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Carbide signatures are ubiquitous in the surface analyses of industrially sputter-

deposited transition metal nitride thin films grown with carbon-less source materials in typical 

high-vacuum systems. We use high-energy-resolution photoelectron spectroscopy to reveal 

details of carbon temporal chemical state evolution, from carbide formed during film growth to 

adventitious carbon adsorbed upon contact with air. Using in–situ grown Al capping layers that 

protect the as-deposited transition metal nitride surfaces from oxidation, it is shown that the 

carbide forms during film growth rather than as a result of post deposition atmosphere exposure. 

The XPS signature of carbides is masked by the presence of adventitious carbon contamination, 

appearing as soon as samples are exposed to atmosphere, and eventually disappears after one 

week-long storage in lab atmosphere. The concentration of carbon assigned to carbide species 

varies from 0.28 at% for ZrN sample, to 0.25 and 0.11 at% for TiN and HfN, respectively. 

These findings are relevant for numerous applications, as unintentionally formed impurity 

phases may dramatically alter catalytic activity, charge transport and mechanical properties by 

offsetting the onset of thermally-induced phase transitions. Therefore, the chemical state of C 

impurities in PVD-grown films should be carefully investigated. 
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Transition metal (TM) nitride-based thin films with applications, ranging from 

protective layers on high-speed cutting tools1,2 to diffusion barriers in electronics,3,4,5 are 

typically grown by physical vapor deposition (PVD). Low homologous temperatures (Ts/Tm < 

0.3, where Ts and Tm stand for the substrate and the melting temperature, respectively) together 

with extremely high cooling rates (on the order of 1013 K/s) during the vapour condensation on 

the film surface, result in growth conditions far from thermodynamic equilibrium.6 This allows 

for synthesis of metastable phases with unique properties which paves the ground for heavily 

researched field.7 

 The presence of carbon impurities is regularly confirmed during surface analysis by x-

ray photoelectron spectroscopy (XPS) in binary and ternary transition metal nitride films grown 

by PVD techniques such as magnetron sputtering,8,9,10,11,12,13,14 or cathodic arc 

evaporation.15,16,17,18,19,20 Often this is attributed to the post deposition atmosphere exposure 

and labeled as adventitious carbon adsorbed at the surface and/or at grain boundaries, hence, 

excluded from the discussion of microstructure – property relationships of the as deposited thin 

films. C 1s core-level signal is only used (if at all) for binding energy (BE) scale 

calibration,9,12,13,17,19,20 and spectra are published only occasionally, typically with a rather poor 

signal-to-noise ratio that prevents complete chemical state identification. Here it is shown that 

in addition to adventitious carbon another previously overlooked carbon population exists. 

 Direct evidence for unintentional and, at the same time, unexpected carbide formation 

during high-vacuum (HV) growth of group IVb transition metal nitride thin films by magnetron 

sputtering is presented. Layers are deposited in Ar/N2 atmosphere using typical industrial 

sputter-deposition system under process conditions that are commonly employed for nitride 

growth. High-energy-resolution XPS analyses combined with the in-situ Al-capping 

technique21 are used to trace the temporal evolution of C chemical state starting from film 

growth, through venting and air exposure, to storage in the lab atmosphere. The signature of 
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carbides formed during film growth is masked by the presence of adventitious carbon 

contamination, appearing as soon as samples are exposed to atmosphere, and eventually 

disappears after one week-long storage in lab atmosphere. Possible source of incorporated 

carbon during film growth is residual gas and/or target impurities. The reaction may be 

triggered by gas ion bombardment that leads to recoil implantation and forward sputtering of 

adsorbed C species. This finding is relevant for numerous applications, as even small amounts 

of foreign (unintentional) phases may dramatically alter catalytic activity, charge transport or 

even mechanical properties by offsetting the onset of thermally-induced phase transitions. 

 Polycrystalline TiN, ZrN, and HfN thin films are grown on Si(001) substrates biased at 

-60 V by reactive dc magnetron sputtering (DCMS) in typical HV magnetron sputtering system 

using rectangular 8.8×50 cm2 targets (>99.9 at% pure, excluding Zr in the case of Hf target) 

and Ar/N2 gas mixture with N2 partial pressure pN2 = 5.8×10-4 Torr (76 mPa). The total pressure 

during deposition is 3 mTorr (0.4 Pa), while the system base pressure pb before and after the 

film growth is 2.3×10-6 Torr (0.3 mPa) and 1.5×10-7 Torr (0.02 mPa), respectively. The average 

target power during 25-min-long deposition is 4 kW resulting in film thickness of 1.2 µm. The 

substrate temperature is 430 °C and the venting temperature is 270 °C. 

 XPS spectra are acquired from TiN, ZrN, and HfN films in a Kratos Analytical 

instrument, with a base pressure of 1.1×10-9 Torr (1.5×10-7 Pa), using monochromatic Al Kα 

radiation (hν = 1486.6 eV). All samples exhibit pronounced cut-off in the density of states near 

the Fermi level – the Fermi Edge (FE), which occurs within ±0.03 eV within that of the sputter-

cleaned Ag sample used for calibration. Thus, core-level spectra are referenced to the FE that 

defines “zero” on the BE scale. Deconvolution and quantification is performed using the 

CasaXPS software with elemental sensitivity factors supplied by Kratos Analytical Ltd.22 

Figure 1 shows C1s core level spectra acquired from TiN, ZrN, and HfN surfaces 

exposed to the ambient atmosphere for ~2 minutes necessary to transfer samples to the XPS 
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instrument. All spectra possess clear signature of four contributions corresponding to four 

chemical states of C atoms in the probed surface region. The three strongest peaks are due to 

adventitious carbon contamination: C-C/C-H (284.3-285.3 eV), C-O (286.0-287.1 eV), and O-

C=O (288.7-289.7 eV). While the relative BE shifts between these three components are the 

same in all cases, the absolute values vary between the samples (e.g. C-C/C-H component is 

present at 284.3 eV for TiN and at 285.3 eV for ZrN film), which is the consequence of the fact 

that BE is not only set by the chemical environment but also the type of the underlying surface 

matters (in this case surface oxides with different conductivity). In addition to adventitious 

carbon there is also a clear contribution at significantly lower BE visible in all three cases, 

which is assigned to carbide formation. The position of this peak varies slightly from 282.1 eV 

for TiN to 282.2 and 282.4 eV for ZrN and HfN respectively.23,24,25 The magnitude of BE shift 

in the case of carbide peak (0.3 eV) is thus significantly smaller than that observed for 

adventitious carbon (1.0 eV) which indicates that carbide species are buried below the surface 

native oxide layer, i.e., formed during film growth, hence their BE is not affected by oxide 

conductivity. The concentration of carbon assigned to carbide species varies from 0.28 at% for 

ZrN sample, to 0.25 and 0.11 at% for TiN and HfN, respectively.  

The angle-dependent XPS studies are used to reveal details of carbon chemical state 

evolution during film growth. Fig. 2(a) shows normalized C 1s spectra of TiN sample acquired 

at the photoelectron take-off angle φ of 90 and 10 degrees. In the latter case the probing depth 

is reduced by a factor of 1/sin(φ) = 5.7, which has a pronounced effect on the relative peak 

intensities. The C-O and O-C=O components are drastically reduced with respect to C-C/C-H 

contribution, indicating that former species are located closer to the native oxide surface. The 

most striking difference, however, is the lack of carbide peak in the surface-sensitive spectrum. 

This reveals that Ti-C species are buried under the oxide layer, in agreement with the previous 

assessment of carbide formation during film growth, which is followed by C-O/O-C=O and C-



 5 

C/C-H buildup upon air exposure. The following stages of C chemical state evolution are 

mapped out in Figure 2(b), where the C1 s spectra recorded from TiN films as a function of air 

exposure time, from 2 to 104 minutes (~1 week), are shown. The main effect is the accumulation 

of C-C/C-H-type carbon that eventually dominates the signal and leads to severe attenuation of 

the carbide signature which is barely detectable after one week. Thus, the here reported 

observation of carbide species was enabled by minimizing the air exposure time. 

In order to exclude possibility that TiC forms upon contact with air rather than during film 

growth, an additional TiN layer is deposited and Al-capped in-situ in the deposition system 

prior to air-exposure. Recent studies showed that 15-Å-thick Al capping layer provides 

effective barrier to TiN sample oxidation.21 Here, we employ thicker capping, dAl = 56 Å, 

(Ref.26) that is then in-situ thinned prior to XPS analyses27 in order to remove adventitious C 

from the Al surface without affecting the TiN film. In this way the chemical state of carbon on 

the as-deposited TiN surface (prior to air exposure) can be directly accessed. Figure 3 shows 

(a) C 1s and (b) Al 2p spectra recorded from the Al/TiN sample (i) in the as-received state, (ii) 

with the in-situ thinned Al-cap, and (iii) with the Al-cap removed by longer (600 s) sputter 

etching. C 1s spectrum of the as-received film shows C-C/C-H and O-C=O components at 286.1 

and 290.3 eV respectively, both due to adventitious C accommodated on the oxidized Al-cap 

surface. There is no signature of carbide formation in the Al-capping layer, which is explained 

by the getter effect of Ti resulting in 15× lower background pressure immediately after TiN 

growth. The Al 2p spectra from the as-received sample exhibits a strong broad peak at 75.8 eV 

corresponding to native Al-oxide28 and a lower-intensity metallic Al peak at 72.9 eV.29 

Assuming the layer-over-layer Al-cap model and the inelastic mean free path for Al 2p electrons 

in both Al-metal and Al-oxide λ = 28 Å, (Ref. 30) the metal-to-oxide peak intensity ratio 𝐼𝐼𝑚𝑚 𝐼𝐼𝑜𝑜⁄  

can be expressed as 

𝐼𝐼𝑚𝑚
𝐼𝐼𝑜𝑜

= 𝑁𝑁𝑚𝑚
𝑁𝑁𝑜𝑜

(𝑒𝑒𝑒𝑒𝑒𝑒[−𝑑𝑑𝑜𝑜 𝜆𝜆⁄ ]−𝑒𝑒𝑒𝑒𝑒𝑒[−𝑑𝑑𝐴𝐴𝐴𝐴 𝜆𝜆⁄ ])
1−𝑒𝑒𝑒𝑒𝑒𝑒[−𝑑𝑑𝑜𝑜 𝜆𝜆⁄ ] ,  (1) 
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in which Nm and No are volume concentrations of Al atoms in metal and oxide layer and do is 

the Al-oxide thickness. Taking 𝑁𝑁𝑚𝑚 𝑁𝑁𝑜𝑜⁄  = 1.5 for γ-Al2O3 (Ref. 31) and using dAl = 56 Å 

determined in an independent measurement,26 we can rewrite Eqn.(1) to express Al-oxide 

thickness as a function of 𝐼𝐼𝑚𝑚 𝐼𝐼𝑜𝑜⁄  

𝑑𝑑𝑜𝑜�Å� = 28 𝑙𝑙𝑙𝑙 � 1+0.67𝐼𝐼𝑚𝑚 𝐼𝐼𝑜𝑜⁄
0.135+0.67𝐼𝐼𝑚𝑚 𝐼𝐼𝑜𝑜⁄

�.   (2) 

For the as-received Al/TiN sample Eqn.(2) gives do = 41 Å and, hence, the Al-metal thickness 

dm = 15 Å.  

The Al 2p spectrum obtained from Al/TiN sample with the in-situ thinned Al-cap shows 

significantly lowered intensity of the Al-oxide peak with respect to the Al-metal signal (see Fig. 

3(b)). In this case Eqn.(2) yields do = 27 Å, hence the total Al-cap thickness is reduced to 42 Å 

after etching away part of the Al-oxide together with adventitious C layer. The thinned Al-

capping layer has a larger thickness than the expected Ar+ ion penetration depth ξ determined 

by the effective extent of collision cascade events. The latter corresponds to the average Al-

oxide primary recoil projected range and can be obtained from Monte Carlo simulations of 

ion/surface interactions.32,33 For Al and O recoils in the model γ-Al2O3 layer, ξAl = 12 Å and 

ξO = 11 Å with 𝐸𝐸𝐴𝐴𝐴𝐴+   = 0.5 keV and ψ = 70°, hence ξ < do, i.e., the in-situ thinning with 0.5 

keV Ar+ ions is not expected to modify the underlying TiN surface.  

Interestingly, the C 1s spectrum obtained after thinning the Al-capping layer possess very 

clear signatures of the carbide formation (see the inset in the upper panel of Fig. 3(a)) at 282.1 

eV, i.e., exactly the same BE as previously identified for the as-deposited TiN films (cf. Fig. 

1). This peak stays intact and dominates C 1s signal once the Al-capping layer is completely 

removed after prolonged ion etch (cf. green curves in Figs. 3(a) and 3(b) representative of 

sputter-cleaned TiN surface). Thus, we can conclude that TiC is present in TiN films even if 

the atmosphere exposure is avoided.  
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It is beyond the scope of this letter to reveal the source of carbon contaminants that 

eventually lead to unintentional carbide formation. Under typical HV growth conditions 

employed in this work several sources of C are possible, with two perhaps most obvious choices 

being residual gas molecules and target contaminants. Dissociation of residual C=O molecules 

upon contact with TiN film surface can be expected based on the results of ab initio studies 

performed for the CO2/TiAlN system.34 In addition, C=O can dissociate upon electron impact 

in low pressure discharge (bond dissociation energy is 11.2 eV)35 constituting alternative source 

of free carbon. Moreover, the apparently low level of target contaminants specified by the 

vendors (here < 0.1 %), can be misleading as light elements like C are preferably sputtered 

along the target normal,36,37 so their content in the film might be significantly higher than in the 

target, especially for lower values of pressure×distance product. Since both, the background 

system pressure and the target purity level used in this work are typical for industrial processing 

it is reasonable to assume that the unintentional carbide formation reported here for the growth 

of TiN, ZrN, and HfN, takes also place for other industrially-grown functional coatings with an 

affinity for carbon. 

In conclusion, high-energy-resolution x-ray photoelectron spectroscopy analyses of 

group IVb transition metal nitride films grown by magnetron sputtering under typical industrial 

process conditions give direct evidence for the unintentional formation of carbides on the sub 

at.% level. By capping the freshly deposited films in situ we were able to trace the carbon 

chemical state evolution and show that carbide formation takes place during the film growth 

rather than upon air exposure. Our results show that the chemical state of C impurities in PVD-

grown films should be carefully investigated. 

 The authors most gratefully acknowledge the financial support of the German Research 

Foundation (DFG) within SFB-TR 87, the VINN Excellence Center Functional Nanoscale 

Materials (FunMat) Grant 2005-02666, the Swedish Government Strategic Research Area in 
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SFO-Mat-LiU 2009-00971), and the Knut and Alice Wallenberg Foundation Grant 2011.0143.   
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Figure Captions 
 

Fig. 1. C 1s XPS spectra obtained from as-received air-exposed (~2 min.) polycrystalline TiN, 

ZrN, and HfN thin films grown on Si(001) substrates by reactive DCMS in typical high-

vacuum magnetron sputtering system at 430 °C. Arrows indicate the carbide component.  

 

Fig. 2. (a) C 1s XPS spectra obtained from as-received air-exposed (~2 min.) polycrystalline 

TiN/ Si(001) sample at the electron take-off angle of 90° (black curve) and 10° (red 

curve); (b) C 1s XPS spectra obtained from polycrystalline TiN/Si(001) sample at the 

electron take-off angle of 90° as a function of air-exposure time.    

 

Fig. 3. (a) C 1s and (b) Al 2p XPS spectra obtained from polycrystalline TiN/Si(001) sample 

capped in-situ with 56-Å-thick Al layer in the as-received state (black), with the Al-cap 

thickness reduced in-situ to 42 Å (red), and after complete removal of the Al-cap layer 

(green). Inset in panel (a) reveals details of the low-intensity C 1s spectra evolution. 
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