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Abstract: Multilayered TiN/AlN coatings find many technological applications where 

superhardness is suspected to be affected by AlN structures and template effect. Here, 

we demonstrate, by first-principles calculations on alternative adsorptions of Al and N 

atoms on Ti- and N-terminated TiN surfaces, that the preferred stacking sequences 

(i.e., having the largest adsorption energy) transform from fcc- to hcp- mode in first a 

few AlN layers. Using several analytic methods, we identify that for the T-terminated 

surface, the third added N layer is critical to inducing the structural transition of AlN, 

weakening the interaction between the second added Al and first added N atoms. The 

findings provide insight to the complicated template effects in TiN/AlN multilayered 

coatings, which are practically relevant for further improving property of multilayered 

coatings at the atomic scale. 
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1. Introduction 

Multilayered coatings of transition metal nitrides exhibit many unusual physical 

and mechanical properties [1,2], which render them applicable for many uses, e.g. as 

engineering tools, magnetic and electric components, and superconducting devices [3]. 

In particular, multilayered TiN/VN superlattices show a hardness as high as 56 GPa, 

much higher than either of its host coatings [4,5]. To date, there are a few mechanisms 

for strength enhancement, which are classified as coherency stresses (or 

supermodulus effects) and nanostructure effect [6]. Chu and Barnett [7] proposed that 

the difference in shear moduli between the two components may give rise to a high 

intrinsic stress in coatings, which blocks dislocation motion and leads to a high 

hardness. On the other hand, Mendibide et al. [8,9] attributed the improved wear 

resistance of the CrN/TiN nanolayers to hindrance of crack propagation. Moreover, 

metastable phases can form between adjacent layers in multilayered coatings because 

of the template effect, e.g. in TiN/AlN [10−13]. The high-pressure rocksalt structure 

of AlN can be stabilized in the epitaxial TiN/AlN superlattices when the layer 

thickness of AlN is no more than 2 nm. However, a stable hexagonal phase of AlN is 

formed when the layer thickness is over 2 nm, resulting in a critical thickness of 2~3 

nm for cubic AlN [14−16]. Such template effect is also affected by the orientation of 

the multilayered coatings, and the preferred orientation of the starting layer 

determines the preferred orientation of entire coatings [17,18]. For example, the 
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orientation in TiN/CrN multilayered coatings shifts from (111) to (200), resulting in 

significant enhancement of hardness[17]. 

However, it remains unclear why strength is enhanced in multilayered coatings. 

Dong et al. [19] synthesized ZrN/Si3N4 nano-multilayers and found that amorphous 

Si3N4 layer is crystallized once its thickness is less than 0.9 nm owing to the template 

effect. Wen et al. [10,20] deposited NbN/AlN nano-multilayer films and found that 

when the AlN thickness is small, both the hexagonal wurtzite-AlN(0002) and 

face-centered cubic (fcc) AlN(111) are coherent with fcc NbN (111), yet further 

increase of the AlN thickness promotes coherent growth of 

fcc-NbN(111)/w-AlN(0002). The high hardness of the coatings can be mainly 

attributed to Koehler mechanism and structural barrier (fcc/hexagonal) to the 

dislocation motion between NbN and AlN layers. Such phenomena have also been 

found in many other metastable nitrides, e.g. TiN/BN [21], CrN/AlN [22,23], 

CrN0.6/TiN [18], and VC/AlN [24,25]. 

Theoretically, Ivashchenko and Vepřek [26,27] conducted first-principles 

molecular dynamics calculations of stability and transformations of heterostructures 

comprising fcc-TiN(001) slab. And, Chawla et al. [28,29] combined the finite element 

(ABAQUS) and ab initio methods to predict the equilibrium critical thickness up to 

which the metastable cubic AlN phase is energetically favoured to a stable wurtzite 

variant in TiN/AlN and CrN/AlN bilayer systems. Chen et al. [30] studied the 

pseudomorphic growth and the thickness-dependent structural transformation of cubic 

AlN grown on TiN. Stampfl and Freeman [24] identified initial growth stages and 
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compared the critical thickness of TiN/AlN with VN/AlN multilayered coatings. S. 

Patel et al [31] performed finite element modeling on the structure-property 

relationship of AlN-TiN composite and estimated the thermal conductivity and 

thermal expansion coefficient. However, Zhang et al. [32] studied the intrinsic 

mechanical properties of two AlN polymorphs and found that in spite of its higher 

elastic modulus, fcc-AlN shows slightly lower shear strength as compared to the 

stable hcp-AlN. The higher hardness of fcc-TiN/fcc-AlN heterostructures than 

fcc-AlN/hcp-AlN nanolaminates is attributed not to the difference in intrinsic strength 

and bonding nature between fcc-AlN and hcp-AlN, yet to formation of semi-coherent 

interfaces . In view of the general interest of transformation from fcc- to hcp-AlN and 

intricate growth mechanism in multilayered coatings, we conduct first-principles 

calculations on growth of AlN on TiN to investigate template effect in the TiN/AlN 

multilayered coatings. 

 

2. Calculational details 

    Calculations were carried out using Cambridge Sequential Total Energy Package 

(CASTEP) within the framework of DFT [33]. The pseudopotential was applied for 

describing the electron-ion interaction, and the generalized gradient approximation of 

Perdew and Wang (PW91) was used to address exchange-correlation functional [34]. 

The single-particle Kohn-Sham wave functions were expanded using plane wave with 

a cutoff energy of 600 eV. A vacuum of 30 Å was embedded into surface supercells to 

avoid unwanted interactions between slab and its periodic images. Sampling of the 
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irreducible edge of Brillouin zone was conducted using the regular Monkhorst-Pack 

grid with 12 × 12 × 12 k points for bulk TiN and AlN, and 8 × 8 × 1 for surface and 

adsorption process [35,36]. A series of independent convergence tests were performed, 

verifying that the above parameters were sufficient to converge total energy to within 

0.01 eV/atom. 

For <111> TiN surface, a 13-layer slab was found to be thick enough to exhibit 

bulklike interiors [6]. Six terminations were considered which are divided into two 

groups in light of termination: N- and Ti- terminated surfaces with three stacking 

sequences for each group (Fig. 1). Along the <111> orientation, the atoms stack as the 

mode of A-B-C-A-B-C--- (hereafter, mentioned as fcc-mode), and the stacking 

sequence of A-B-A-B-- is named as hcp-mode. For adsorption process, an isolated Al 

or N atom was introduced and therefore one stacking sequence was needed to be 

constructed for each group (Fig. 2). Three stacking sequences were taken into account 

by placing the added atom (Al or N) in one of three sites at every step. Figure 2 shows 

the available positions: Al/N along Ti-N bond (FL: first layer), Al/N above N/Ti atoms 

(SL: second layer), and Al/N above Ti/N (TL: third layer). To identify the most 

energetically stable system at each adsorption step, we calculated adsorption energy 

(Wads), a key quantity in predicting adhesive strength between the substrate and added 

atom, from [37,38] 

MTiNMTiNads EEEW /                           (1) 

where ETiN, EM, and ETiN/M are total energy of isolated TiN slab, M atom (M = Al or N), 

and the whole system, respectively. 
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3. Results and discussion  

3.1. Bulk properties and model geometries 

There are three crystal structures for AlN: rocksalt (Fm-3m), wurtzite (P63MC), 

and zinc-blende (F4-3m). The optimum lattice constant of the rocksalt, hcp-blend, and 

zinc-blend AlN are calculated to be 4.07 Å, 3.13 Å (c/a =1.6) and 4.39 Å, respectively, 

consistent with the reported values (Table 1). The energy gap of the wurtzite-AlN is 

calculated to be 4.13 eV, in agreement with the reported theoretical values of 4.64 and 

4.3 eV [48,49]. 

The Al or N atoms are added alternatively to the Ti- and N-terminated surfaces. 

All atoms are allowed to relax at every step. To ensure a continuous process of growth, 

the starting atomic positions at each adsorption step are taken from previously relaxed 

structure, which has the largest adsorption energy and is viewed as the most stable one. 

Figure 3 shows the adsorption process for N-terminated surface. The Ti and N atoms 

in the first two TiN surface layers are labelled as STi and SN, and the added Al and N 

atoms are labelled as Alm or Nm (m = 1~7), where m represents the number of newly 

added layer. A similar process is applied to the Ti-terminated surface. From Fig. 3, one 

can see that Al1 atoms occupy FL layer and the N2 atom also appears at the extended 

lattice site. However, when the Al3 atom is introduced, the stacking sequences change 

utterly from fcc-mode to hcp-mode. When the N or Al atoms are subsequently added, 

the structures maintain the stacking sequence of hcp-mode, which indicates that the 

cubic-AlN layers can exist within three layers only, (4.38 Å). Further examination of 

structure of the N2 case shows that the N2 atom pulls the Al1 atom slightly away from 
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the N1 or TiN surface, which should account for the structural transition of AlN. In 

view of the template effect, the thickness of the AlN sandwiched by TiN is doubled, 

which is comparable to the experimental critical thickness. 

Figure 4 shows the fully optimized geometries for the adsorption process of the 

Ti-terminated surface. As in the N-terminated case, the N1 and Al2 atoms occupy the 

most stable sites in form of the fcc-mode. During the adsorption of N3 and Al4 atoms, 

the stacking sequence transforms from the fcc- to hcp-mode. However, the AlN layers 

maintain the A-B sequence after the process. The transformation occurs between the 

step 3 (N-3 with a AlN thickness of 4.04 Å) and 4 (Al-4 with a AlN thickness of 5.22 

Å). The Ti-terminated surface is viewed as a shift of the N-terminated surface toward 

the TiN by one atomic layer (Fig. 3(a) and 4(b)). We hence conclude that the fcc-AlN 

can exist only in a few layers. We hereafter analyze the Ti-terminated case only due to 

the similarity in structure between the N- and Ti-terminated surfaces. 

 

3.2. Adsorption energy 

   Table 2 lists the adsorption energy of the Ti-terminated surface before and after 

relaxation. For the N1 atom, the FL site exhibits the largest Wads of 9.16 and 10.15 eV 

before and after relaxation. For the Al2 atom, the FL site has the largest Wads of 3.68 

before relaxation, but it occupies the TL site after relaxation, indicating the influence 

of surface on the adsorption process. For the N3 atom, the FL site shows the largest 

Wads before relaxation, implying that the stacking sequence obeys fcc-mode. However, 

the FL and SL sites have a similar relaxed Wads (9.23 and 9.25 eV), which indicates a 

weakening effect of surface. In addition, for the Al4 atom, the SL site has the largest 
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Wads before and after relaxation, and the stacking sequence shifts from the fcc-mode to 

hcp-mode. The surface effect is therefore weakened substantially with the increase of 

film thickness and the N-3 atom is critical to the transformation of AlN polymorphs. 

 

3.3. Partial density of states 

   To gain further insight into electronic states, we present in Fig. 5 density of states 

(DOS) projected on selected atomic layers of the relaxed Ti-terminated surface during 

the adsorption process. From the fig.5(a), it could be seen that the SN and STi layers 

are first two layers in TiN surface, and the N1, Al2, N3, Al4, N5, and Al6 denote the 

added layers at corresponding step. The states for the SN layers are similar, implying 

that the added atoms impose an insignificant influence on the TiN layers. The 

adsorption of Al2 atom extends greatly the width of states located mainly from −7.5 to 

0 eV and reduces the magnitude of the DOS for the neighbouring N1 atom. 

Consequently, when the N3 atom is added, the N1layer shows similar states as in the 

N1 case. From partial DOS (PDOS) of all layers, the hybridization between the 

neighbouring layers takes place not only below EF but within the energy range of 17.5 

to −12.5 eV, regardless of the addition of N or Al, which indicates the presence of 

covalency in the TiN/AlN layers. The partial density of states for Al and N atoms 

added at step2 to step4 are also presented in Fig.5(b), where on could see that: 1) Al2 

in step2 shares the similar distribution in s and p state with Al4 in step4; 2) the total 

state of N3 in step3 is mainly from p states; 3) the addition of N3(Step3) atoms 

prominently narrows the width of states, indicating the weakening interaction between 
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Al2 and N1 at the step3; 4) at the step4, the p state of N3 are shifted a little away from 

the EF, accompanied by the similar shift of s and p states of Al2, giving the evidence 

of enhanced interactions between these two atoms.   

 

3.4. Charge density and density difference 

To provide a deeper understanding of the adsorption process, we calculate charge 

density and its difference for the relaxed atomic configurations from step 1 to 4 (Fig. 

6). The (110) plane has been chosen purposely so that the slice passes through N, Ti, 

and Al atoms, allowing us to note clearly the majority of bonding interactions between 

them. Looking at Fig. 6(a), we note that the added N1 atom gains electrons from its 

neighbouring Ti, enhancing their interaction. When the Al2 atom is added, it supplies 

electrons to the N1 atom, implying a weakened interaction between N1 and Ti atoms. 

However, once the N3 atom is grown, the Al2 atom somewhat shifts away from the 

N1 atom, giving rise to a similar electron distribution of N1 in between the N-1 and 

N-3 cases. This phenomenon agrees with the above partial density of states analysis 

(Fig. 5). Further adsorption of Al4 atom terminates the transition from the fcc-mode to 

hcp-mode in view of the stacking sequences of top site between Al and N atoms. We 

thus conclude again that the N3 atomic layer is critical to the template effect. 

 

4. Conclusions 

We have performed a first-principles study of the adsorption process of Al and N 

atoms on TiN(111) surface, aiming at probing template effect in a TiN(111)/AlN(111) 
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multilayered coating. We consider an alternative adsorption of the Al and N atoms at 

three sites on the N- and Ti-terminated TiN surfaces, and reveal a transition from fcc- 

to hcp- mode regardless of the termination, indicating that the template effect exists in 

a few AlN layers of only. Further examination of the adsorption energy at each step 

reveals that the FL and SL sites of the N3 atom have a similar relaxed adhesion energy, 

implying that the hcp-mode tends to occur. Several analytic methods have been used 

to analyse the adsorption process. We find that the N3 atom mainly gains electrons at 

the expense of charge loss on its adjacent Al2 atom, thereby weakening the interaction 

between Al2 and N1 atoms. A transition occurs once the Al4 atom is added, indicating 

that the N3 atomic layer is crucial to the template effect. 
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Table 1 Lattice parameters of the AlN bulk. The reported experimental and theoretical 

results are also given. The c/a value is shown in bracket in the wurtzite column. 

 

 AlN structure 

  Wurtzite Zinc-blende Rocksalt 

 

a(Å) 

This work 3.13(1.60) 

 

4.39  4.07 

Experiment 
3.11(1.60)

39 

3.13(1.60)
40 

4.38
41 

4.05
42 

Theory 
3.12(1.60)

43 

3.13(1.60)
44 

4.39
43

 

4.40
44 

4.06
43 

4.07
44 

Energy gap 

(eV) 

This work 4.13 3.34 4.58 

Experiment 
6.28

45
; 6.2

46 

6.2±0.1
47 

  

Theory 
3.97

44
;~5.0

50 

4.64
48

; 4.3
49 

3.97
44 

4.0
50 

4.05
44 

5.0
50 
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Table 2 Adsorption energy for the N and Al atoms adsorbed on the Ti-terminated TiN 

surface with three different stacking sequences at each step (in eV). 

 

 

 

Ti-terminated Unrel. Relaxed  

4.10 

Unrel. Relaxed 

Step1 

N1 

FL 9.16 10.15 

6.36 

3.69 

6.14 

Step2： 

Al2 

FL 3.68 4.26 

SL 6.07 6.14 SL 2.98 4.10 

TL 8.49 9.52 TL 3.05 4.39 

Step3 

N3 

FL 7.62 9.23 

Step4 

Al4 

FL 2.80 4.74 

SL 7.30 9.25 SL 3.09 4.81 

TL 5.36 5.40 TL 2.76 2.78 

Step5 

N5 

FL 8.77 9.02 

Step6 

Al6 

FL 2.759 5.823 

SL 4.03 9.21 SL 2.741 5.822 

TL 8.76 9.11 TL 2.865 5.827 

Step7 

N7 

FL 4.47 9.142 

Step8 

Al8 

FL 3.902 5.437 

SL 8.04 9.141 SL 4.163 5.432 

TL 7.01 9.217 TL 4.864 5.438 
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Fig. 1. Schematic plots of TiN(111): (a) N-terminated and (b) Ti-terminated surfaces. 

The upper part shows top view and low part side view. Only top seven out of thirteen 

symmetric (111) layers are presented for each termination. 

 

Fig. 2. Schematic plots of (a) OT, (b) SL, and (c) TL stacking sequences. The upper 

part shows top view and lower part side view. The N-terminated surface and Al atom 

are given only (on top of A, B and C).  

 

Fig. 3. Schematic plots for the structure having the largest adsorption energy when the 

Al or N atoms are deposited on the N-terminated TiN surface at each step: (a) Step1, 

(b) Step2, (c) Step3, (d) Step4, (e) Step5, (f) Step6, and (g) Step7. 

 

Fig. 4. Schematic plots for the structures having the largest adsorption energy when 

the Al or N atoms are deposited on the Ti-terminated TiN surface at each step: (a) 

Step1, (b) Step2, (c) Step3, (d) Step4, (e) Step5, (f) Step6, (g) Step7, and (h) Step8. 

 

Fig. 5. Density of states projected on selected atomic layers of relaxed Ti-terminated 

surface during the adsorption process :(a) total density and (b) partial density of states. 

The Fermi energy is set to zero and denoted by a vertical line. 

 

Fig. 6. Contour plots of charge density for (a) N1, (b) Al2, (c) N3, and (d) Al4, and the 

corresponding charge density difference for the Ti-terminated surface taken along the 
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(110) plane. The charge density difference represents a redistribution of charge in the 

surface relative to the isolated surface system. The atoms that intersect the contour 

plane are labeled. 
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Figure 2 
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Figure 4 
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Figure 6 
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