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HIGHLIGHTS

® Two terminations and different stacking sequences were investigated.

® Six possible interface models were established.

e Termination structure played an important role on the interfacial stability.
® The electronic structure and bonding nature were investigated.

® The most stability of AIN/Ti interface module was established.

® The most stability of AIN/Ti interface show high charge transfer.
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The first principles calculations were performed to obtain the ideal work of separation (W), electronic
structure and the bonding nature of the AIN(0001)/Ti(0 00 1) interface. Taking into account two terminations
of AIN(0001) and different stacking sequences, six possible interface models were investigated. The Wi, and
interfacial distance indicated (d,) that terminated structure and stacking sequence both played a significant role
on the interfacial stability. Moreover, the N-terminated interfaces with TL stacking sequence presented larger

W,ep and shorter d, than other structures. Furthermore, the electronic structure suggested that the strongest
covalent interfacial bond is largely affected by the N-p and Ti-d hybridizations.

1. Introduction

With the increasing demands of high power density, frequency, ef-
ficiency and reliability of high power electronic devices, ceramics with
high thermal conductivity, low coefficient of thermal expansion (CTE),
and excellent heat and chemical resistance are used for high power
module applications, such as LED lighting and insulated gate bipolar
transistor (IGBT) packaging [1,2]. Compared with conventional plastic-
based printed circuit board (PCB), direct-plated-copper (DPC) and di-
rect-bonded copper (DBC) are promising techniques for electronic
packaging [3]. The DPC aluminum nitride (AIN) substrate with high
thermal conductivity (k = 170 W/mK) provides a good alternative to
conventional aluminum oxide (Al,O3) substrate (k = 24 W/mK) for
better heat dissipation [4]. As a DPC substrate, it is crucial for AIN
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ceramics to have good bonding with transition metals, but the two are
hard to combine. Consequently, theoretical research of AIN-metal in-
terface is necessary.

In DPC ceramic substrate systems, sputtered Ti is often used as the
interfacial material between Cu and ceramic substrate [5]. Ti has lower
strength and hardness than AIN ceramics. Therefore, metal-ceramic
multilayers, such as Ti and AIN, have advantages of both types of ma-
terials. The interfacial structure and electronic properties of the AIN/Ti
interface play a crucial role in determining the interfacial adhesion
properties. Some researchers have studied thermal cyclic loading and
delamination failures of AIN substrate experimentally [6]. Un-
fortunately, the factors affecting the interfacial properties are still
poorly understood. To optimize preparation techniques and understand
influencing factors, the AIN/Ti interface should be better studied.

1 These authors contributed equally to this work and should be considered first co-authors.

https://doi.org/10.1016/j.cplett.2018.10.034
Received 25 July 2018; Accepted 11 October 2018
Available online 12 October 2018

0009-2614/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00092614
https://www.elsevier.com/locate/cplett
https://doi.org/10.1016/j.cplett.2018.10.034
https://doi.org/10.1016/j.cplett.2018.10.034
mailto:pangxl@mater.ustb.edu.cn
https://doi.org/10.1016/j.cplett.2018.10.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2018.10.034&domain=pdf

W. Jin et al.

First principles calculations based on the density functional theory
(DFT) are a powerful tool to calculate the interfacial properties, with
many results obtained regarding atomic configuration and even elec-
tronic distribution. The recent paper dealing with ceramic-metal in-
terface accurately estimated the interfacial stability and interfacial
structure [8-10]. Numerous first principles calculations based on the
DFT have been applied to metal-ceramic interfaces. Siegel et al. [7]
built a small database of the work of adhesion for Al/nitrides (VN, CrN,
TiN) interfaces using the density functional theory. Liu et al. [8] used
the density functional theory to study Al/TiN interfaces by calculating
electronic distributions and showed that the Al 3sp — N 2s bonds were
polar covalent. Lin et al. [9] performed the first principles calculations
of the interfacial atomic structure and electronic distribution for alu-
minum and four kinds of ceramics, TiC, TiN, VC and VN, and found that
the bond between an Al and C (or N) atoms stabilize interfaces. Tao
et al. [10] selected four metals (Al, Cu, Ti, and Zr) to calculate the
adhesion energy of the AIN/metal (Al, Cu, Ti, and Zr) interfaces and
showed that the adhesion energy is mainly affected by lattice mismatch
and does not have a linear relationship with either formation enthalpy
or the surface energy.

Although metal-nitride interfaces have been recently studied, there
is less research regarding interfacial structure at the atomic level and
the nature of AIN/Ti interface bonding. The effects of microstructure
and charge distribution on the interfacial properties of AIN/Ti inter-
faces need to be further studied.

In this paper, the AIN(0 00 1) and Ti(0 0 0 1) surfaces, which are the
most close-packed planes in AIN and o-Ti, both with hexagonal struc-
ture, were studied. Subsequently, the microstructure, the work of se-
paration and electronic structure of the AIN(0001)/Ti(000 1) inter-
face were studied by the first principles calculations. Furthermore, we
systematically investigated the atomic configuration of stable interfaces
and the main factors affecting the interfacial mechanical properties.

2. Methodology and calculation details

Total energy and electronic structure calculations as well as the
Cambridge serial total energy package (CASTEP), based on the DFT,
were used to calculate system energy and electronic structure [11,12].
The self-consistent field procedure was used to solve the Kohn-Sham
equation to perform electronic minimization and reach the ground state
[13]. Additionally, for atomic structure minimization, the Broyden-
Fletcher-Goldfarb-Shanno algorithm (BFGS) was utilized for geometry
optimization [14]. The convergence criteria for the maximum energy,
force and stress were set as 5 x 107° TT\;“, 0.01 %, and 0.02 GPa, re-
spectively. For the reaction of different atoms, the selection of valence
electrons is significant, which is considered in pseudopotentials for Al:
3s% 3p!, N: 25 2p® and Ti: 3s> 3p® 3d? 4s% The generalized gradient
approximation (GGA) in the Perdew, Burke and Ernzefhof (PBE)
method described electron exchange and correlation energy [15]. The
convergence tests of plane-wave cutoff energy and the Monkhorst-Pack
k-point grid were calculated by evaluating the dependence of system
energy on both parameters [16]. Consequently, the plane-wave cutoff
energy of 400 eV, the k-point mesh of 9 x 9 X 4 for bulkand 9 x 9 x 1
for surface and interface were utilized in this work.

In order to evaluate the accuracy of the adopted parameters, certain
calculations of the bulk properties were first performed. The calculated
lattice constants are: a = b = 2.941 .7\, ¢ = 4.663 A for o-Ti bulk, which
is similar to the calculated values (a = b = 2.864 1°\, c=4536A [17D
and its experimental values (a = b = 2.951 A, c=4.679A [181). For
AIN bulk, the values of calculated lattice constants (a = b = 3.126 A,
¢ = 5.008 A) are generally consistent with the values of the previous
report (a =b = 3.1165 ;\, ¢ = 4.9956 A [19]) and the experimental
values (a = b = 3.110 A, c=4.980A [201). These results demonstrate
that the adopted parameters in this work can ensure sufficient accuracy.

Chemical Physics Letters 713 (2018) 153-159

3. Results and discussion
3.1. Surface properties

In thermodynamics, the surface energy (ys) is commonly used to
define the energy per unit area required to form a new surface and
describe the surface stability [21,22]. It is usually obtained according to
the following formula [23,24]:

¥ = [Estab (N)—NEpui]/2As @

Here, Egq,(IN) is the total energy per surface structure, N is the
number of atoms in the slab, Ej, is the bulk energy per atom, A; is the
area of corresponding slab surface, and the factor 2 indicates the pre-
sence of two identical surfaces of the slab.

The surface is modeled by a slab, which has a certain surface area
and a thickness that is thick enough to exhibit bulk-like behavior. To
evaluate an applicable thickness for modeling a bulk-like Ti(000 1)
slab and AIN(0001) slab, convergence tests are performed in pre-
paration for the following calculations. Due to surface structure, a
greater thickness and a larger number of atoms will have more accurate
calculation results, however, the calculation process will require more
time, memory and hardware resources. Therefore, a reasonable scheme
has been executed for convergence tests to choose atom layers by cal-
culating clean surface energy with respect to increasing atom layer
thickness. In the slab supercell, two surfaces of the slab with periodic
cell structure were separated with a 15 A vacuum layer to avoid the
superfluous influence along the surface and the interface. During this
work, the surface energy (ys) of AIN(0001) and Ti(000 1) with dif-
ferent thickness slabs was calculated, respectively. Upon attaining a
critical thickness, the surface energy will approach a constant value. As
shown in Table 1, AIN(0 0 0 1) slab with more than twelve atomic layers
almost converges to a constant value of 7.86 J/m? and the Ti(0001)
slab with more than ten atom layers converges to a constant value of
1.94 J/m?. Therefore, the AIN(0001) slab with twelve layers and Ti
(0001) slab with ten layers are utilized in the following surface and
interface calculations to ensure the bulk-like behavior.

It is worth noting that previous AIN(0 00 1), which is a stoichio-
metric slab, has Al- and N-terminated atoms at the top and the bottom,
respectively. If the surface layer number is even, the surface energy (ys)
is exactly the average value of the simultaneously present two termi-
nations and can be quickly -calculated from Eq. (1), i.e.
Yo 0oor) = (s.aiv(001)-ar + ¥s.a1v 0oor)-n)/2- 1f both sides of the surface
are formed by the same single element, Eq. (1) represents the chemical
potential of the element. Thus, the surface energy of AIN(000 1) with
non-stoichiometric feature can be given by [25]:

Yav = [Estas—Nupi —(Na—Ny) py 1/ A )

Here, A is the surface area of AIN(00 0 1), Egqy, is the total energy of
surface slab, N,; and Ny are the number of Al and N atoms in the surface
slab, respectively. ,L{Z'flg{ stands for the chemical potential of AIN bulk
and py represents the chemical potential of N element in the surface

Table 1
Convergence of the AIN(000 1) and Ti(0 00 1) surface energy with respect to
slab thickness.

Number of layers, n Surface energy, J/m?

AIN(0001) Ti(0001)
4 7.61 1.94
6 7.76 1.96
8 7.73 1.96
10 7.79 1.94
12 7.83 1.94
14 7.83 1.94
16 7.83 1.94
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Fig. 1. The relation between surface energies of the N-terminated and Al-ter-
minated AIN(0001) and s —u3®™.

slab.

The details of the study method were presented in reports [26-28].
The surface energy for Al- and N-terminated AIN(0 0 0 1) surfaces are a
function of nitrogen chemical potential according to Eq. (2). The range
of the N chemical potential is [26-28]
AH} < py = < 0 &)

Here, the value of AH}’ is the formation enthalpy of bulk AIN, which
is calculated to be 3.248 eV, compared to the Material Project database
value of 3.19eV [29]. The calculation uy—u$"” is the difference of N
chemical potential in AIN(0 0 0 1) surface slab and in pure N5 bulk. The
results of surface energy with non-stoichiometric features as a function
of nitrogen chemical potential according to Eq. (2) are shown in Fig. 1.
If both sides of the surface are the same single element, for the N- and
Al-terminated AIN(0 0 0 1), v, is in the 6.38-9.43 J/m? and 2.08-5.18 J/
m? ranges, respectively. Furthermore, the surface energy of the both N-
terminated AIN(0001) is larger than the Al-terminated AIN(0001)
over the whole range. Additionally, it is common for a surface with a
larger surface energy to appear more reactive [30]. Surfaces with
higher surface energy create stronger interfacial adhesive properties.

3.2. Interface

Based on the convergence tests of the surface, the 12-layer AIN
(0001) slab and 10-layer Ti(0001) slab are used to build the AIN
(0001)/Ti(0001) interface with 15A vacuum layers, in which the
two close-packed planes are matched to form the interface. According
to this lattice orientation, the mismatch between AIN is about 3.15%,
which has a small effect on the calculation of the AIN /Ti interface
properties. Separation distance d, greatly affegcts W,ep and interfacial
atomic bonding. Therefore, a value of 1.5-2 A was selected for d, in
accordance with previous reports [10,31,32].

The AIN(0 0 0 1) slabs with Al- and N-terminations are studied with
fully relaxed in all directions in the interface. Meanwhile, the different
interfacial stacking sequences have been considered, which different in
the position of interfacial Ti atoms with respect to the AIN(0 00 1) slab
lattice structure shown in Fig. 2, where there are three different staking
sequences. The OT sequence describes the interfacial Ti atoms of the Ti
(0001) slab, directly located at the top of N or Al atom of the AIN slab.
The SL sequence describes the interfacial Ti atoms located at the top of
N or Al atoms of the second layer of the AIN(000 1) slab. The TL se-
quence describes the interfacial Ti atoms located at the top of N or Al
atoms of the third layer of the AIN(0 0 0 1) slab. Consequently, a total of
six different interfacial configurations were considered.
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Fig. 2. Top views and side views of three stacking sequences for N-terminated
AIN(0001)/Ti(0 00 1) interface: (a) OT, (b) SL, and (c) TL stacking sequences.
Three atoms layers are shown, in which the pink spheres are interfacial Al atom,
the blue spheres are N atom and the grey spheres are Ti atom.

3.3. Interface structure and work of separation

The work of separation Wj., has been calculated. It is an important
fundamental value to represent the adhesive properties and is defined
as the reversible work required to cleave an interface into two free
surfaces. It can be estimated using the total energy difference between
the interface and its isolated surface slabs [33]:

Eslab,a + Eslab,ﬁ_Eint

"Vsep = A

“@

Here, Egqp,« and Egqgp, g are the total energy of relaxed surface slabs
and the subscripts a and [3 are materials a and p. E;,, is the total energy
of the interface system and A is the interface area of the unit cell.

As seen from Table 2, the W, values for six interface configurations
of the two terminations have been listed with corresponding interface
distance do. The N-terminated interfaces present larger Wy, and
smaller interfacial distance d, than Al-terminated interfaces. This
phenomenon may be explained by the higher surface energy of N-ter-
minated interfaces, which is greater than Al-terminated surfaces. This
results in more activity, more reactions and easier bond formation. On
the other hand, the stacking sequence is an influencing factor affecting
Wiep. Of all the equilibrium stable interface geometries, the highest
Wiep values of 13.19 J/m? and 13.34 J/m? were calculated for the OT
and TL stacking of the N-terminated interface. As expected, the TL
stacking geometry for the N-terminated interface is preferred, as it



W. Jin et al.

Table 2
Work of separation (W) and interfacial distance (do) for the relaxed AIN
(0001)/Ti(0001) interfaces.

Termination Stacking d,, A W,q, J/m?
N oT 0.83 13.19

SL 1.92 1.72

TL 0.81 13.34
Al oT 2.15 1.04

SL 2.37 4.44

TL 2.16 1.31

almost extends the bulk AIN stacking sequence across the interface into
the metal [7]. Comparing the TL stacking of N-terminated interface, the
initial OT stacking sequence for N-terminated interface is quite different
with bulk AIN sequence. After full relaxation, this interface configura-
tion is reconstructed closer to the TL stacking sequence for the N-ter-
minated interface with shorter interface distance (d = 0.81 A). There-
fore, OT stacking sequence of the N-terminated interface has a value of
Wiep, Which is the same as the TL stacking value. For the interface with
N-termination, the TL is the most favorable structure. For the interface
with Al-termination, the SL model (W, = 4.44 J/m?) indicates the
most favorable structure. Therefore, for study the local interface
structure and interface bonding, the following section of the paper will
mainly discuss the N-terminated interfaces with the TL structure and Al-
terminated with SL.

3.4. Electronic structure and bonding

The adhesion strength of the metal/ceramic interface is most de-
termined by the bond strength. So study the bonding nature is necessary
in the interface using electronic structures. Furthermore, the most
stable interfaces for the TL stacking sequence of N-terminated and SL
stacking sequence of Ti-terminated interfaces were investigated by
difference charge densities, i.e. the density of states (DOS).

The difference charge density Ap is presented:

AP = LNy PaN—Pri %)

Here, oy, r; is the charge density of the AIN/Ti interface, p,;,, and
pr; are the total charge density of the AIN and Ti slabs with the same
unit cell, respectively.

Fig. 3 shows the charge density and the difference in charge density
for the TL staking of N-terminated interface and for the SL staking of Al-
terminated interface. There are some obvious differences in the inter-
facial electronic structure of the two interfaces, which illustrate sig-
nificant interfacial bonding characters. First, the charge transfers at the
TL staking of N-terminated interface can see in Fig. 3(a), where the
charge transfers come mainly from interfacial Ti to N atoms with more
strength than the charge transfer comes from the Al-terminated inter-
face with SL stacking between Al and Ti atoms. Therefore, the N and Ti
atoms have formed stronger chemical bonds in accordance with the
Wiep value in Table 2. Second, from Fig. 3(b) and (d), the charge dis-
tributions for N and Ti atoms are very similar. While both show high
charge accumulation and spherical symmetry characteristics, there is
obvious charge depletion in the Al atom. For the Al-terminated inter-
face with SL stacking, a few charge accumulation is between the in-
terfacial Al and Ti atoms. On the side, a large amount of charge accu-
mulation between interfacial N and Ti atoms occurred in the N-
terminated interface with TL stacking. As a result, a covalent bond can
be found between the neighboring N atom and Ti atom forming the
N—Ti bond, and the neighboring Al and Ti atom forming the Al-Ti
bond. Evidently, the covalent interaction for the N—Ti bond is stronger
than the Al-Ti bond. Both the TL staking of N-terminated and SL
staking of Al-terminated interfaces show a mix of covalent and ionic
bonding.

For a deeper insight into electronic structure and the nature of
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bonding for the N-terminated interface with TL sequence and Al-ter-
minated interface with SL sequence, the partial densities of states plots
are presented in Figs. 4 and 5, respectively. The left chart presents the
PDOS of the AIN layer and the right chart presents those of the Ti layer,
where the 1st layer is located in the interface area.

For the N-terminated interface with TL sequence, there are some
interesting features in Fig. 4. The PDOS of the 1st Ti layer of the Ti slab
shows that the electronic occupied states move to lower energy, causing
the peak position of Ti-d orbital to decrease by 2 eV compared with the
inner Ti. Simultaneously, the occupied states of interfacial N atom (1st
N layer) move to high energy, causing its N-p peak position to increase
by 2 eV compared with the same atoms in the inner layer. This effect is
more localized at the exterior layer than for the interior layer for the
same atoms shown in Fig. 4. Furthermore, the PDOS of interfacial Ti
atoms in the Ti(0 00 1) slab, especially for the Ti-d orbital, appear to
peak at around —4eV, and this peak is overlapped with the peak of
interfacial N atoms in the AIN(0 0 0 1) slab, especially with N-p orbitals.
These overlapping states indicate that the hybridization of the Ti and N
orbitals, especially Ti-d and N-p, formed a strong covalent interaction.

Fig. 5 shows the partial density of states for the Al-terminated in-
terface with the SL sequence, where the curves of the 1st Al layer are
quite flat and non-localized, and occur in the wide energy range. This
shows more metallic features than the inner Al layer, which suggests
that the metallic bond has formed between Ti and Al at the interface
area. Moreover, the PDOS of Ti atoms in the first Ti(0 0 0 1) layer show
a peak around —1 eV, and this peak is overlapped with one of the first
Al layer of AIN(0001), but the overlap between them is relatively
small. As a result, for the Al-terminated interface with the SL sequence,
the interfacial bonds suggest less covalent features compared the N-
interface with the TL sequence. All charge changes mainly occur in the
first two layers, while the state of the other layers remains unchanged,
consistent with the central layer, therefore, this evidence indicates that
the first two layers of atoms play an incomparable role in the interface
properties, and the type and arrangement of interface atoms greatly
influence adhesion of the interface.

In summary, for the N-terminated interface with TL sequence, the
main interfacial bonding interaction is the strong covalent bond, pro-
duced mainly by the orbital hybridization of N-p and Ti-d. For the Al-
terminated interface with the SL sequence, the interfacial interaction is
mainly the metallic bond and partial weak covalent bond. This is very
similar to the result of charge density and difference charge density.

4. Conclusions

The first principles calculations based on density functional theory
were calculated to obtain the work of separation, stable interface
structure and the interfacial bonds for the AIN(0001)/Ti(0001) in-
terfaces. Considering the two terminations of AIN(0001) (Al-termi-
nated and N-terminated) and different stacking sequences (OT-, SL- and
TL-sequence), six constructed interface models were investigated. The
following conclusions can be drawn.

(1) Surface convergence tests show that the AIN(0 00 1) slab contains
more than twelve atomic layers, and the Ti(000 1) slab contains
more than ten atomic layers. The corresponding surface energy vys
converges to 7.86 J/m? and 1.94 J/m?, respectively.

(2) The N-terminated interfaces present bigger Wi, and shorter inter-
facial distance d, than the Al-terminated interface. Of all the
equilibrium interface geometries, the largest Wy, values of
13.19J/m? and 13.34J/m> were calculated for the OT and TL
stacking of the N-terminated interface, respectively.

(3) The stacking sequence strongly affects W, in which the TL
stacking sequence for the N-terminated interface shows the highest
stability. For the Al-terminated interface, the SL stacking sequence
exhibit s most stable.

(4) The TL stacking geometry for the N-terminated interface is
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Fig. 3. Difference charge density (a) and charge density (b) for the TL staking of N-terminated interface, difference charge density (c) and charge density (d) for the
SL staking of Al-terminated interface, red and blue areas represent charge increase and decrease respectively. Dotted line indicates the interface location.
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Fig. 5. Partial density of states (PDOS) for the Al-terminated interface with SL sequence.

preferred, as it almost extends the bulk AIN stacking sequence
across the interface and into the metal.

The results of charge density and charge density difference show
that the covalent bond can be formed at the N—Ti and Al-Ti in-
terfaces. Evidently, the covalent interaction for the N—Ti bond is
stronger than the Al-Ti bond. Both TL staking of the N-terminated
and the SL staking of the Al-terminated interfaces show a mix of
covalent and ionic bonding.

The partial density of states (PDOS) indicate that for the N-termi-
nated interface with the TL sequence, the interfacial bond is the
strong covalent bond contributed mainly by the orbital hybridiza-
tion of N-p and Ti-d. For the Al-terminated interface with the SL
sequence, the interfacial interaction is mainly the metallic bond and
partial weak covalent bond. This may be the reason that the N-
terminated interface with the TL sequence revealed higher inter-
facial stability than the Al-terminated interface with the SL se-
quence.
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