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Abstract 

 High resolution characterization by Atom Probe Tomography (APT) and Secondary Ion 

Mass Spectrometry (SIMS) imaging were combined to highlight the nature of chlorine 

contamination and impact of deposition temperature for chemical vapor deposited Ti(C,N) thin 
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hard coating. It is highlighted that chlorine is spread and segregates exclusively at the grain 

boundaries. With increasing temperature (at 930°C), columnar grains of Ti(C,N) become 

coarser and chlorine segregation at the grain boundaries is reduced about 3 times in 

comparison to lower temperature (at 885 °C). It also appears that the chlorine is less 

homogeneously distributed with chlorine rich/free regions as it is demonstrated by the powerful 

combination of nano-SIMS and APT which gave a great insight of the spatial distribution of 

segregating elements at grain boundaries at nano- and micrometric scales. 

 

Keywords 

Ti(C,N) thin hard coating, Chemical Vapor Deposition, Grain boundary segregation, High-

resolution Secondary Ion Mass Spectrometry (SIMS) imaging, APT. 

 

Transition metal carbides, nitrides and carbonitrides are used in a wide range of 

technological applications [1–6]. The concern or awareness of the decisive role of the 

chemistry, nature and structure of grain boundaries (GBs) has been increasing through the 

years to the point that grain boundary engineering is becoming one of the most exciting routes 

to significantly tailor the physical properties of materials. Tailoring of grain boundary 

segregation is emerging as an interesting microstructural design approach due to the 

observations that solutes (or impurities) in very small amounts can greatly tune the structure, 

phase state and atomic bonding [7]. Segregation/contamination of chlorine in thin films can 

either enhance the semi-conducting properties in photovoltaic applications [8,9] or degrade the 

mechanical properties for wear-resistant hard coatings [10–12]. In this respect, the authors 

have demonstrated earlier with atom probe tomography (APT) for the first time that chlorine 

contamination is actually present in the form of segregation at the GBs in Ti(C,N), even at 

temperatures close to 885°C. Besides, unlike Zr(C,N), this exclusive chlorine segregation at 
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the GBs is correlated to the embrittlement of GBs and pure intergranular fracture during failure 

for Ti(C,N) [10–12]. APT has the advantage of revealing the three-dimensional distribution of 

chlorine at the GBs with near atomic resolution. However, the volumes imaged are small, what 

makes the analysis very localized. Other analytical techniques are required for a better insight 

of the areal/surface distribution of the chlorine contamination. For this purpose, the first 

objective of the present work is to investigate the chlorine contamination distribution for a wider 

field of view by using high-resolution Secondary Ion Mass Spectrometry (nano-SIMS) imaging 

to check if the segregation is local or widespread across the sample. In the literature, it is 

established that chlorine contamination decreases with rising deposition temperature [13–24], 

which is one of the principal factors that influence the chlorine contamination in CVD 

processes. Therefore, a second objective is to evaluate the impact of increasing deposition 

temperature on chlorine contamination/segregation. Then chlorine contamination distribution 

for Ti(C,N) coating deposited at higher temperature will be investigated and compared by 

combination of APT and nano-SIMS. 

 

 Two sets of Ti(C,N) coatings were deposited using moderate temperature CVD process 

(MT-CVD) in an industrial hot wall reactor using mainly titanium tetrachloride (TiCl4), 

acetonitrile (CH3CN) and hydrogen (H2) precursors. Nitrogen (N2) and Hydrogen chloride (HCl) 

were added to the reactor for thickness homogeneity. The substrate is a fine grade WC-

6wt%Co cemented carbide. TiN starting interlayer was first deposited on the substrate to 

promote nucleation and growth of the coating [25]. Each set of samples was deposited at two 

different constant temperatures, 885 °C (Ti(C,N) 885 °C)  and 930 °C (Ti(C,N) 930 °C) while 

maintaining all other deposition parameters unchanged for both depositions. 

APT samples were extracted from an embedded cross section of the coating. The growth 

direction of the coating is perpendicular to the main axis (Z) of the reconstruction as previously 

described in [11]. Samples’ lift-out and preparation were carried out in a dual-beam focused 
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ion beam/scanning electron microscope workstation (FIB/SEM) Helios NanoLab 600™ (FEI) 

following the procedure in [26]. After thinning the specimens, a low energy milling at 2 kV was 

performed to minimize gallium induced damage. APT was carried out in a LEAP 3000X HR 

(CAMECA) in laser mode. All measurements were performed at repetition rate of 200 kHz, 

pressure lower than 1.33×10−8 Pa, and evaporation rate of 5 atoms per 1000 pulses. Laser-

pulsed APT was accomplished using a laser with a wavelength of 532 nm, pulse length of 10 

ps, and a pulse energy of 0.5 nJ while keeping a specimen temperature of about 50-60 K. 

Datasets were reconstructed and analyzed with IVAS™3.6.14 software (CAMECA) based on 

the voltage curves. The evaporation field was estimated to be 40 V/nm. This estimation was 

done with the help of the Kingham curves for Ti [27]. All specimens were reconstructed with 

an image compression factor of 1.65 and a k-factor of 3.3 [28].Compositions were obtained 

after background subtraction and applying a peak-decomposition analysis in IVAS software. 

Because of the high amount of molecular ions and multiple events during acquisition, two 

methods presented in literature were applied to correct the C content in the coatings: 13C-

method [29] and 24 Da peak correction [30]. 

For the nano-SIMS analysis, a mirror-polished plain surface (down to 0.02 μm alumina 

polishing suspension as the final step) of the coating was prepared simultaneously for both 

sets of samples in the same embedding (Bakelite resin). The nano-SIMS maps were performed 

perpendicularly to the growth direction of the coating. Identical preparation is made for both 

samples. Hence, the same amount of material is removed for both samples during polishing 

which makes the comparison and analysis reliable as the measurements are carried out at the 

same depth below the sample top surface. Nano-SIMS characterization for both samples was 

made during the same campaign of measurement. The analyses have been carried out on a 

CAMECA NanoSIMS instrument in imaging mode with a Cs+ primary ion beam to sputter the 

material. Negative polarization was applied to collect the negative Cl- ions. One set of images 

includes maps recorded simultaneously for the following negative ions:  12C, 18O, 12C14N, 35Cl 

and 48Ti12C. 
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Images from Nano-SIMS measurements were binarized and the grain boundaries were 

reconstructed using a watershed algorithm with software package a4i analysis from aquinto 

[31]. The 3D surface density SV has been calculated from the specific line length LA in the 2D 

image according to relation SV=4/π*LA  [32]. 

 

 

Fig. 1 Plain surface secondary electrons SEM images of Ti(C,N) deposited at (a) 885 °C  and (b) 930 °C. CVD 
cooling cracks are seen for both samples. Coarse star-shaped crystals (white arrow) appear exclusively for 930 °C. 

 

 Fig. 1 shows the topography after deposition for both Ti(C,N) 885 °C and Ti(C,N) 930 °C. 

Mainly columnar pyramidal faceted crystals are present for both samples with a coarser grain 

size distribution for Ti(C,N) 930 °C (diameter mean value for Ti(C,N) 885 °C and Ti(C,N) 930 °C are 

0.58±0.2 and 0.86±0.25 µm, respectively). Besides, star-shaped crystals are present only for 

Ti(C,N) 930 °C.. CVD cooling cracks, induced by the difference of the coefficient of thermal 

expansion between coating and substrate, are present in both samples, and they mostly 

propagate through the grain boundaries. This crack extension mode was highlighted at 

different test scales by micropillar compression [10] and spherical indentation [12] which 

highlights that the brittleness at GBs is rather intrinsic. This result has been mainly attributed 

to the segregation of chlorine at grain boundaries for Ti(C,N) 885 °C in comparison to Zr(C,N) 

[11].   
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 Table 1 confirms the same overall concentrations measured by APT for the Ti(C,N) 

coatings at both deposition temperatures. The composition for each coating was calculated as 

the average composition of five grains (without including GBs) weighted by the number of 

counts analyzed in each grain. The standard deviations reported show the deviation in the 

compositions of the five grains and it was weighted by the number of counts in each analysis 

as well. This result suggests that there is a slightly larger fluctuation in Ti, C and N compositions 

between different grains for the coating grown at a higher temperature. Figure 2 shows an APT 

reconstruction evidencing the chlorine contamination in Ti(C,N) 930 °C. Chlorine and cobalt 

segregate separately at the grain boundaries for the high temperature sample with small 

islands of chlorine demixed in cobalt. Cobalt diffuses from the substrate at high temperature 

during the deposition. Concentration profiles (in cylindrical regions) in Cl-rich regions show 

that, similarly to the results of Ti(C,N) 885 °C
, there is a slight increase of titanium concentration 

with a decrease in C and N. As reported previously by the authors [11], this could support that 

chlorine segregate as titanium sub-chlorides instead of pure chlorine. However, due to the 

slight change in concentration, no clear trend for Ti can be seen at the boundary when 

considering the Ti cumulative curves. The change in structure and composition at grain 

boundaries produces local variations in the evaporation field during an APT measurement. 

This variation may affect the trajectory of atoms near the boundary and the mass spectrum. 

Considering this and the overlap of Ti and C at 24 Da in the present analysis, the evaluation 

of the Ti content at the boundary is extremely challenging.   

 The cobalt and chlorine interfacial excess at the grain boundaries in Ti(C,N) coatings 

deposited at 885 °C and 930 °C were calculated from the slope of cumulative diagrams 

constructed based on concentration profiles across the grain boundaries as shown in Fig. 2 

(d,e,f,g). Ten profiles were constructed and calculated for each sample: five of them at Co-rich 

regions and five at Cl-rich regions. The cobalt ranges of concentration at the grain boundaries 

vary between 1.7 at.% – 3.3 at.% for Ti(C,N) 885 °C and 2.2 at.% – 6.3 at.% for Ti(C,N) 930 °C. 

This finding confirms a higher range of concentrations of cobalt at the grain boundaries of the 
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sample manufactured at higher temperature. This is a natural consequence of the increased 

cobalt diffusion at a higher temperature. On the contrary, when considering the trend of 

chlorine at the boundary, the concentration ranges vary between 1.5 at. % – 2.6 at.% for 

Ti(C,N) 885 °C and 1.4 at.% – 1.9 at.% for Ti(C,N) 930 °C. Interestingly, chlorine concentration 

shows the opposite trend than cobalt, with a slightly lower concentration of chlorine at the 

boundaries of the sample manufactured at higher temperature. It needs to be taken into 

account that the concentrations at the grain boundaries depend on the type of boundary and 

the crystal orientation of the grains. This is not considered here in detail, but instead the aim 

of the measurements is to get an overall comparison of the segregations at the boundaries. 

Regarding the overall concentration, the C:N stoichiometry of about 1.2 correlates to similar 

coatings characterized by X-ray photoelectron spectroscopy (XPS) [33,34]. This result 

supports that the measured C and N concentrations are accurate and might not be totally 

attributed to the shortcomings of the APT characterization discussed in [11,35]. 

Table 1: APT overall composition comparison between Ti(C,N) 930 °C and Ti(C,N) 885 °C. 

Sample Ti C N O Cl Co 

930 °C 51.8 ± 
1.4 

26.2 ± 
2.1 

21.8 ± 
0.7 

0.09 ± 
0.01 

0.02 ± 
0.01 

0.03 ± 
0.01 

885 °C 51.6 ± 
0.4 

26.2 ± 
0.6 

22.0 ± 
0.4 

0.16 ± 
0.06 

0.02 ± 
0.01 

0.06 ± 
0.02 

 
From the reconstruction in Fig. 2, it appears that oppositely to cobalt, chlorine segregation is 

isolated in small islands with inhomogeneous distribution. Due to the restricted volumes 

imaged by APT, nano-SIMS was used as a complement to image a wider field of view. 
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Fig. 2: APT reconstructions of Ti(C,N) 930 °C (a) Highlight of the segregation at the grain boundaries by 1 at.% Iso-
concentration surfaces of Cl and Co (b) distribution of Co atoms represented as small spheres. The cylinder shows 
the position of the concentration profile (c) distribution of Cl atoms represented as small spheres with 1 at.% Iso-
concentration surfaces of Cl to highlight the small islands containing Cl at the boundary. The cylinder shows the 
position of the concentration profile. (d,f) Concentration profiles across Cl and Co-rich regions (e,g) corresponding 
cumulative diagram constructed from (d,f), respectively. The growth direction of the coating is perpendicular to the 
longer axis of the reconstruction. 
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 High-resolution SIMS mapping of chemical elements (C, O, CN, Cl, and TiC) with nano-

SIMS is shown in Fig. 3. Lower counts for TiC- (which is used to track titanium) ion are 

discerned, as compared to other ions due to the higher ionization energy of this compound. 

The compound CN- has a high electron affinity (3.86 eV from [36]). As a consequence, the 

ionization of CN- is relatively high what provides an orientation contrast image of the different 

crystals. C and N occupy octahedral interstices in a B1 structure, and the different 

crystallographic planes have different atomic density. Then, the sputtering or ionization is 

influenced by the orientation of the crystals. The correlation between the crystal orientation 

and SIMS CN- intensities is out of the scope of the present work. Nevertheless, this result can 

support that C and N have random distribution in interstitial planes as it has been suggested 

by other authors [37]. 
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Fig. 3: Plain surface elements mapping of 12C, 18O, 12C14N, 35Cl and 48Ti12C for (a) Ti(C,N) 885 °C and (b) 
Ti(C,N) 930 °C with nano-SIMS. Acquisition time 30 ms/pixel; Field of view (20×20) μm2. Image size 

(256256) pixels. Linear scale. CVD cooling cracks appears clearly in the mapping of CN and TiC and C 
Mapping is perpendicular to the growth direction of the coating. 

Chlorine mapping reveals that this element segregates broadly and exclusively at the grain 

boundaries for both Ti(C,N) 885 °C
  and  Ti(C,N) 930 °C which endorses and confirms previous APT 

results obtained by the authors and discards the assumption [14,19,21,22,38–42] that chlorine 

forms a solid solution with Ti, C and N. However, it seems that there are peaks of chlorine 
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concentration which are more pronounced for Ti(C,N) 930 °C, in contrast to Ti(C,N) 885 °C, with 

the presence of boundaries more enriched than others. This correlates with the corresponding 

APT reconstructions (Fig. 2), where dispersed Cl clusters are seen for Ti(C,N) 930 °C. For Ti(C,N) 

885 °C, chlorine segregates at the grain boundaries as well with a finer structure due to the 

smaller grain size. From Fig. 4 we can see that the number of counts which is an indication of 

concentration is largely higher for Ti(C,N) 885 °C. Mapping of chlorine with nano-SIMS shows to 

form a continuous concentration line at the GBs due the lower spatial resolution limit - in 

comparison to APT - estimated to be 50 nm. To compare quantitatively chlorine concentration 

at grain boundaries, chlorine levels were compared in samples Ti(C,N) 885 °C and Ti(C,N) 930 °C 

by summing up the intensity of Cl- over 4-5 random areas of (10 × 10) µm2 and (20 × 20) µm2, 

then normalizing it to the signal of TiC. A ratio I(Cl)norm 885 °C / I(Cl)norm 930 °C of about 4.5 was 

obtained, indicating a higher chlorine concentration for Ti(C,N) 885 °C sample. Nevertheless, as 

the grain size is finer for Ti(C,N) 885 °C, the GBs length should be normalized to get the correct 

comparison between samples. The grain boundaries length was calculated by image analysis 

with A4i software [31], and it was found out that it decreased by 24% for Ti(C,N) 930 °C compared 

to Ti(C,N) 885 °C . As a result, by taking into consideration the decrease of GBs length of about 

24% for Ti(C,N) 930 °C, chlorine concentration is reduced around 3.4 times. 

 

Fig. 4: Chlorine mapping comparison for (a) Ti(C,N) 885 °C and for (b) Ti(C,N) 930 °C. Lower concentration and 
less homogeneity of chlorine segregation at the GBs can be seen with the temperature increase (mapping is 
perpendicular to the growth direction of the coating). 
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 First of all, it is important to highlight that the reported literature about chlorine 

contamination concerns CVD processes at relatively lower temperatures, i.e. less than 885 – 

930 °C. For TiN CVD processes using titanium chloride as a precursor, chlorine 

contamination/impurities have been reported to be incorporated in the crystal lattice 

[14,19,21,22,38–42] or segregated at the grain boundaries [15,16]. However, no direct 

evidence was yet provided; thus, controversy cannot be settled. Due to the small volume 

imaged by APT and restricted number of the analyzed specimens, the present results with 

nano-SIMS validate and complement the previous work of the authors and provide a strong 

evidence. Chlorine contamination in the form of segregation at the grain boundaries exists 

even at the deposition temperature range of 885 – 930 °C. This concerns at least moderate 

temperature CVD processes. It is well known in the literature that chlorine contamination is 

reduced with increasing temperature [13–24]. The nano-SIMS investigations have highlighted 

quantitatively that the chlorine segregation at the GBs is reduced about 3.4 times. Moreover, 

the distribution of chlorine is kind of discontinuous (or relatively less homogeneous) with the 

appearance of isolated maximum concentration peaks when increasing the temperature, as it 

can be seen in Fig. 3 and Fig. 4. At very high temperatures, the thermal dissociation of TiCl4 

precursor to subchloride (TiClx) is difficult [43]. Chlorine reduction is mainly attributed to the 

reaction with H2 and formation of HCl which is the most stable form of chlorine [44]. Then, the 

decrease of chlorine (or desorption reaction) with temperature is attributed to the enhanced 

formation of HCl, which could explain the lower and less homogeneous segregation distribution 

of chlorine. The decreased residence time/sticking coefficient of the precursors with 

temperature rise [45] could be also responsible behind the lower chlorine segregation.  

Nucleation and growth of CVD thin films is a very complex field due to its atomistic nature [46]. 

The increase of temperature is affecting many interacting factors that are directly related to 

nucleation and growth [46]. It was reported that grain size increases with lower chlorine 

contamination - which is related to deposition temperature – for Ti(C,N) [18,19] and TiN [22]. 

The increase of grain size accompanied with the decrease of chlorine segregation might be 
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connected/related as it is suggested that chlorine adsorbs at crystal facets during growth 

limiting the grain size [22]. More generally chlorine segregation could be considered as a 

structure/microstructure forming mechanism of a thin coating [47] which means that chlorine 

affects the microstructure/morphology of the coating [19]. In this sense, new distributed star-

shaped crystals (which are very similar fivefold symmetry crystals) are seen only for the high 

temperature sample. Explaining the appearance of these crystals by increasing the deposition 

temperature is out of scope of the present study. The star shaped crystals appear exclusively 

by increasing the temperature which can be related to several factors that are induced by 

temperature rise.  It was reported by several authors that increase of temperature is promoting 

the appearance of these crystal shapes for Ti(C,N) [48,49] and TiN [50,51]. Further 

investigations should be carried out in order to establish a direct causality or link which is again 

out of scope of the present investigation. 

 

 In summary, the combination of high-resolution characterization techniques with APT 

and nano-SIMS, has been shown to be complementary and quite effective approach to provide 

a direct and strong evidence of the spatial distribution at the near atomic and micrometric 

scales of the segregating elements at grain boundaries. Nano-SIMS characterization has 

yielded a direct proof of spread segregation of chlorine exclusively at the GBs of Ti(C,N) 

deposited through moderate temperature process at 885 °C and 930 °C. It permits to confirm 

former results obtained by means of APT by the authors. With an increase of 45 °C above 885 

°C, grain size increased and it appears that chlorine segregation is less homogeneous with 

appearance of isolated chlorine peaks: small clusters of chlorine within the diffused cobalt are 

seen with APT and chlorine rich zones are highlighted by nano-SIMS. It is estimated by nano-

SIMS that the chlorine concentration is 3.4 times lower for Ti(C,N) deposited at 930 °C.  
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