitial sites in 

that structure. The bonding is a mixture of metallic, ionic, and covalent, which explains why 

this class of materials combines properties of ceramics (high hardness and strength) and metals 

(high thermal and electrical conductivity). 

 Detailed information about the surface chemistry of various materials, including TMCs, is 

often obtained by X-ray photoelectron spectroscopy (XPS) analyses. Deconvolution of XPS 

spectra of multinary TMCs can be, however, very demanding owing to a highly-complex 

spectral features observed even in the case of binary systems,9,10 which complicates the process 

of correct bonding assignment. Moreover, prior to XPS analyses sample surfaces are often in 

situ cleaned by Ar+ ion etch with the intention to remove surface oxides, despite the commonly-

realized destructive effects of ion bombardment.11  

Another alarming problem encountered during XPS analysis of TMC-based compounds is 

a significant variation of reported binding energy (BE) values.12 Literature survey reveals that 

the reported C 1s core level BE’s for a given binary TMC of group IVb-VIb vary by as much 
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as 1 eV, which is more than the expected BE difference between different materials of this 

family. For example, the reported BE of the C 1s peak of TiC varies by as much as 1.1 eV from 

281.5 (Refs.13,14) to 282.6 eV (Ref.15). This shift becomes an especially critical issue while 

dealing with multinary TMC systems, where correct bonding assignment requires detailed 

knowledge about the relative position of component peaks on the BE scale to allow for 

unambiguous deconvolution of observed spectral features. Problems of this kind are likely 

caused by differences in (i) BE reference used (C 1s, Ar 2p3/2, or Fermi Level),16 (ii) preparation 

methods,17 (iii) unknown contamination levels, nanostructure, or crystalline phase content, and 

(iv) surface charging.  

XPS spectra deconvolution of multinary TMC systems is further complicated by the fact 

that nearly all existing comparative XPS studies are limited to 2-3 TMC materials 

systems,15,18,19 often prepared by different methods. The only exception is the early study of 

Rahmqvist et al.13,20 performed in 1969, in the early days of XPS, on hot-pressed TMCs with 

limited energy resolution, and BE referencing to C 1s level of adventitious carbon, which at 

that time was believed to be constant at 285 eV.21,22,23,16 In addition, samples were measured in 

the as-received state, thus the C 1s signals due to carbides constituted only minor features on 

the low BE side of the strong peaks from the adventitious carbon layer that completely 

dominated the spectra. These issues mask subtle differences between core level spectra of 

various carbides, as revealed below. 

To address the problems outlined above, we perform systematic XPS studies for the most 

relevant from the application point of view, group IVb-VIb, TMC thin films grown by 

magnetron sputtering including TiC, VC, CrC, ZrC, NbC, MoC, HfC, TaC, and WC. High-

energy resolution core-level spectra are acquired from air-exposed samples that are annealed 

in situ in ultrahigh-vacuum (UHV) XPS instrument, which was shown to result in self-
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cleansing phenomena.24 In addition, corresponding spectra are also obtained after Ar+ ion etch 

with low energy Ar ions incident at the shallow angle, which is less damaging to the sample 

compared to conventional methods, yet effective in removing surface oxides, in order to detect 

and visualize sample damage due to Ar+ ion beam (often not realized due to the lack of the 

reference spectra). For most materials systems, ion etching performed prior to XPS analyzes 

results in broadening of C 1s as well as metal core-level spectra and, hence, affects extracted 

BE values. C 1s BE varies in a wide range from 281.8 eV for TiC to 283.5 eV for WC and 

decreases linearly with increasing carbide/metal melting point ratio. For each row in the 

periodic table (3d, 4d, and 5d), C 1s BE increases from left to right indicative of a decreased 

charge transfer from TM to C, hence weaker bond character. Results presented here, the 

correspondence to our study of TMNs,25 are recorded from a consistent set of binary TMCs 

grown under the same conditions and analyzed in the same instrument, hence, provide a solid 

reference data base, which allows for more reliable BE referencing and spectra deconvolution 

in TMC-, and TMCN-based multinary systems. 

2. Experimental 

Rectangular 8.850 cm2 elemental targets are used to grow polycrystalline thin films of 

TiC, VC, CrC, ZrC, NbC, MoC, HfC, TaC, and WC by dc magnetron sputtering (DCMS) in 

Ar atmosphere employing a CC800/9 CemeCon AG system.26,27 The co-sputtering geometry 

is used with one graphite target serving as a source of carbon and one elemental target of 

respective transition metal, both tilted toward the substrate, resulting in a 21° angle between 

the substrate normal and the normal to each target. Target-to-substrate distance is 18 cm. The 

total pressure Ptot during all depositions is kept constant at 3 mTorr (0.4 Pa). Si(001) substrates 

previously cleaned in aceton and isopropanol are biased at -60 V. The average power to the 
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metal target is 1 kW, while the power to the graphite target is optimized, depending on TM 

reactivity towards C, from 2 kW for Ti, V and Zr, to 3 kW for Nb and Hf, to 4 kW for Cr, Ta, 

W, and Mo. The deposition time is adjusted so that the resulting film thickness is 720±60 nm. 

The substrate temperature Ts is 455±10 °C.  

In order to prevent influence of venting temperatures Tv on the surface oxide layer 

thickness,28 all films are exposed to the laboratory atmosphere at very similar Tv = 140±20 °C 

(exposure time is less than 2 min) and subsequently transferred to the load-lock chamber of the 

UHV XPS system. This procedure resulted in relatively low intensities of adventitious carbon 

signal, which in all cases was significantly lower than the carbide C 1s peak (see Fig. 4), and 

minimized the risk of C redeposition in the case of sputter-etched samples. 

All major core-level XPS spectra are acquired from TMC films in an Axis Ultra DLD 

instrument employing monochromatized Al Kα radiation (h = 1486.6 eV). Experimental 

conditions are exactly the same as specified in Ref. 25. To avoid uncertainties related to using 

the C 1s signal from adventitious carbon as the energy reference29,30 we calibrated BE scale 

following the same procedure as in our previous study on TMNs,25 which employs the 

recommended ISO standards for monochromatic Al K sources that place Au 4f7/2, Ag 3d5/2, 

and Cu 2p3/2 peaks at 83.96, 368.21, and 932.62 eV, respectively.31,32 CasaXPS software is 

used for data analysis.33 For each TMC, two sets of core-level spectra are acquired. In the first 

case samples are UHV-annealed with e-beam heater; the treatment duration and temperature, 

both listed in Table 1, are optimized for each sample to obtain the oxygen-free surface.24 The 

base pressure in the UHV chamber directly connected to the XPS instrument is <1.5×10-10 Torr 

(2×10-8 Pa), and raises during the treatment to a maximum of 3.8×10-8 Torr (5.1×10-6 Pa) due 

to sample outgassing. Following the anneal, samples are allowed to cool for ca. 0.5 h and then 

transferred in UHV to the analysis chamber for XPS characterization. The second set of core 
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level spectra is obtained from films in situ sputter-etched with 0.5 keV Ar+ ions incident at 70° 

from surface normal. The ion beam is rastered over the 3×3 mm2 area, which is significantly 

larger than the analyzed area. 

As-deposited TMC film compositions are determined by time-of flight energy elastic recoil 

detection analyses (ToF-E ERDA), conducted at the tandem accelerator laboratory at Uppsala 

University with a 36 MeV 127I8+ probe beam incident at 67.5° with respect to the sample surface 

normal; recoils are detected at 45°. The CONTES software was used for data evaluation.34 

TMC film thicknesses are assessed from fracture cross-sections by scanning electron 

microscopy (SEM) in a Zeiss LEO 1550 instrument. θ–2θ x-ray diffraction (XRD) scans are 

performed in a Philips X'Pert MRD system to obtain information about phase content and 

determination of relaxed lattice constants.  

3. Results and Discussion 

3.1 Film phase content 

Crystalline content of all TMC films was characterized byXRD scans, in more 

complicated cases with multiple phases present (e.g., CrC, MoC, and WC), performed also as 

a function of the tilt angle between the sample surface normal and the diffraction plane 

containing the incoming and diffracted x-ray beams,35 to reveal crystallites with all possible 

orientations. All layers are polycrystalline. Results summarized in Tab.2 reveal that group IVb 

and Vb carbides (TiC, VC, ZrC, NbC, HfC and TaC) are single-phase cubic with NaCl-crystal 

structure. This observation is in accordance with the Hägg’s rule36 which states that interstitial 

phases based on close-packed TM atoms with carbon in the octahedral sites form if the 

carbon/metal atom radius ratio 𝒓𝑪 𝒓𝑻𝑴⁄  is in the range from 0.41 to 0.59. The lattice parameters 
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extracted from 002 reflections ao agree to within ±0.03 Å with powder diffraction data.37 Group 

VIb TMCs (CrC, MoC, and WC) are characterized by highest 𝒓𝑪 𝒓𝑻𝑴⁄  values which is reflected 

in the reduced stability. Cubic phases of these metals are therefore only stable at higher 

temperatures (T > 1900 °C) and exhibit significant substoichiometry with respect to carbon.1 

In the present case, CrC layers are dominated by an orthorombic Cr7C3 phase, however, a 

minority cubic Cr23C6 phase is also detected. MoC films are exclusively hexagonal Mo3C2, 

while WC films are hexagonal W2C and contain small amounts (< 3%) of secondary cubic 

W3C phase. The preferred out-of-plane orientations PO, are also listed in Tab. 2.  

3.2 Film composition 

The C/metal ratios obtained from TMC film surfaces after Ar+-etch or following UHV 

anneal are plotted in Figure 1 together with bulk compositions obtained from ToF-E ERDA. 

All results are also summarized in Table 2, along with detected contaminants.  

In general, all layers are understoichiometric in carbon, which is typically observed for 

TM carbides prepared by PVD methods.1 In fact, wide homogenous phase fields are one of the 

characteristic properties of many binary carbides, which for TiC range from TiC0.4 to TiC0.97.
38  

For the purpose of this paper, the apparent film understoichiometry is of a minor 

importance if bulk carbides were of concern, as C content in TMCs was shown to have a minor 

effect on the BE of the C 1s peak originating from carbide.39,40,41 XPS-derived C/TM ratios 

show higher C content with respect to ToF-ERDA bulk-representative values, which is 

expected as former technique probes the surface region which not necessarily comprises the 

same composition as bulk. Except for TiC, the C/metal ratios in the surface region probed by 

XPS are higher for the UHV-annealed samples, which is due to the fact that preferential 

resputtering of lighter C atoms unavoidably present during Ar+ ion etch is eliminated. 
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The contaminants are predominantly O, N, Ar, and H (see Tab.2) at levels common to 

metal-based ceramics reactively-deposited in high vacuum. Primary reasons for appearance of 

these elements are naturally the presence of residual gases during film growth and/or foreign 

elements present in the sputtering target.42 

3.3 Self-cleansing by UHV anneal 

Recently, a few hours long in-situ annealing of magnetron-sputtered TMN films in 

UHV at 1000 °C was shown to yield oxide-free surfaces characteristic of the native nitride.24 

It was demonstrated that the core level XPS spectra recorded from TiN samples following the 

treatment were identical to those obtained from in-situ grown epitaxial TiN/MgO(001) layers, 

thus enabling non-destructive acquisition of high-quality XPS spectra representative of a native 

material even after prolonged atmosphere exposure, and avoiding destructive treatments like a 

commonly used Ar+-ion etching. The disintegration of the surface oxide is believed to be 

thermally activated in conjunction with recrystallization of the nitride and is accompanied by 

the release of CO-containing species. 

The effectiveness of UHV anneal procedure in removing surface native oxides grown 

on carbide films during transport from the growth chamber to the spectrometer is illustrated in 

Fig. 2, which shows survey spectra for the selected TMCs before and after the treatment. 

Carbides of group IVb metals are selected as they represent the most challenging case due to 

the highest TM reactivity towards oxygen. As can be observed a few hours long anneal (cf. 

Table 1) results in severe oxygen loss. At the same time carbides do not decompose as 

evidenced by the fact that C/metal ratios are higher than for Ar+-ion-etch samples. 

XRD analyses reveal that the UHV anneal typically leads to a small reduction in the 

full-width-at-half-maximum (FWHM) of 002 and 111 Bragg reflections, indicative of an 
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increased average crystallite size. Simultaneously film recovers from a growth-induced 

compressive stress state, as indicated by the shift of 002 and 111 XRD peaks towards higher 

diffraction angles. These observations are consistent with changes noted for transition metal 

nitrides and suggest that self-cleansing phenomena are triggered by recrystallization.24  

3.4 Core-level spectra 

In Figs. 3(a)-3(i) are shown the main metal core level spectra obtained from TiC, VC, 

CrC, ZrC, NbC, MoC, HfC, TaC, and WC surfaces. Three types of spectra are included from 

samples: (i) in the as-received state (with native oxide due to 2 min air exposure during 

transport to the XPS instrument), (ii) after mild ion etch with 0.5 keV Ar+ ions incident at the 

angle of 70° from surface normal, and (iii) following UHV anneal prior to XPS analyses. To 

further illustrate the effects of Ar+ ion etch, selected C 1s spectra from corresponding films are 

shown in Fig. 4. All spectra are normalized to the intensity of the highest feature. In the 

discussion below we focus on the stronger peaks of the spin-split doublets, namely 2p3/2, 3d5/2, 

and 4f7/2, and we list the extracted BE values in Tab.2 for ion-etched and UHV-annealed 

samples. 

As illustrated in Fig. 3 and summarized in Tab.2, in numerous cases, BE’s of primary 

metal peaks from sputter-cleaned surfaces are offset by 0.2-0.5 eV (towards lower BE) with 

respect to the spectra of the UHV-annealed sample, in which case destructive effects of the Ar+ 

beam are avoided. This effect is often not noticed as in the vast majority of XPS papers on 

TMCs only results from sputter-cleaned surfaces are reported. Thus, such obtained BE values 

are likely subject to a systematic error, which is expected to be significantly larger than in the 

examples included below, since ion etching conditions we use (0.5 keV, shallow incidence 

angle) are among the most gentle treatments found in the XPS literature of TMCs. 
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3.4.1 First row (3d) TM carbides (TiC, VC, and CrC)  

Fig. 3(a) shows the Ti 2p spectra obtained from cubic TiC samples with the 2p3/2 

component at ~454.7 eV, difference between the surface treatment method is smaller than the 

experimental error. The oxide peaks with the 2p3/2 component clearly visible at 458.30 eV in 

the case of as-received sample, are absent after Ar+-etch and UHV-anneal, which proves the 

effectiveness of the latter treatment. The two latter spectra are very similar, however, a closer 

look (see insert in Fig. 3(a)) reveals subtle differences: ion damage is visible in the form of 

peak broadening, especially on the lower BE side. The corresponding C 1s spectra (see Fig. 4) 

also give evidence of Ar+ ion damage in the form of asymmetric tail on the higher BE side of 

the main peak. Unlike the case for TiN no satellite peaks are observed on the high BE side of 

the main lines.43,44 

In the case of cubic NaCl-structure VC films (Fig. 3(b)) there is a distinct shift in the 

BE of V 2p3/2 peaks from the ion-etched samples which appear at 513.04 eV, i.e., at 0.30 eV 

lower BE than for the UHV-annealed sample. It is worth to note that the latter peaks coincide 

with the carbide peaks in the spectrum from the as-received sample, which strongly suggests 

that the lower BE noted for Ar+-etched sample is indicative of ion damage. A similar shift 

towards lower BE upon sputtering is also observed in the corresponding C 1s spectra (see Fig. 

4), which in addition becomes broader. BE’s of V 2p3/2 and C 1s peaks measured for the UHV-

annealed sample correspond very well with the values of 513.50 eV and 282.50 eV, 

respectively obtained by Antonik et al.,39 who prepared the surface using a similar annealing 

technique. 

Interestingly, for CrC sample dominated by the orthorhombic Cr7C3 phase (see Fig. 

3(c)) Cr 2p spectra are essentially independent of the surface preparation method with Cr 2p3/2 
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peak present at ~574.50 eV. Both treatments result in a complete removal of oxide peaks that 

dominate the spectrum for the as-received sample. A characteristic feature of first row TMCs 

is the inherent asymmetry on the high binding energy side of the main metal peaks, similar to 

that observed for corresponding metals, and the lack of satellite peaks commonly reported in 

the case of TMNs.25 

 

3.4.2 Second row (4d) TMCs (ZrC, NbC, and MoC) 

As evident from Figs. 3(d)-3(f), changes in the core level spectra induced by the 0.5 

keV Ar+ ion etch are by far more extensive for the second row TMCs, which can be rationalized 

by the larger mass difference between constituent atoms, and an increasing the carbon-to-metal 

sputter yield ratio.  

The Zr 3d spectra from cubic ZrC films after ion etch and UHV anneal shown in Fig. 

3(d) both feature a main 3d5/2 peak at exactly the same BE of 179.06 eV. There is, however, a 

notable difference between the two cases in terms of the asymmetry on the high BE side of the 

main lines, which is significantly more pronounced for the UHV-annealed sample. The high-

BE tail intensity in the case of Ar+-etched surface is clearly reduced, even if compared to the 

as-received film, which may be the consequence of an increased disorder. A potential influence 

of the oxides can be definitely excluded based on the fact that the 3d3/2 component of the Zr-

oxide, present at 184.50 eV in the spectrum of the as-received sample, is completely absent 

after both kinds of treatments. Thus, we can conclude that even a mild ion etch leads to 

destructive effects in the case of ZrC, that can easily be missed if the spectrum is not directly 

compared to the reference spectra obtained from surfaces where this type of treatment was 

intentionally avoided. 
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The destructive effects of Ar+ ion bombardment are more obvious in the case of Nb 

3d5/2 spectra from cubic NbC layers (Fig. 3(e)). While the 3d5/2 peak of the UHV-annealed 

sample overlaps with the corresponding signal from the as-received film, both at 203.91 eV, 

the spectrum obtained after Ar+ etch show an additional feature on the lower BE side of the 

primary line (also visible on the 3d3/2 peak). XPS modelling indicates that this new peak 

appears at 203.45 eV, and accounts for 37% of the total Nb 3d5/2 intensity. Given the fact that 

the C/metal ratio for the later sample is significantly lower than after UHV anneal (cf. Tab.2) 

we assign these new components to a substoichiometric carbide layer resulting from 

preferential resputtering of lighter C atoms. The comparison to reported Nb 3d5/2 BE values, 

which range from 203.7 to 202.7 eV,12 thus 0.2-1.2 eV lower than measured for the UHV-

annealed sample, strongly suggests that they are characteristic of a C-deficient surface layer 

rather than the native material, as in all cases Ar+-etch was employed. 

Similar to the ZrC case, the potential influence of surface oxide is excluded based on 

the complete lack of any evidence for the 3d3/2 oxide peak, present at 209.8 eV in the spectrum 

from the as-received film. 

  The Mo 3d spectra of the MoC sample, which contains hexagonal Mo3C2 phase (Fig. 

3(f)) serve as another example for destructive effects of Ar+ ion bombardment. The 3d5/2 peak 

of UHV-annealed film, at 228.30 eV, coincides with the signal from the as-received sample. In 

contrast, the spectrum obtained after a gentle Ar+ ion etch shows a peak significantly broadened 

to the low BE side and centered at 228.10 eV. This change in peak shape is accompanied by a 

15% reduction in the C content (with respect to the UHV-annealed sample, see Tab.2), hence, 

similar to the case of ZrC above, we interpret the effect as being due to the formation of a 

carbon-deficient layer at the surface.  
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3.4.3 Third row (5d) TMCs (HfC, TaC, and WC) 

As evident from Fig. 3(g), HfC constitutes a prominent exception in the family of 5d 

TMCs in that no destructive effects of Ar+ ion etch are visible in the Hf 4f spectra. There is a 

nearly complete overlap of 4f7/2 peaks from samples after both types of surface preparation, 

centered at 14.43 and 14.39 eV, UHV-annealed and Ar+-etched, respectively, which is 

consistent with the fact that the C/Hf ratios are identical (see Tab.2). This behavior indicates 

high stability, and can be connected with a relatively high carbide/metal melting point ratio as 

well as heat of formation, both being among the highest in the whole set (cf. Tab.2).1 

The metal core-level spectrum recorded from UHV-annealed cubic-structure TaC films 

(see Fig. 3(h)) is distinctly different from all other TMCs reported here, in that it exhibits two 

contributions with 4f7/2 peaks at 23.50 and 22.90 eV. Both peaks are also present in the 

spectrum of the as-received sample, however the low-BE feature is less intense. This 

observation excludes the potential assignment of the latter peak to O 2s (typically present at 

22.5 eV, Ref. 45) as the as-received sample contains significant amounts of oxygen (cf. Ta 4f 

oxide peaks at 26.10 and 28.00 eV in Fig. 3(h)), hence any signal due to O atoms should be 

much stronger than for UHV-annealed film. Therefore, both peaks have to be inherent to a TaC 

layer. In fact, Ta 4f7/2 spectra of TaC composed of two peaks at exactly the same BE as in the 

present case, have been reported for single crystal TaC(111) surfaces by Anazawa et al.,46 and 

the lower binding energy component was attributed to the emission from the surface core level 

states.47 Upon sputter-cleaning with 0.5 keV Ar+ Ta 4f spectrum changes dramatically, it 

becomes significantly broader indicative of a multicomponent character with the strongest 

contribution at 23.17 eV. As, due to sputtering, the C/Ta ration decreases and the C 1s peak 

moves towards lower BE (see Fig. 4(c)), we attribute these changes to the formation of a 

substoichiometric carbide layer at the surface.  
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The W 4f spectra of as-received as well as UHV-annealed and Ar+-etched hexagonal-

structure W2C samples are shown in Fig. 3(i). The primary 4f7/2 peaks from two first samples 

appear at the same BE of 31.82 eV. This is in very good agreement to 31.8 eV reported for the 

in situ grown W2C films.48 The Ar+ ion bombardment leads to very pronounced sputter-

damage, as evidenced by a complete change in the appearance of the corresponding 4f 

spectrum, which becomes significantly broader on the low BE side of the original peaks. XPS 

modelling reveals a new component with the W 4f7/2 peak centered at 31.38 eV, and accounting 

for 58% of the total signal. The quantitative analysis reveals a pronounced decrease in the C/W 

ratio in the surface region due to the preferential resputtering of lighter C atoms (cf. Tab.1), 

hence we assign the low BE peaks to a carbon-deficient layer. A little bump visible at 37.0-

37.5 eV in the spectra of UHV-annealed and Ar+-etch samples is due to the W 5p3/2 core-level 

(masked by the oxide peaks in the case of as-received sample).45 

 

3.5 Trends in C 1s core-level binding energies  

In Fig. 5 the C 1s BE values obtained from UHV-annealed and Ar+-etched TMC films 

are plotted in the order of an increasing metal mass. For each material system the C 1s BE does 

not vary by more than 0.20 eV between the two employed kinds of sample preparation. A grey 

bar indicates the range of reported BE values for each TMC.  

The spread of published C 1s BE values is large, typically of the order of 1 eV (for CrC 

the highest reported value is 286.1 which is well outside the scale of Fig. 5). This is caused by 

the fact that BE’s are sensitive to (i) the exact condition of the surface after Ar+ ion etch 

(formation of the C-deficient layer which depends on the Ar+ energy/incidence angle), (ii) the 

binding energy reference used, (iii) the charging state of the sample, (iv) contamination levels, 

and (v) phase content which are not verified. Film composition is often assessed from the XPS 
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peak areas after the Ar+ etch, which as discussed in Sect. 3.4, typically leads to an 

underestimated C content. 

Uncertainties due to issues outlined above do not apply to data obtained from UHV-

annealed TMC films. Destructive effects of ion sputter cleaning are avoided, all core-level 

spectra are recorded under the same conditions and referenced in a consistent way. In addition, 

sample composition and phase content are characterized by bulk-probing techniques (cf. Tab. 

2). This procedure allows for a very reliable comparison of C 1s BE’s from TMCs, which 

reveals interesting trends. Firstly, for each row in the periodic table (3d, 4d, and 5d carbides), 

there is a gradual increase in C 1s BE while moving from left to right in the periodic table. The 

effect is very pronounced, as the BE change between group IVb and group VIb metal ranges 

from 1.4 to 1.6 eV. 

The measured C 1s BE may be affected by both final (after ionization) and initial (prior 

to ionization) state contributions, since the experimentally obtained BE values represent the 

difference between the total energy of the system before and after photoionization.49,50 

Assuming that C 1s BE shifts summarized in Fig. 5 are due to differences in the initial state, 

and directly reflect the valence charge density on carbon atoms (chemical shifts), one can 

conclude that for each row in periodic table (3d, 4d, and 5d) there is a gradual decrease in the 

amount of negative charge transferred from TM when moving from left to right in the periodic 

table. This trend agrees very well with the theoretical predictions that filling the d-band when 

going from IVb to VIb metals, results in a weakening of the TM-C bonds,51 as it implies adding 

electrons into the non-bonding and antibonding states which reduces stability. TiC represents 

the most stable carbide with the highest metal-carbon bond energy, as in this case the Fermi 

level is positioned at a local minimum between what are primarily bonding states and 

non/antibonding states.52   
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Interestingly, values obtained from sputter-etched samples follow the same trends as 

those from UHV-annealed films, indicating that the sputter damage due to Ar+ bombardment 

has much more severe consequences for metal core levels than for C 1s signal. This observation 

can be rationalized by the fact that sputter damage occurs mainly through the creation of C-

deficient layer at the very surface, hence the relative contribution from this newly-formed layer 

to the C 1s signal is less than to the corresponding metal signal. 

C 1s core level spectra of cubic TMCs have been analyzed in the early days of XPS by 

Ramqvist et al.13 Unfortunately our results cannot be directly compared to these data as they 

were referenced to C 1s  line of adventitious carbon, which at that time was believed to be 

constant and was often used as an internal  BE reference.21,22 Our recent study revealed that the  

C 1s BE of adventitious carbon accumulated on a series of TM nitride films may vary by more 

than 1.4 eV,16 which is essentially equal to the magnitude of C 1s shifts discussed in Ref. 13. 

Anyway, Ramqvist et al. reported a good correlation between C 1s BE shifts of cubic-phase 

TMC and the respective heat of formation ∆𝑓𝐻𝑇𝑀𝐶
0 . The shift towards lower BE, with respect 

to the position of C 1s peak of adventitious carbon, increased with increasing ∆𝑓𝐻𝑇𝑀𝐶
0 . To 

verify this relationship we plotted in Fig. 6(a) C 1s BE of UHV-annealed TMC films as a 

function of ∆𝑓𝐻𝑇𝑀𝐶
0 .53,54 It can be observed that, contrary to previous report, the correlation is 

rather poor, and if at all, exists only on the group level. IVb TMCs with highest ∆𝑓𝐻𝑇𝑀𝐶
0  are 

characterized by lowest C 1s BE values, while the least stable VIb carbides (apart from Cr7C3) 

possess highest C 1s BE. TMCs of Group Vb constitute an intermediate case.  

By far more appealing is the relationship between C 1s BE and the carbide/metal 

melting point ratio1,53 plotted in Fig. 6(b). The C 1s BE decreases linearly with increasing 

carbide/metal melting point ratio, which can be intuitively understood, as with lowering BE 
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higher charge transfer from metal to C atoms (hence more ionic bond) is expected which likely 

results in higher compound stability (hence higher carbide/metal melting point ratio). 

Fig. 7 shows a summary of chemical shifts of main metal core levels (2p, 3d, and 4f) in 

TM carbides and nitrides, ∆𝐵𝐸𝑇𝑀𝐶 and ∆𝐵𝐸𝑇𝑀𝑁, systematically analyzed in our laboratory, 

and plotted relative to the peak position in the corresponding metal samples. There is a large 

spread in recorded ∆𝐵𝐸𝑇𝑀𝐶 values, from ≲0.1 eV for Cr and Hf to 1.5 and 1.7 eV for Nb and 

Mo, respectively. Interestingly, a large shift of the C 1s line towards lower BE (indicative of a 

high charge density on the C atoms, see Fig. 5) does not correspond to a large shift in the 

corresponding metal line. For example, BE of C 1s peak in HfC, 282.0 eV, is among the lowest 

values measured in this work, while the position of the Hf 4f7/2 line from the same sample, 14.4 

eV, is very close to the metal (14.3 eV). Likewise, C 1s peak of MoC experiences relatively 

small shift towards lower BE and appears at 283.3 eV, at the same time the Mo 3d5/2 peak 

moves by 1.7 eV towards higher BE from the metal position.  

This type of comparison as the one presented in Fig. 7 will be highly relevant for 

deconvolution of complicated spectra from yet more complex carbo-nitride systems, where the 

BE order of respective contributions is not obvious. It is therefore important to stress that, in 

all cases analyzed, BE shifts of primary metal peaks are larger for nitrides, which is consistent 

with the higher electronegativity of N atoms. Nevertheless, the difference between the position 

of the carbide and the nitride peak varies widely, from ≲0.1 eV for W and Nb, to 0.9 and 1.3 

eV for Zr and Hf. Hence, results summarized in Fig. 7 and Tab.2 can serve as an input to 

modelling complex XPS core level spectra of TM-based carbides, nitrides, and carbo-nitrides. 

4. Conclusions 
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A direct comparison of XPS metal core level spectra acquired from UHV-annealed and 

Ar+-etched group IVb-VIb transition metal carbide surfaces reveals that even gentle ion 

bombardment result in severe spectra modification due to preferential resputtering of lighter C 

atoms and creation of C-depleted surface layer. These destructive effects tend to increase with 

increasing the metal atom mass, as the carbon-to-metal sputter yield ratio also increases, which 

results in that BE’s obtained from sputter-cleaned surfaces are offset by as much as 0.5 eV 

(towards lower BE) with respect to the spectra of the UHV-annealed sample, in which case 

destructive effects of Ar+ beam are avoided. This difference potentially leads to systematic 

errors and large spread in reported BE values of metal core levels, as the XPS literature of TM-

based compounds is heavily dominated by results obtained from ion-beam-cleaned samples. 

The diversity of applied ion etch approaches (ion energy, flux, incidence angle, and the 

sputtering time) adds to the confusion.  

The C 1s BE’s obtained in a systematic way, show interesting trends. For each row in the 

periodic table (3d, 4d, and 5d), C 1s BE increases from left to right indicative of a decreased 

charge transfer from TM to C, hence bond weakening. In addition, the C 1s BE decreases 

linearly with increasing carbide/metal melting point ratio, from 283.63 eV for WC to 281.85 

eV for TiC, which is rationalized by the fact that with lowering BE higher charge transfer from 

metal to C atoms (hence more ionic bond) is expected likely resulting in higher compound 

stability.  

XPS spectra reported here, based on a consistent set of binary TMCs deposited and 

analyzed under the same conditions, should serve as a reference for studies of multinary 

carbides, and, together with our previous study on nitrides,25 allow for more reliable bonding 

assignment in TM-based carbides, nitrides, and carbo-nitrides. 



 

 

20 

 

5. Acknowledgements 

 

We acknowledge support from an Åforsk foundation grant #16-359, Carl Tryggers Stiftelse 

contracts CTS 15:219 and CTS 14:431, and the Knut and Alice Wallenberg Foundation Scholar 

Grant KAW2016.0358. Daniel Primetzhofer acknowledges a research infrastructure fellowship 

of the Swedish Foundation for Strategic Research (SSF) under contract RIF14-0053.  



 

 

21 

 

Table captions 

 

Tab. 1 The total duration and the temperature of UHV anneal applied in order to obtain the 

oxygen-free surface. After each 2-h-long treatment sample was examined for the oxygen 

content. 

 

Tab. 2 Crystalline phases, carbide/metal melting point ratios,1,53 preferred orientations (PO), 

heat of carbide formation ∆𝑓𝐻𝑇𝑀𝑁
0 ,53,54 C 1s binding energies (BE’s), primary metal core level 

BE’s, bulk C/metal ratios obtained by ToF-E ERDA, and XPS-derived C/metal ratios from 

UHV-annealed and Ar+-etched TMC surfaces, as well as contamination levels from ToF-E 

ERDA analyses of TMC films grown at 455 °C on Si(001) substrates. 

Figure captions 

 

Fig. 1. XPS-derived C/metal ratios obtained from TMC films (i) UHV-annealed in situ, or (ii) 

sputter-cleaned with 0.5 keV Ar+ ions incident at 70° from surface normal. Results obtained 

from ToF-ERDA analyses, thus representative of a bulk, are also included. 

 

Fig. 2. Survey XPS spectra recorded from (a) TiC, (b) ZrC, and (c) HfC films in the as-received 

state or following in situ UHV-anneal.  

 

Fig. 3. The primary metal core level spectra for (a) TiC, (b) VC, (c) CrC, (d) ZrC, (e) NbC, (f) 

MoC, (g) HfC, (h) TaC, and (i) WC films grown at 455 °C on Si(001) substrates. In each case 

spectra are shown for sample: (i) in the as-received state, i.e., exposed to air during transfer to 
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spectrometer, (ii) after mild ion etch with 0.5 keV Ar+ ions incident at the angle of 70° from 

surface normal, and (iii) following the in situ anneal in the UHV chamber of the XPS 

instrument. All spectra are normalized to the intensity of the highest feature.  

 

Fig. 4. C 1s XPS spectra for (a) TiN, (b) VC, and (c) TaC films grown at 455 °C on Si(001) 

substrates. In each case spectra are shown for sample: (i) in the as-received state, i.e., exposed 

to air during transfer to the spectrometer, (ii) after mild ion etch with 0.5 keV Ar+ ions incident 

at the angle of 70° from surface normal, and (iii) following the in situ anneal in the UHV 

chamber of the XPS instrument. All spectra are normalized to the intensity of the highest 

feature.  

 

Fig. 5. C 1s BE’s obtained from TMC films grown at 455 °C on Si(001) substrates following 

(a) the in situ anneal in the UHV chamber of the XPS instrument, or (b) relatively mild ion etch 

with 0.5 keV Ar+ ions incident at the angle of 70° from surface normal. For each TMC the 

range of previously reported values is indicated with a grey bar. 

 

Fig. 6. C 1s BE’s obtained from the in situ UHV-annealed TMCs plotted as a function of (a) 

heat of carbide formation,53,54 and (b) the carbide/metal melting point ratio.1 

 

Fig. 7. Chemical shifts of main metal core levels (2p, 3d, and 4f) in group IVb- VIb transition 

metal carbides and nitrides, systematically analyzed in our clean-room laboratory, and plotted 

here relative to the peak position in the corresponding metal samples.  
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