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A B S T R A C T

In this manuscript, ceramic substrates with different adhesion layers were prepared by the direct-plated-copper
(DPC) method. Microstructure and mechanical properties were investigated by scanning electron microscopy
(SEM) and adhesion strength tests. SEM results showed that the AlN/Ti/Cu interface had fewer defects than AlN/
Cr/Cu and AlN/Cu. The adhesion strength of the Ti layer samples was about 16.5MPa, which is much higher
compared with Cr and no adhesion layer samples. The adhesion strength of the AlN/Ti/Cu sample was the
highest, followed by AlN/Cr/Cu, and AlN/Cu adhesion was the lowest. The AlN (0 0 1)/Ti (0 0 1) and AlN
(0 0 1)/Cr (1 1 0) interfaces were studied by the first principles calculations based on the density functional
theory (DFT). It appears that the TieN bonds were formed by the Ti-spd and N-p orbital hybridization.
Moreover, the electron transition from Ti atom to N atom was higher than that from Cr to N. The bond length of
TieN bond is shorter than CreN bond length, and its population has proven that TieN has stronger covalent
character, which may be the reason why the AlN/Ti/Cu interface has higher interfacial stability than AlN/Cr/Cu.

1. Introduction

Direct-plated-copper (DPC) is a method of ceramic metallization,
which can provide an alternative to conventional substrates for better
heat dissipation in high power module applications [1]. DPC can pro-
vide thin film metallization of ceramic substrates with high precision
and surface smoothness. Compared with other ceramic metallization
methods [2], DPC has lower metallization temperature of about 300 °C.
Direct-bonded-ceramic (DBC) refers to a metallization method in which
copper and ceramics are bonded together by eutectic reactions, but the
operating temperature is about 1065–1085 °C. Due to the high oper-
ating temperature, the interface is prone to defects generation, resulting
in degraded thermal cycling performance. In comparison, direct-plated-
copper method operates at a lower temperature, and the process is
easier to control [3,4]. Aluminum nitride (AlN) is a promising ceramic
substrate material with the thermal expansion coefficient of about
4.5×10−6 K−1, which is quite different compared with most metals.
Furthermore, AlN is a strong covalent compound, which has certain
difficulties with metallization [5,6]. It has been reported that most
metals have poor wettability with AlN [7–12]. Ceramics and metals
have significant differences in physical and chemical properties, thus
efforts have been made to find better methods to bond metals and

ceramics materials.
Stronger chemical bonds formed between ceramics and metals re-

sult in better adhesion, which also determines the quality and reliability
of the products to a large extent. Thus, it’s crucial to form stronger solid
bonds between ceramics and metals. Some of the elements can form
high-lattice-based compounds with N, which are often selected as ad-
hesion layers [13,14]. In some literature reports, Cr and Ti are often
used as the adhesion layer for DPC [15–17]. In this research, Cr and Ti
are compared using experiments and calculations to identify which
material is more suitable for the adhesion layer. In recent years the first
principles methods based on the density functional theory (DFT) have
been utilized to investigate interfacial properties [18]. Some research
papers reported that the combination of ceramics and metals depends
on the lattice mismatch between them, i.e., the smaller the mismatch,
the higher the bond strength [19].

In this work, titanium and chromium were selected as transition
layer metals, which were deposited by magnetron sputtering on the
substrate surface as the first layer. Experiments and theoretical pre-
dictions were used to illustrate the essence of the interfaces. We focused
on the calculation of the interfacial free energy of metal/ceramic in-
terfaces combined with the adhesion strength tests and scanning elec-
tron microscopy (SEM) characterization. The work of separation,
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/
/ , was used to measure the interface bond strength.

2. Experiments

2.1. Materials and methods

Ceramic substrates were manufactured by the DPC method. AlN
ceramics substrates were 0.635mm thick, containing Y2O3. Then

atomic level cleaning of the surface of the aluminum nitride ceramic
was performed prior to sputtering. AlN substrates were multi-arc ion
treated prior to sputtering. The sputtering temperature varied from
423 K to 473 K. The thickness of the Ti and Cr adhesion layers was
20–200 nm. Then 6 μm copper seed layer was sputtered on top of ad-
hesion layers. The deposition process parameters were optimized, as
listed in Table 1. Cr, Ti and Cu targets were 99.99% pure.

Cu electroplating was performed for about 60min to thicken the
metallization layer with 2 A/dm2 current power. The final Cu layer
thickness was about 20 μm. The cross-section morphology was observed
by field emission scanning electron microscope (ZEISS SUPRA 55,
Germany) with 5 kV operating voltage. In order to characterize the
adhesion strength between metal and ceramics, slow tensile testing
machine was used. As shown in Fig. 1, samples for adhesion strength
test were etched into 5×5mm2 arrays, then fixed the sample with a
fixture and exerted a pull straight upwards by slow tensile testing
machine until the metal and the ceramic layers were separated.

2.2. Results

Cross-section morphology of the AlN/Cu, AlN/Ti/Cu and AlN/Cr/
Cu interfaces is shown in Fig. 2. The samples were broken by a glass
knife. There are cracks at the AlN/Cu and AlN/Cr/Cu interfaces, sug-
gesting that the interfacial bond strength is low. The crack throughout
the AlN/Cu interface is shown in Fig. 2(a). Cr adhesion layer improved
interfacial bonding, but there are still some cracks at the interface, as
seen in Fig. 2(b). The metal layer is not completely detached from the
ceramics, and there are still adhered parts between the metal and
ceramics. However, in Fig. 2(c), where Ti is an adhesion layer, the
cross-section morphology shows no defects, such as cracks or pores.
Since the cross sections of the samples were made in the same way, the
metal layer was peeled off the substrate to prove that the bond strength
is poor. This test proved that titanium and chromium can improve
ceramic/metal interfacial adhesion.

EDS results of the AlN/Ti/Cu interface are shown in Fig. 3. Ti
content has a gradient change from the AlN side to the Cu side. As
shown in Fig. 3(d) and (e), the interface has titanium and nitrogen, and

Table 1
Parameters of multi-arc ion sputtering.

Cr film Ti film Cu film

Power current: I, A 150 150 300
Working gas: Ar (99.99%)

Pressure, Torr
3× 10−3 3× 10−3 3× 10−3

Sputtering time: t, min 5 5 90

Fig. 1. Method of adhesion strength test.

Fig. 2. Cross section morphology of different transition layers on ceramic substrate: (a) AlN/Cu; (b) AlN/Cr/Cu and (c) AlN/Ti/Cu.
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the thickness of the interface reaction layer is about 1–3 µm. It can also
be observed that some of Ti diffused into copper.

Fig. 4 shows the results of adhesion test for the three kinds of
samples, AlN/Cu, AlN/Ti/Cu and AlN/Cr/Cu. The adhesion strength of
AlN/Ti/Cu has been greatly improved compared with the other two
samples. The adhesion strength in descending order is AlN/Ti/Cu >
AlN/Cr/Cu > AlN/Cu. The adhesion strength with titanium as an
adhesion layer is about 16.5MPa. The adhesion strength of the samples
with no adhesion layers is far less than the samples with adhesion
layers.

3. Theoretical calculations

3.1. Calculation methods and models

In this research, the works of separation at AlN (0 0 1)/Ti (0 0 1) and
AlN (0 0 1)/Cr (1 1 0) interfaces was calculated using the first principles
Cambridge serial total energy package (CASTEP). The calculations
employed the generalized Perdew, Burke, and Ernze (GGA-PBE) gra-
dient approximation for the exchange–correlation function [19,20].
The irreducible wedge of the Brillouin zone was integrated by means of
the Monkhorst-Pack scheme [21] using the 9×9×9 grid. The surfaces
and interfaces were modeled using the supercell approach with periodic
boundary conditions. The convergence parameters were set as follows.

Fig. 3. Element area distribution of diffusion at the AlN/Ti/Cu interface. Cross section morphology of: (a) AlN/Ti/Cu; (b) Al; (c) Cu; (d) Ti and (e) N.

Fig. 4. Adhesion strength of AlN/Cu, AlN/Ti/Cu and AlN/Cr/Cu electroplated
for 60min.
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The plane-wave cut-off energy was selected as 400 eV for all calcula-
tions, which was sufficient to obtain reliable results. Other parameters
were set with high precision. For the geometry optimization, all thea-
toms in the supercell were fully relaxed until the energy convergence of

5e−6 eV/atom, and the thick vacuum layer was 18 Å. In this case the
Brillouin zone was using the 9×9×1 grid. To research the ceramic/
metal interface, it is significant to make sure the two slabs were thick
enough to show the bulk-like character [22]. If the slabs are too thin,
material properties could not be characterized, while in contrast, thick
slabs would increase calculation time. Therefore, appropriate slab
thickness was crucial for calculations. The minimum slabs thickness
was obtained by calculating the convergent properties of the surface
energy. The AlN surface energy ranging from 6 to 14 layers was cal-
culated until the energy was converged by using the following formula
[23]:

=

−

E
E E

2Asurf
hkl surf

hkl N
N bulk

hkl

slab
hkl

bulk

(1)

Fig. 5. Crystal structures of: (a) AlN; (b) Ti and (c) Cr.

Table 2
Information of the models.

Parameter name Parameter value Select reason

Number of surface layer Ti: 9 layers
AlN: 10 layers
Cr: 6 layers

Convergence test

Crystal orientation (1×1) AlN (0 0 1)/ (1×1) Ti (0 0 1)

( ×2 3 2 3 ) AlN (0 0 1)/(4× 4) Cr (1 1 0)

Close-packed plane
Lattice mismatch

Converged criterion (surface) 1meV/surface unit cell
Interface area AlN (0 0 1)/Ti (0 0 1): 15.96 Å2

AlN (0 0 1)/Cr (1 1 0): 92.59 Å2

Lattice parameter Calculated value:
Ti: a= b=2.941 Å, c= 4.663 Å
Cr: a=b= c=2.794 Å
AlN: a=b=3.126 Å, c= 5.008 Å

Experimental value:
Ti: a= b=2.951 Å, c= 4.679 Å [26]
Cr: a= b=c=2.884 Å [27]
AlN: a= b=3.110 Å, c=4.980 Å [28]

Fig. 6. Simulated structures of: (a) AlN (0 0 1)/Ti (0 0 1) and (b) AlN (0 0 1)/Cr(1 1 0) interfaces. Green balls represent Ti atoms, while the purple and blue balls
represent aluminum and nitrogen atoms, respectively. Gray balls stand for Cr.

Table 3
The work of separation of the AlN/M interfaces.

E , eVsurf M
hkl

( ) E , eVsurf AlN
hkl

( ) E , eVAlN M/
001/001 W , J/mAlN M/

001/001 2

AlN(0 0 1)/Cr
(1 1 0)

−221988.755 −23732.831 −245780.915 1.454

AlN(0 0 1)/Ti
(0 0 1)

−9616.887 −1978.793 −11598.455 4.838

Note: the lattice constant is the standard value for pure bulk materials.
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Here, Eslab
hkl , Nslab

hkl , Ebulk, and Nbulkrepresent the total energy of (hkl)
surfaces and the number of atoms in the slab and the bulk. Al-termi-
nated model was chosen to build the interfaces, and all atoms were
relaxed in all directions. The minimum number of layers was de-
termined by the convergence test. The work of separation (WAlN M

hkl
/

001/ ) can

characterize the adhesion strength of the interface. It is commonly used
to define the energy per unit area required to separate the two parts of
an interface and to form two infinitely separated free surfaces [23]:

=
+ −

W
E E E

AAlN
hkl surf AlN surf M

hkl
l

hkl

λ
hkl

001/ ( )
001

( ) A N/M
001/

A N/M
001/ (2)

The letter M refers to one metal, Esurf AlN( )
001 and Esurf M

hkl
( ) represent the

total energy of the surface structure, EAlN M
hkl
/

001/ is the total energy of the
interface structure formed by the AlN (0 0 1) and M (hkl), and AAlN M

hkl
/

001/ is
the corresponding interface area.

Various crystal orientations of the surface determine different work
of separation. In general, the close-packed plane is the most stable and
has the lowest surface energy. Both AlN and Ti have hexagonal close
packed (hcp) structure, and their lattice constants are close to each
other, while Cr has body-centered cubic (bbc) structure, as shown in
Fig. 5.

Due to the difference in crystal structure and lattice constant, there
must be lattice mismatch when modeling the interface. Therefore, ap-
propriate rotation and resizing of the lattices were applied to reduce the
mismatch. we intentionally selected interfaces having lattice mismatch
roughly less than 5% [24,25]. Periodicity is introduced in the direction
parallel to the interface to obtain the interface with small mismatch.
( ×2 3 2 3 ) AlN (0 0 1) cell and (4× 4) Cr (1 1 0) cell are adopted to
build the AlN (0 0 1)/Cr (1 1 0) interface. The total number of atoms of
the model is about 216, and the mismatch of the interface is about
4.7%. For AlN and Ti, they are both hcp structure, and the lattice
parameters of the two are relatively close (Ti: a= b=2.941 Å,
c= 4.663 Å, AlN: a= b=3.126 Å, c= 5.008 Å). For this interface
with less mismatch, the mean value of the lattice parameters of the two
surfaces is considered for adoption. When (1× 1) AlN (0 0 1)/(1×1)
Ti (0 0 1) is established in this way, one surface is stretched and the
other is compressed, about 3.1% mismatch is generated. The total
number of atoms in the model is 29. We pointed out that smaller lattice
mismatches may be obtained, but considering the calculation quantity
and economy, these models can meet the demand of calculation pre-
cision.

Information of the models are shown in Table 2, and the lattice
parameter of calculated value is close to the experimental value in-
dicating that the calculated data is reliable. The models of the AlN
(0 0 1)/Ti (0 0 1) and AlN (0 0 1)/Cr (1 1 0) interfaces are shown in
Fig. 6.

3.2. Work of separation

The work of separation, WAlN M
hkl

/
001/ , is listed in Table 3. The AlN

(0 0 1)/Cr (1 1 0) interface work of separation is 1.454 J/m2, while the

Fig. 7. (a) Electron density and (b) electron density difference along the (0 1 0)
plane of AlN (0 0 1)/Cr (1 1 0) interface.

Fig. 8. (a) Electron density and (b) electron density difference along the (1 1 0)
plane of AlN (0 0 1)/Ti (0 0 1) interface.

Fig. 9. Density of states (DOS) for the relaxed AlN/Cr interface: (a) N and (b) Cr.
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AlN (0 0 1)/Ti (0 0 1) interface work of separation is 4.838 J/m2, which
is obviously much higher, indicating that the AlN (0 0 1)/Ti (0 0 1) in-
terface has larger work of separation. Titanium is a better choice for
metallization of ceramics.

3.3. Electronic structures

The electron density (ED) and electron density difference (EDD) for
AlN (0 0 1)/Cr (1 1 0) and AlN (0 0 1)/Ti (0 0 1) interfaces are presented
in Figs. 7 and 8. The electron density difference ρΔ was given by

= − −ρ ρ ρ ρΔ M A A M/ lN lN (3)

where ρM A/ lN is the total charge density of the interface systems, ρAlN
and ρM are the isolated AlN slab and Ti slab of the same supercell,
respectively. The letter M refers to one metal [29].

ED and EDD of AlN (0 0 1)/Cr (1 1 0) interface was along the (0 1 0)
plane. And the ED and EDD of AlN (0 0 1)/Ti (0 0 1) interface was along
the (1 1 0) plane. In Figs. 7(a) and 8(a), N atoms at the interface form a
chemical bonding with the corresponding Ti or Cr atoms, and the
electron accumulations between the two interfaces looks roughly the
same.

Due to the different crystal structures of TiN and CrN, the atomic
charge redistribution has different shapes in the EDD diagram. It can be
seen from Figs. 7(b) and 8(b) that the electronic rearrangement of the
two interfaces is confined to the two atomic layers near the interface,
and the sublayers express the electronic characteristics of the body. In
Figs. 7(b) and 8(b), the charge accumulation of N atom in the bonding
direction of N-Ti and N-Cr should be observed, because some of the
charge around N atoms comes from neighboring Al and N atoms. It can
be seen that Ti has more charge transfer than Cr. Thus, TieN has more
covalent bond properties than CreN and contributes more to interfacial
bonding, and its structure is thermodynamically relatively stable.

3.4. Partial density of states

Figs. 9 and 10 show the partial density of states (PDOS) of AlN
(0 0 1)/Cr (1 1 0) and AlN (0 0 1)/Ti (0 0 1). As shown in Fig. 9, Cr and
N correspond to 0 eV through −6 eV, indicating that N and Cr are
hybrid by Cr-3d and N-2p. The covalent bonds are formed at the in-
terfaces of AlN (0 0 1)/Cr (1 1 0) due to the electron orbital hybridiza-
tion. In Fig. 10 partial density of states (PDOS) of the atomic Ti and N
near the interface has a corresponding relationship between −3 eV and
−6 eV and at −14.5 eV. These corresponding peaks and their over-
lapping portions showed the hybridization between Ti-spd and N-sp.
The p-orbital of the N-atom and the d-orbital of the Ti atom produce
strong hybridization. In Figs. 9(a) and 10(a) the s-orbital of the N atom
at −14.5 eV is very sharp and narrow, exhibiting strong localized
characteristic. The s-orbital of N-atoms is also covalent with the ad-
jacent Ti atoms in the vicinity of −14.5 eV. The state density passing
through the Fermi surface is not zero, but is relatively small. The TieN
bonds show properties of a certain metallic bond. Thus, the TiN bond
has both covalent, ionic and metallic properties. These calculation re-
sults indicate that new bonds were formed between the adhesion layers
and ceramic substrate at the interface. It can be justified that adhesion
layers and aluminum nitride ceramics formed chemical bonds.

3.5. The Mulliken population analysis

The adhesion strength of the substrates is closely related to its
chemical bond strength, and the chemical bonding is formed by orbitals
of different overlapped atoms. In 1955 Mulliken [30] proposed to use
the overlapping bond population to determine the molecular orbital
bonding properties and interatomic chemical bonding strength. Mul-
liken distributes the charge in the atomic orbital overlapping region to
the associated atomic orbital. The overlapping electron charge dis-
tributed between the two atoms is called overlapping bond population,
and the number of electrons in the atomic space is the atomic charge
population. In order to analyze the distribution and bonding of TieN
and CreN in the system, atomic charge population and overlapping
bond population were calculated, as shown in Table 4. Charge is evenly
distributed in pure metal, and there is no charge transfer. So the charge
transfer of Ti and Cr atoms at the interface is all used to bond with N
atoms at the interface. It makes sense to compare the charge transfer of
metal atoms at the interface. In the atomic charge population, it can be
seen that the charge transfer amount of interface Ti in N-Ti is 0.58 e,
which is higher than 0.24 e in N-Cr. The TieN overlapping bonding
population is 1.39 e, while the CreN bond is 0.27 e. The smaller the
overlapping population values, the smaller the number of common
electrons between atoms. The strength of the covalent bonds formed

Fig. 10. Density of states (DOS) for the relaxed AlN/Ti interface: (a) N and (b) Ti.

Table 4
The population value and bond length of TieN and CreN at the interface.

Species S P d Total Charge, e

AlN/Ti N 1.70 4.17 0 5.87 −0.87
Ti 2.26 6.65 2.51 11.42 0.58
TiBulk 2.39 6.96 2.69 12.00 0
Bond Population Length
NeTi 1.39 1.95

AlN/Cr N 1.72 3.93 0 5.65 −0.65
Cr 2.24 6.65 4.87 13.76 0.24
CrBulk 2.1 6.92 4.99 14.00 0
Bond Population Length
NeCr 0.27 2.1
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between the two atoms is also weaker. It can be seen from the popu-
lation value that the covalent character of the TieN bond is greater
than of the CreN bond. At the same time, the bond length of the TiN
bond is 1.95 Å, which is shorter than the CreN bond length. The shorter
the bond length, the stronger the bond strength.

4. Conclusions

In this paper, two transition layers for ceramic substrate preparation
were compared. Two different 20–200 nm Ti and Cr adhesion layers
were deposited on the surface of AlN substrates using multi-arc ion
sputtering. The existence of the transition layer increases the interface
bond strength. The sample with titanium had fewer cracks, and the
adhesion strength of the AlN/Ti/Cu samples was about 16.5MPa,
which is higher than AlN/Cr/Cu and AlN/Ti/Cu samples. First princi-
ples calculations were used to study the AlN (0 0 1)/Ti (0 0 1) and AlN
(0 0 1)/Cr (1 1 0) interfaces. The AlN (0 0 1)/Ti (0 0 1) work of separa-
tion is higher than AlN (0 0 1)/Cr (1 1 0). The simulation results were
consistent with the experimental results. The TieN bond is formed by
the Ti-spd and N-p orbital hybridization. The bond length of TieN bond
is shorter than CreN bond length, and its population has proven that
TieN has stronger covalent character. In conclusion, titanium metal is
preferred as the transition layer in DPC ceramic substrate technology.
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