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Abstract 

TiN/Cu bilayers were grown by unbalanced DC magnetron sputter deposition on 

(001)-oriented MgO substrates. Pole figures and electron back-scatter diffraction 

orientation maps indicate that both layers in the as-deposited state are single-

crystalline with a cube-on-cube epitaxial relationship with the substrate. This is 

confirmed by selected area electron diffraction patterns. To study the efficiency of 

the TiN barrier layer against in-diffusion of Cu, samples were annealed at 900 °C for 

1 h in vacuum and at 1000 °C for 12 h in Ar atmosphere. The single-crystalline 

structure of the TiN layer is stable up to annealing temperatures of 1000 °C as 

shown by high resolution transmission electron microscopy. While no Cu diffusion 

was evident after annealing at 900 °C, scanning transmission electron microscopy 

images and energy-dispersive X-ray spectrometry maps show a uniform diffusion 

layer of about 12 nm after annealing at 1000 °C for 12 h. Concentration depth 

profiles obtained from 3D atom probe tomography reconstructions confirm these 

findings and reveal that the TiN film is slightly substoichiometric with a N/Ti ratio of 

0.92. Considering this composition, a lattice diffusion mechanism of Cu in TiN via the 

formation of Cu–N vacancy complexes is proposed. The excellent diffusion barrier 

properties of single-crystalline TiN are further attributed to the lack of fast diffusion 

paths such as grain boundaries. 
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1. Introduction 

Diffusion barriers are employed in microelectronic devices to prohibit the migration of 

atoms from the Cu- or Al-based interconnects to adjacent dielectric and 

semiconductor regions during fabrication and operation. Sputter-deposited TiN 

barrier layers in Cu metallization schemes have been widely studied because of their 

high thermal (melting point Tm = 2930 °C) and structural stability combined with a low 

electrical resistivity (44-197 µΩ cm) [1,2]; thus meeting all the requirements for 

application in miniaturized electronic devices.  

In an early experimental investigation, Chamberlain [3] reported Cu diffusion into r.f. 

sputtered TiN films with an activation energy Ea = 4.4 eV, which was attributed to 

grain boundary diffusion. More recent studies have looked into the correlation 

between the barrier performance and microstructure of TiN films. For example, 

Moriyama et al. [4] found that polycrystalline TiN films with small mosaic-spread 

angles and large grain sizes are generally favorable, because the overall amount of 

grain boundary phase in these films is low. They measured the activation energy for 

grain boundary and lattice diffusion of Cu to be 1.4 and 2.7 eV, respectively. For 

nanocrystalline (average grain size around 8 nm) TiN barriers grown by pulsed laser 

deposition, Gupta et al. [5] observed significantly less Cu diffusion than for 

comparable polycrystalline and single-crystalline TiN films. An explanation for this 

behavior could be the effectively much longer diffusion paths along grain boundaries 

in the case of nano-sized grains. In comparison, columnar grain structures or low 

angle grain boundaries provide direct diffusion paths in polycrystalline and single-

crystalline layers, respectively.  

Improved TiN barrier performance was also observed in films with oxidized grain 

boundaries [6–9]. This mechanism works well for Al metallization by the stuffing of 
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grain boundaries with Al oxides. However, it is not as effective in Cu metallization 

because the formation of Cu oxides in the TiN grain boundaries is 

thermodynamically less favorable [9,10].   

While Cu diffusion in TiN barriers has been extensively studied from a 

phenomenological point of view, especially in the case of lattice diffusion, there is a 

lack of literature reporting experimental investigations of the underlying atomic 

migration mechanisms. This may be partly due to the fact that during the early 

stages of lattice diffusion the diffusion length is so small and the concentration of the 

diffusing species so low, that it is often below the detection threshold of conventional 

techniques for chemical analyses. Furthermore, theoretical studies of bulk TiN 

suggest that point defects present in the TiN barrier layer strongly affect the 

migration of impurity atoms [11–15]. TiN retains its stable rocksalt structure for a 

wide stoichiometry range, often resulting in high numbers of native point defects 

such as vacancies or interstitials that interact with impurity species. For example 

impurities like O, C, H and Ar can be trapped at N vacancy sites in TiN and may be 

released again due to interactions with N interstitials. In the cases of C or Ar this 

results in the formation of stable defect complexes, while O and H are untrapped and 

released back into the host crystal. This release of O can also explain its segregation 

to grain boundaries and the subsequent stuffing observed in polycrystalline TiN [15]. 

Similar interactions with native point defects have been proposed by first-principles 

calculations for Cu atoms in TiN [12,14].  

These point defects are hard to capture accurately by experiment. The two 

established characterization instruments used today are transmission electron 

microscopy (TEM) in conjunction with energy-dispersive X-ray spectrometry (EDX) 

and electron energy loss spectrometry for structural analysis and 
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compositional/chemical mapping as well as secondary ion mass spectrometry for 

chemical depth profiling. However, none of these techniques offers true 3D 

characterization at the atomic scale [16,17]. 

With the emergence and development of atom probe tomography (APT) in the last 

decades this gap can now be closed. APT yields a discrete 3D compositional image 

with very high analytical sensitivity (as good as 1 atom per million) and a spatial 

resolution of 0.2 - 0.3 nm in all directions. All elements can be detected with an 

equally high efficiency without prior knowledge of the specimen’s composition 

[16,17]. There are already several reports where APT has been used effectively for 

the characterization of materials and processes in semiconductor devices and 

advanced metallization [16,18–20]. 

The aim of this study is to combine various TEM techniques with APT in order to 

present a sophisticated and comprehensive analysis approach for the nanometer 

scale investigation of the interface and inter-diffusion processes in the Cu/bulk TiN 

system. The present paper shows how the two complementary methods can be used 

to provide both structural and chemical information of high resolution at buried 

interfaces. Experimental findings are correlated with results of first-principles studies 

[11–15]. Ultimately, this information will on the one hand contribute to the 

understanding of complex segregation and diffusion phenomena; on the other hand 

this combined experimental approach could become the basis for innovations in 

materials for microelectronics such as ultrathin and highly effective diffusion and 

oxidation barrier layers, or - more generally - reliable and degradation-resistant 

layered materials. 
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2. Experimental details 

TiN/Cu bilayers were grown on (001)-oriented single-crystalline MgO substrates by 

unbalanced direct current magnetron sputter deposition. Prior to being inserted into 

the chamber, the MgO wafers were cleaned by successive rinses in ultrasonic baths 

of acetone and ethanol and blown dry with dry air. The deposition chamber was 

evacuated to a base pressure below 10-5 mbar. Prior to deposition the MgO wafers 

were etched in an Ar plasma by applying a voltage of -500 V for 5 min to activate 

and clean the surface. All targets were sputter-cleaned in pure Ar for 5 min as well, 

with a shutter shielding the substrates. 

TiN layers were grown at a substrate temperature of 700 °C in a reactive Ar/N2 

atmosphere (35 sccm Ar, 5 sccm N2) at a pressure of 4.6×10-3 mbar. The power 

density at the two 2 inch diameter Ti targets was set to 6.2 W cm-2 during deposition 

and an asymmetrically pulsed bias potential of -100 V was applied to the substrates 

to provide additional energy for the film forming species [21]. This resulted in a 

deposition rate of 11 nm min-1 for TiN. Without breaking the vacuum, the Cu 

overlayers were grown on the TiN film at a substrate temperature of 50 °C in pure Ar 

atmosphere. The power density at the single 2 inch diameter Cu target was set to 

2.1 W cm-2 and the deposition was carried out at floating potential, yielding a growth 

rate of 13 nm min-1. 

Three sets of bilayers with different layer thicknesses as measured in cross-sectional 

TEM were produced: TiN (160 nm) / Cu (20 nm), TiN (100 nm) / Cu (130 nm), and 

TiN (80 nm) / Cu (130 nm). The samples with the thicker Cu film were used in the 

subsequent annealing studies, where Cu acted as the diffusion source. Isothermal 

annealing treatments were performed in vacuum (p < 10-6 mbar) for 1 h at 900 °C, 

and in Ar atmosphere for 12 h at 1000 °C. The choice of a protective gas 
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atmosphere for the high temperature annealing treatment was necessary to prohibit 

Cu evaporation. It has to be noted that during the annealing treatments de-wetting of 

the Cu layer and consequently Cu island formation was observed. In the following 

investigations, the Cu diffusion into TiN was studied directly beneath the center of 

such Cu islands, to ensure that a sufficient amount of diffusing species was 

available. 

Pole figure measurements were performed using a Rigaku SmartLab 5-axis 

diffractometer equipped with Cu-Kα radiation, a parabolic multilayer mirror in the 

primary beam and a secondary graphite monochromator in 5° steps for the azimuth 

angle Ψ, 0° ≤ Ψ ≤ 85° and the polar angle Φ, 0° ≤ Φ ≤ 360°. The data was evaluated 

using the MATLAB® toolbox MTEX 3.5.0 for quantitative texture analysis [22]. 

Single-layer TiN films deposited with the same parameters as the bilayer films were 

used to determine the density and surface roughness of the TiN film by X-ray 

reflectivity (XRR) measurements and to study the TiN surface by electron back-

scatter diffraction (EBSD) and atomic force microscopy (AFM). XRR characterization 

was performed using the Rigaku system in the same setup as for the pole-figure 

analysis. For the fitting of the measured data the Leptos Bruker software was used. 

Values for the density and surface roughness of the TiN layer were obtained by 

fitting the critical angle and the intensity slope according to the Nevot-Croce interface 

model with a genetic algorithm fit. EBSD scans were performed with an EDAX 

DigiView IV EBSD detector inside a scanning electron microscope (SEM). Areas of 

10 x 10 µm2 were scanned with the pixel size set to 30 nm2. The surface roughness 

of the as-deposited TiN layer was also measured by AFM in tapping mode in 

ambient atmosphere with a BRR/SPM device designed by DME. 
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Elemental composition of the film was obtained by time-of-flight energy elastic recoil 

detection analysis (ToF-E ERDA). 36 MeV 127I8+ ions were used as projectiles with 

the incident angle set to 67.5° with respect to the surface normal and a recoil angle 

of 45° [23]. The recoil ToF-E ERDA spectra were analyzed using the CONTES code 

[24], where the measured recoil energy spectrum of each element was converted to 

relative atomic concentration, providing an error margin of ±1.5 at.% for the reported 

elemental compositions. 

Samples for APT and TEM were prepared using the focused ion beam (FIB) lift-out 

technique in a Zeiss Auriga SMT SEM equipped with an Orsay Physics Cobra Z-05 

FIB unit with a Ga+ ion source. In a final step all samples were polished with 5 kV 

Ga+ ions to remove surface defects. Additional TEM samples were prepared by the 

conventional method, where specimens glued into a Ti grid are mechanically 

polished down to a thickness of approximately 60 µm. Etching of the samples was 

completed in a Gatan precision ion polishing system by bombardment with 5 keV Ar+ 

ions until electron transparency was reached. Fine polishing was performed in the 

same system using 2 keV Ar+ ions.  

High resolution transmission electron microscopy (HRTEM), collection of selected 

area diffraction (SAED) patterns and scanning transmission electron microscopy 

(STEM) were carried out by using a FEI Tecnai G2 TF20 UT TEM with a field 

emission gun operated at 200 kV. The instrument has a point resolution of 0.19 nm 

and is equipped with an EDX system. EDX analyses were performed during STEM 

investigation to obtain elemental composition maps across the interfaces. 

Furthermore, Z-contrast STEM imaging with a high-angle annular dark field (HAADF) 

detector was employed to detect electrons elastically scattered from the specimen 

with high angles, thus providing strong atomic number contrast in the image. 
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Samples were also analyzed in a local electrode atom probe (Imago LEAP 3000X 

HR) in laser pulsing mode with a pulse rate of 200 kHz and pulse energy of 0.2 nJ at 

60 K. All APT samples had a similar specimen geometry with a tip radius smaller 

than 50 nm and a shank angle in the range of 10°. Three tips of each sample state 

(as-deposited, annealed 900 °C for 1 h, annealed 1000 °C for 12 h) were examined. 

The investigated volume was in the range of 400,000 nm3. For reconstruction and 

chemical analysis with the Cameca IVAS 3.6.6 software, an evaporation field of 

30 V nm-1, image compression factor of 1.65 and field factor of 3.3 were used. The 

reconstruction was based on the tip radius evolution with increasing evaporation 

voltage. 

 

3. Results and discussion 

3.1 Structural and compositional characterization 

Fig. 1 shows X-ray diffraction (XRD) pole figure maps of a TiN (160 nm thickness) / 

Cu (20 nm thickness) bilayer grown on MgO(001). The pole figures were measured 

at constant 2 theta angles corresponding to the (111) and (200) reflections of TiN 

and Cu. At this point it has to be noted that because of the lattice mismatch of 

only -0.7% [19,20] between TiN and MgO their reflections nearly overlap. Due to the 

small film thicknesses, the substrate will partly contribute to the measured TiN pole 

figures. Nevertheless, in the 002-pole figures of both layers (Figs. 1a, c) there are no 

maxima present apart from the single one at the origin. This indicates that all (001) 

planes in the TiN and the Cu film are oriented parallel to the substrate surface. The 

weak maximum in the center of the Cu 111-pole figure (Fig. 1d) results from the 

(200) reflection of MgO (and possibly TiN), whose 2 theta angle of 42.917° [25] (TiN: 

42.597° [26]) is very close to that of the Cu (111) reflection at 43.298° [27]. On the 



 
 

9 

 

other hand, in both 111-pole figures (Figs. 1b, d) four symmetric maxima at a tilt 

angle of about 55° can be observed. In cubic materials the angle between the (001) 

and (111) planes is 54.7°, again suggesting that TiN/Cu bilayers grow with their 

(001) planes parallel to the MgO (001) planes. Additionally, the maxima 

corresponding to the {111} planes of TiN and Cu appear at polar angles of 45, 135, 

225 and 315°. Therefore, it can be concluded that the bilayers grow with a cube-on-

cube epitaxial relationship on the substrate, i.e. 

{001}<010>TiN/Cu || {001}<010>MgO. 

Fig. 2 shows plan-view EBSD scans of the TiN and Cu surfaces. In the case of TiN 

some pixels give diffraction information deviating from the expected (001) 

orientation. These are most likely pixel errors due to debris on the surface and not 

actual growth defects. Otherwise the misorientation would carry on into the Cu 

toplayer, which is not the case as can be seen in Fig. 2b. Thus, the EBSD scans 

Figure 1: XRD pole figures obtained from the respective (a, c) (200) and (b, d) (111) reflections of 

TiN (160 nm) / Cu (20 nm) bilayers grown on (001)-oriented MgO substrates. 
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further point to the epitaxial, single-crystalline growth of fcc TiN/Cu bilayers on (001)-

oriented MgO. 

The average surface roughness of the TiN layer was measured to be below 0.8 nm 

by AFM, which is in the range of the surface roughness of the substrate. A fit of the 

XRR curve of the TiN layer yielded a comparable roughness value of 0.9 ± 0.2 nm. 

Cross-sectional samples of the as-deposited and annealed bilayers were 

investigated by conventional TEM. In both cases the observable region of the TiN 

layer was free of grain boundaries, indicating that the film is single-crystalline. 

HRTEM micrographs (Figs. 3a, b) and the corresponding SAED patterns (inserts in 

Figs. 3a, b) of both the TiN/MgO and Cu/TiN interfaces in the as-deposited state 

were recorded along the [100] zone axis. In Fig. 3a the (020) lattice spacings of MgO 

and TiN were both measured to be 0.21 nm. Because of the small lattice mismatch 

there is an overlap in the SAED patterns, which confirm the epitaxial relationship 

found by the pole figure maps. No indication of Mg-Ti-spinel formation at the 

interface, as previously reported in [28], could be detected during the TEM 

investigations or in the SAED patterns. The measured (020) lattice spacing of 

0.18 nm in Cu (Fig. 3b) goes along with clearly discernible reflections in the 

Figure 2: Plan-view EBSD maps of the (a) TiN and (b) Cu surface, recorded over an area of 10 x 

10 µm
2
 with a pixel size of 30 nm

2
. The TiN and Cu layers were 160 and 20 nm thick, respectively. 
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corresponding SAED pattern of the Cu/TiN interface, again confirming epitaxial, 

single-crystalline film growth. 

Fig. 3c shows a HRTEM micrograph of the TiN/MgO interface after annealing for 

12 h at 1000 °C in Ar atmosphere. The TiN layer remains stable up to this 

temperature and no reaction with the MgO substrate was observed. Since there is a 

considerable difference in the thermal expansion coefficients of TiN and MgO, the 

compressive stress due to differential thermal contraction after cooling down the 

Figure 3: Cross-sectional HRTEM images of the (a) TiN/MgO and (b) Cu/TiN interface in the as-
deposited state and corresponding SAED patterns (inserts) recorded along the [100] zone axis. The 
TiN and Cu layers were 160 and 20 nm thick, respectively. A high resolution micrograph of the 
TiN/MgO interface after annealing at 1000 °C for 12 h recorded along the [100] zone axis is shown in 
(c) as well as the corresponding calculated (020) Bragg image in (d). 
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sample from the deposition temperature of 700 °C is calculated to be 2.2 GPa in the 

TiN film [29]. It can be assumed that at least a part of that stress is relieved by the 

formation of dislocations. Thus, annealing the film above the deposition temperature 

again will lead to a significant decrease in dislocation density. This is corroborated by 

the (020) Bragg image of the annealed TiN layer (Fig. 3d), where no dislocations 

could be found in the layer. However, there are some misfit dislocations present 

directly at the interface, which is revealed by a darker contrast in the Bragg image. 

Overall, the low dislocation density and the lack of direct diffusion paths such as 

grain boundaries potentially enhance the performance of the single-crystalline TiN 

diffusion barrier. 

 

3.2 Diffusion studies 

3.2.1 Experimental findings 

The diffusion depth of Cu in the annealed samples was evaluated by STEM Z-

contrast imaging techniques [30] and EDX mappings. After annealing at 900 °C for 

1 h in vacuum, no perceptible Cu diffusion into bulk TiN was detected. A STEM 

image obtained with a HAADF detector is shown in Figs. 4a, b. Cu as the heaviest 

element gives the brightest contrast while MgO appears darkest. Figs. 4c, d show 

EDX mappings of the Cu-K and the Ti-K edge recorded across the Cu/TiN interface 

with the pixel size set to 1 nm2. In both the STEM image and the EDX mappings, the 

Cu/TiN interface appears sharp and well defined in terms of elemental distribution 

and no indications of Cu diffusion could be found over the investigated area.  

Results for the sample annealed at 1000 °C for 12 h in Ar atmosphere are shown in 

Figs. 4e-h. The STEM Z-contrast image (Figs. 4e, f) reveals a layer with lighter 

contrast reaching from the Cu/TiN interface into the TiN film. EDX mappings 
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(Figs. 4g, h) suggest that this layer is due to Cu diffusion into the bulk TiN. While the 

interface appears relatively sharp when mapping the Ti-K edge (Fig. 4h), mapping of 

the Cu-K edge (Fig. 4g) shows diffused Cu in the single-crystalline TiN film. The 

uniformity of the diffusion layer indicates that Cu diffuses via a bulk diffusion 

mechanism. Based upon the contrast difference in the STEM image the diffusion 

length was measured to be approximately 12 nm.  

The characteristic diffusion length �̅� is given by  

�̅� = 2 ∗ √𝐷𝑡  ,                                                   (1) 

where D is the diffusion coefficient at a given temperature and t the time for diffusion. 

With the measured diffusion length of 12 nm, the diffusion coefficient at 1000 °C can 

thus be calculated to be about 8×10-18 cm2s-1. In comparison, diffusion coefficients 

published for polycrystalline TiN barrier layers are typically in the range of 

Figure 4: Cross-sectional STEM images obtained with a HAADF detector of samples with an initial 
Cu layer thickness of 130 nm annealed at (a, b) 900 °C for 1 h and at (e, f) 1000 °C for 12 h. The 
zoom denotes the areas where EDX maps of the (c) Cu-K and (d) Ti-K edge for the 900 °C sample 
and of the (g) Cu- K and (h) Ti-K edge for the 1000 °C sample have been recorded. The diffusion 
layer after annealing at 1000 °C is marked in (e, f). 
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10-15 - 10-14 cm2s-1 for annealing temperatures of 900 °C and would be even higher 

at 1000 °C [4,31]. This illustrates the strong influence of grain boundaries on the 

performance of the diffusion barrier. 

To support the TEM investigations, concentration depth profiles were extracted from 

APT reconstructions of the Cu/TiN interface of the pristine and annealed samples as 

shown in Fig. 5. Due to its high sensitivity and sub-nanometer resolution, APT can 

provide detailed insights into the elemental distribution directly at the interface. APT 

reveals that the TiN film is slightly substoichiometric for all three sample states 

(Fig. 5a). In the case of the annealed samples there seems to be a further N loss 

directly at the interface, but from a depth of about 5 nm into the TiN film, the 

composition of all three sample states is identical.  

A quantitative comparison of the elemental composition of the as-deposited TiN layer 

as measured by ERDA and APT is given in Tab. 1. The results of the two analyses 

are in excellent agreement, especially regarding the stoichiometry of the TiN film. 

Both techniques give a N/Ti ratio of 0.92, indicating the presence of N vacancies in 

the TiN layer. The measurement error of ERDA is below 1.5 at.% and of APT below 

0.1 at.% for all analyzed elements. Deviations in the measured Ar and O contents 

are present at the error margin of ERDA.  

 

Table 1: Comparison of the elemental composition of the as-deposited TiN film measured by ERDA 

and APT. 

 
Ti 

[at.%] 
N 

[at.%] 
Ar 

[at.%] 
O 

[at.%] 
C 

[at.%] 

ERDA 50.9 47.0 1.6 0.1 0.4 

APT 51.0 47.2 0.9 0.8 0.1 
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Figure 5: Concentration depth profiles with error bars acquired from representative 3D APT 
reconstructions of all three sample states (a) and a comparison of the Cu distribution directly at the 
interface (b). The initial Cu layer thickness was 20 nm in case of the pristine sample and 130 nm in 
case of the annealed sample states. 
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In order to test the finding of a slight substoichiometry of the TiN films, XRR 

measurements of single-layer TiN were performed. The results show a density of 

5.4 ± 0.2 g cm-3, which is in agreement with the bulk value of 5.39 g cm-3 [32]. Since 

the TiN density is a direct function of the N concentration in TiNx (0.6 ≤ x ≤ 1.2) [33], 

we conclude that the TiN films are at most slightly substoichiometric. Also the films 

are effectively dense without porosity or open percolation paths, as supported by the 

TEM analyses (Figs. 3 and 4). 

The evident Ar incorporation into TiN is a side effect of the biased sputtering process 

in mixed N2-Ar atmosphere. According to Hultman et al. [34], Ar will likely be 

incorporated interstitially or in the form of small bubbles (< 2 nm). Furthermore, an O 

enrichment directly at the Cu/TiN interface is observable in the as-deposited sample 

in Fig. 5a, although no indications for this could be found during the TEM 

investigations. This O accumulation can most likely be related to the cooling process 

between the TiN and Cu depositions, where residual gas in the chamber could have 

adsorbed on the TiN surface. However, the fact that the Cu overlayer adopts the 

(001) orientation of the underlying TiN points towards a negligibly thin adsorbate 

layer, so that it could not be resolved with HRTEM. The O enrichment at the 

interface is not discernible after the 900 °C annealing treatment in vacuum. 

Presumably the low amounts of O have diffused into the Cu and TiN layers during 

the annealing treatment, where they are now evenly distributed as impurities. In case 

of the sample annealed at 1000 °C in Ar atmosphere, again higher levels of Ar and O 

are present at the Cu/TiN interface, which is probably a side effect of the annealing 

treatment and the aforementioned Cu island formation. It is conceivable that during 

this process Ar and residual O are captured at the interface of the formed Cu islands 

and the underlying TiN film. The following considerations will not take into account 
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the influence of the O and Ar impurities that were found by APT on the Cu bulk 

diffusion. Especially in transition metal nitrides, the interplay of defects and impurities 

is very complex and its comprehensive analysis would go beyond the scope of this 

study. As shown in Fig. 5a the Cu/TiN interface is spread over approximately 2 nm in 

the as-deposited sample. From the direct comparison of the Cu depth concentration 

profiles in Fig. 5b no significant change in the Cu distribution is evident after 

annealing at 900 °C for 1 h. This is in agreement with the findings of STEM and EDX 

mapping. On the other hand, after annealing at 1000 °C for 12 h first indications of 

beginning Cu diffusion are evident in Fig. 5b. A slightly elevated Cu concentration is 

apparent, reaching from the interface approximately 7 nm into the TiN layer. This 

diffusion length agrees reasonably well with the 12 nm measured in the STEM 

image. This is an exceptionally short diffusion length compared to values published 

for polycrystalline TiN diffusion barriers [4,5,35]. A possible reason for the higher 

efficiency of single-crystalline TiN barrier layers is the absence of fast diffusion paths 

in the form of grain boundaries. The diffusion mechanism is solely controlled by 

lattice diffusion, where the activation energy is much higher. 

 

3.2.2 Relation to theoretical studies 

Extensive theoretical studies illustrating diffusion of Cu and other species in TiN are 

available by Tsetseris et al. [11–15], where especially the importance of the defect 

structure in the TiN film is analyzed based on density-functional theory. In a perfectly 

stoichiometric, defect-free TiN film the activation energy Ea for diffusion of an 

interstitial Cu atom was calculated to be 1.4 eV. However, if there is a small number 

of N vacancies present in the TiN, the Cu atom may be trapped at a N vacancy site 

with a binding energy of 4.08 eV. According to Tsetseris et al. the migration 



 
 

18 

 

activation energy for such a trapped Cu atom would be so large that in fact it can be 

considered immobile. A different mechanism emerges when the density of N 

vacancies becomes so high that another N vacancy is in the vicinity of the trapped 

Cu atom. The Cu atom can now move to the neighboring N vacancy site while 

leaving behind a new vacancy. In a second step this new vacancy will then hop to a 

vicinal N site. The effective activation energy for the migration of such a complex is 

2.8 eV [12,14].  

Considering the composition of the TiN layers investigated in the present study 

(Tab. 1), the formation and migration of Cu-N vacancy complexes should be the 

energetically most favorable atomic-scale mechanism for the lattice diffusion of Cu 

atoms. With the diffusion coefficient D = 8×10-18 cm2s-1 calculated from the 

measured diffusion length after annealing at 1000 °C, the pre-exponential factor D0 

can be obtained from the Arrhenius-relation 

𝐷 = 𝐷0 ∗ exp (−
𝐸𝑎

𝑘𝑇
) ,                                               (2)         

where k denotes the Boltzmann constant and T is the absolute temperature. Solving 

this equation yields a pre-exponential factor D0 = 9.7×10-7 cm2s-1.  

In summary, Cu diffusion is not active in substoichiometric bulk TiN when Cu atoms 

get trapped at isolated N vacancies and moderate when the Cu atom can diffuse as 

a complex together with a N vacancy. If no grain boundaries or fast percolation paths 

such as connected N vacancy networks are present, the migration of Cu atoms is 

controlled by a lattice diffusion mechanism. 

 

4. Conclusions 

A complementary combination of HRTEM, STEM and APT was established to study 

the bulk diffusion of Cu in TiN. HRTEM confirmed the single-crystalline structure of 
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the TiN layer, and APT uncovered low levels of O and Ar impurities at the interface 

and revealed a substoichiometry of the TiN film. No discernible Cu diffusion was 

observed with either technique after annealing at 900 °C for 1 h. After an annealing 

treatment at 1000 °C for 12 h, a uniform inter-diffusion layer with a thickness of 

12 nm was observable in STEM images, indicating that Cu diffused via a lattice 

diffusion mechanism in single-crystalline TiN. APT depth concentration profiles 

showed a comparable diffusion length of 7 nm.  

With these values the diffusion coefficient at 1000 °C was calculated to be about 

8×10-18 cm2s-1. A comparison to theoretical studies [11–15] based on density-

functional theory shows that the likely diffusion mechanism in the present 

substoichiometric TiN films is Cu migration from one N vacancy site to another with 

an activation energy of 2.8 eV and a pre-exponential factor of about 9.7×10-7 cm2s-1. 

The lack of fast diffusion paths such as grain boundaries contributes to the excellent 

diffusion barrier properties of single-crystalline TiN. 
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