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SigNy has high mechanical strength and thermal cycling resistance, which can ensure reliability of electronic
substrates under extreme environment. To enhance the wettability of ceramics and metal during the bonding
process, it is necessary to use active metal. In this paper, charge density difference, density of sates and Bader
charge of SigNy interfaces with Ti, Cr and Ni are respectively studied by first principles calculation. Results
suggest that the electron transfer at the SizN4(1120)/Ti(0001) interface is sufficient and the orbital hybridization

of N and Ti is strong, indicating that it is the optimal interface between SisN4 ceramics and metals.

1. Introduction

Ceramics substrate with high thermal conductivity, low coefficient of
thermal expansion (CTE), and excellent heat and chemical resistance are
used for high power module applications [1-3]. With the integration
and miniaturization of electronic equipment, it is necessary to have
higher power density and carry higher voltage and current on the
premise of smaller size of electronic devices. In the near future,
replacing Si with wide band gap semiconductor (SiC) will accelerate this
trend [4-7]. However, as the power of the device increases, the thermal
stress during service also increases, which requires the ceramic substrate
to have excellent heat dissipation and thermal conductivity. Copper (Cu)
metallization is usually used for various ceramic substrates, such as
Al;03, AIN and BeO. High temperature and large temperature difference
AT during the working process will lead to device damage [8-9]. The
high thermal stress caused by the CTE difference between copper and
ceramics (such as AloO3 or AIN) can lead to copper layer delamination
[10-11], brings great safety risks to the stable equipment operation.

The electronic industry urgently needs to find high thermal con-
ductivity substrate materials with good mechanical properties, so people
begin to pay attention to SigN4 ceramics. SigN4 has three crystal struc-
ture, which are a phase,  phase and y phase. Among them, a phase and
phase are the most common morphology of SisN4, both of which are
hexagonal structure [12]. Among the insulating ceramic materials,
SigN4 ceramics have many excellent properties, such as high hardness,
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high strength, small thermal expansion coefficient, good oxidation
resistance and low friction coefficient, which is one of the ceramic ma-
terials with the best comprehensive mechanical properties [13]. For a
long time, it is generally believed that SigN4 ceramics do not have high
thermal conductivity. The thermal conductivity of products such as
Si3Ny4 bearing balls and structural parts is generally only 15-30 Wm !
K~ L. Until 1995, Haggerty et al. calculated that the thermal conductivity
of silicon nitride crystal could reach 320 Wm™! K1 according to the
classical solid-state transport theory [14]. After that, Hirosaki et al. [15]
calculated the thermal conductivity of a-axis and c-axis of p-SigN4 by
molecular dynamics method, which were 170 Wm ™! K~* and 450 Wm™?
K1, respectively. In addition, the thermal expansion coefficient of SigNy
is about 3.0 x 10°°/°C, which matches well with the semiconductor chip
materials such as SiC and GaAs. Such an expectation has fascinated
many researchers to improve thermal conductivities of SisN4 ceramics
by a variety of means in recent years [16,17]. At present, the thermal
conductivity of SigN4 can be increased to 177 Wm ™! K1 by reaction
sintering silicon nitride(SRBSN) method [7], which is equivalent to AIN
high thermal conductivity material, but the fracture toughness of SisN4
prepared by this method is 11.2 MPa m1/2, which is three times of the
latter. Based on this, more and more researchers set out to study the
thermal cycle stability of SigN4 ceramics metallized after thermal
cycling.

It is difficult to connect SisN4 and metal, and active filler metal is
needed to improve the wettability of interface substrate [18-21,19-22].
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The commonly used methods include magnetron sputtering, laser
cladding, and active metal brazing (AMB) [22-25]. The good combi-
nation between active metal and ceramic substrate directly affects the
service life of high-performance electronic products [23-24]. It is re-
ported that SigN4 AMB substrate has excellent thermal cycling resistance
[4,10,16,25]. Funaki et al. [16] have shown that the heat dissipation
performance of copper plated SizN4 substrate is equivalent to that of
traditional high thermal conductivity ceramic AIN, and has excellent
thermal cycling performance. Miyazakia et al. found that the thermal
cycle reliability of SisN4 AMB substrate is better than that of AIN AMB
substrate under the same copper layer thickness and thermal cycle
conditions [26]. Goets et al [27]. observed the SisN4 AMB substrate after
6400 thermal cycles (-55°C~150°C) using acoustic emission scanning
microscope (ASM), and found no internal cracks. In summary, SizsN4
AMB substrate will not delaminate after long-term storage at high
temperature and thermal cycling in a wide temperature range, but it will
lead to the decrease of shear strength and surface coarsening of the
metal layer. However, there are some limitations in the observation of
interface behavior and cracking. The delamination can be observed by
optical microscope, but the initiation and propagation of microcracks
under the delamination may be omitted [25]. It is difficult to indepen-
dently study various similar factors and effects by relying on experi-
mental methods. Therefore, it is extremely difficult to accurately
evaluate the interface performance and bonding mechanism of active
metals and SizN4 ceramics.

In view of these limitations, physical modeling and theoretical
calculation based on first principles at the electronic atomic scale have
been gradually applied to the basic research on material interface as a
relatively new means [28-30]. We have studied the stability and
structure of ceramic metal interface by first principles [31]. At present,
quite a number of first principles calculations have been successfully
applied to metal ceramic interfaces, such as Al/nitride (VN, CrN, TiN),
AlIN/metal (al, Cu, Ti, Zr) systems. However, there are few studies on the
binding properties of SizN4 with active metals (Cr, Ti, Ni) at the atomic
level and interface structure. The effects of microstructure and charge
distribution on the interfacial properties of SigN4 interfaces need to be
further studied.

In this paper, the first principle calculations are used to construct
interfaces composed of a series of low-index crystal surfaces of SigNy4
ceramics and Ti, Cr, Ni metals. By comparing the work of separation at
the interface, several groups of interfaces with high bond strength are
selected. In this paper the interface atomic and electronic structures are
constructed to explain the microscopic mechanisms that affect the
adhesion properties of the metal-ceramic interface, providing reason-
able guidance and predictions on material selection and reliability
assessment.

2. Methodology and calculation details

Energy and electronic structure calculations were performed using
the Vienna ab initio simulation package [32-33], based on the density
functional theory [34-35]. The exchange-correlation energy was
treated in the framework of the generalized gradient approximation
with the Perdew-Burke-Ernzerhof exchange [36-37]. The energy cal-
culations were conducted in the Brillouin zone integrations based on the
Monkhost-Pack grid [38]. Specifically, the k-point grids are set to 3 x 3
x3,4x4x%x2,4%x4x4,and5 x 5 x 5, for the bulk phases Si3Ny, Ti, Cr,
and Ni, according to the convergence tests. The plane-wave cutoff en-
ergy can be finally set to 400 eV after the convergence test to ensure the
accuracy and efficiency of the calculation results. The total energy
calculation in this work is performed at T = 0 K, and the relaxation of the
atomic position is achieved by the quasi-Newton (RMM-DIIS) algorithm
for force minimization until the average force per atom was reduced to
0.02 eV/A. An energy convergence criterion of 10.seV and 12 A vacuum
layer was used throughout the study.

Bulk properties were first evaluated for the accuracy of the adopted
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Table 1
Information about the models.

Parameter name Parameter value Selection reason

K-point grids SigN4: 3 x 3 x 3 Convergence test

Ti: 4 x4 x 2
Cr:4x4x4
Ni:5x5x%x5
Number of surface Si3N4(0001): 7 layers Convergence test
layers Ti(0001): 6 layers

Cr(110): 7 layers
Ni(111): 5 layers
Calculated value:
B-SizNga = b = 7.61700 A, ¢

References [39-42]
SisNg:a =b =7.65 /?\,c =

Lattice parameter

=2.91340 A 2.93 A [39]

o-Tic a =b = 2.9506 A, ¢ = Tiia=b=2951Ac=

4.6788 A 4.679 A [40]

Crra=b=c=28846A Crra=b=c=2884A
[41]

Ni:a=b=c=35244A Nita=b=c=3570A
[42]

Table 2
The calculated surface energy of the main low index crystal planes of SizNy, Ti,
Cr, and Ni.

System Structure Orientation Surface Energy, J/m?
B-SizNy hep (0001) 3.0515
(1010) 4.1684
(1120) 3.9382
o-Ti hep (0001) 2.0398
(1010) 2.3000
(1120) 1.9903
Cr bee (100) 3.8477
(110) 3.3656
111) 4.0123
Ni fee (100) 2.2449
(110) 2.3711
111) 1.9637

parameters. The surface of the material should be thick enough to ensure
the accuracy of the calculations. More atomic layers result in bulk-like
behavior but consume computing resources and time. For these pa-
rameters, the final choice was achieved through a series of convergence
tests. Specific information is listed in Table 1, demonstrating that the
employed theoretical calculations are pretty accurate, and the calcu-
lated data are reliable.

3. Results and discussion
3.1. Surface properties

Typically, the surface of the material has exposed grains, and the
orientation of each grain may be different. In general, those crystal
consist of the low index and low surface energy is the main part of the
interface. Before constructing the interface model, the surface energy of
the low index crystals needs to be calculated to compare and analyze the
stability of the surface model. The surface energy (osur) is commonly
defined as the energy per unit area required to form a new surface and
can be used to describe surface stability [43-44]. It is usually calculated
according to the following formula [45-46]:

Ejip(N) — NEpui

T (€8]

Ogur =
Here, Eqq(N) is the total energy per surface of the slab, N is the total
number of atoms in the slab, Epy is the bulk energy per atom in the bulk
material, A; is the area of the corresponding slab surface, and the factor
of 2 indicates the presence of two identical surfaces of the slab.
The surface energy calculation results for SisN4 ceramics and Ti, Cr,
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Fig. 1. Interface structures of (a) Si3N4(0001)/Ti
(0001), (b) SizN; (0001)/Cr(110), (c) SisN4
(0001)/Ni(111), (d) SisN4 (1020)/Ti(0001), (e)

®© 0 o SisNy4 (1010)/Cr(110), (f) Si3N4(1010)/Ni(111),
© © © (g) SisN, (11 50)/Ti(0(101), (h) SisNy4 (1120)/Cr
(110), (@) SisN4 (1120)/Ni(111). (Cambridge

® 0 ¢ ¢ blue: titanium; yellow: chromium; mazarine:
© © © nickel; green: nitrogen; red: silicon). (For inter-
pretation of the references to color in this figure

e 0 ¢ legend, the reader is referred to the web version

of this article.)
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and Ni metals low index crystal faces are listed in Table 2. Si3N4(0001), different crystal faces is different, so the number of dangling bonds is
Ti(1120), Cr(110) and Ni(111) crystal planes have the lowest surface also different. The density of atoms on the dense surface of the crystal is
energy of 3.05 J/m?, 1.99 J/m?, 3.36 J/m?, and 1.96 J/m?, respectively, the largest, and the number of interactions between any atom on the
indicating that these surface models have higher stability. The surface surface and the atoms on the adjacent crystal face is the least. Therefore,

atoms in the crystal have dangling bonds and the number of atoms of ~ Wwhen the dense surface is used, the number of dangling bonds is the
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Fig. 2. Unrelaxed and relaxed atomic structures of. (a) SizN4(0001)/Ti(0001) interface, (b) SizN4(0001)/Cr(110) interface, (c) Si3N4(0001)/Ni(111) interface.

smallest, and the surface energy is the lowest. It is calculated that the
surface energy of (11 20) Ti is slightly lower than the (0001) plane of the
close-packed surface, but only by 0.04 eV. In the calculation process, the
relaxation of atomic position is not considered, which may lead to errors
up to several percent [47-48]. Therefore, we estimate that the combined
error of the current surface energy is about 2%, which is related to the
accurate density functional theory calculation.

3.2. Interface structure

The interfacial distance (dy) greatly affects bonding between the
interface atoms when constructing the interface model. Thus, choosing
an appropriate interfacial distance is crucial for the stability of the
constructed model. According to the previous literature results [49-50],
1.5-2 A was selected for do.

There is a heterogeneous interface between metals and ceramics, and
the lattice constants are quite different. When constructing the interface,
one surface will be compressed or stretched to match the arrangement of
atoms on the other surface. Generally, the soft metal surface is selected
for stretching or compression, and its expansion ratio is called lattice
mismatch degree. The interfacial mismatch was estimated by using the
following parameter [51],

M 3)

mismatch =
a

where b is the lateral size of the slab, and subscripts a and  denote
the components consisting of the interface, respectively. Generally
speaking, when the lattice mismatch of the interface is less than 5%, the
energy change caused by the lattice mismatch can be ignored [52-53].
In order to achieve a mismatch of less than 5%, the metal surface of the
interface is also stretched or compressed (different orientation interfaces
use different adjustment methods). The interface models were con-
structed for the main low index crystal faces of SizN4 and Ti, Cr and Ni
metals, as shown in Fig. 1.

3.3. Interface atomic relaxation

Structural relaxation refers to the adjustment of the coordinates of
the entire input system to obtain a relatively stable ground state struc-
ture. In order to study the changes of atoms at the interface before and
after structural optimization, the interfacial atomic relaxation of
SizsN4(0001)/Ti(0001), Si3sN4(0001)/Cr(110), and Si3N4(0001)/Ni
(111) interfaces was studied.

Fig. 2. shows that the atomic geometry of relaxed interfaces un-
dergoes a slight change, and the degree of atomic remodeling of the
interface layers is small, so only the first layer near the interface
changes. This can be reasonably explained by the lattice mismatch and
interface distance of the initial configuration, so the initial interface
structure is in a relatively stable state.
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Table 3
The work of separation of the Si3N4/Ti interface with the main crystal
orientation.

Ceramic Surface Orientation Metal Surface Orientation Weep
SigNy Ti J/m?
(0001) (0001) 3.06
(1010) 3.34
(1120) —
(1010) (0001) 3.29
(1010) 3.23
(1120) —
(1120) (0001) 5.45
(1010) 4.92
(1120) —
Table 4

The work of separation of the SizN4/Cr interface with the main crystal
orientation.

Ceramic Surface Orientation Metal Surface Orientation Wiep
SizNy Cr J/m?
(0001) (100) —
(110 3.46
111 2.05
(1010) (100) 2.96
(110 2.93
a1 1.92]
(1120) (100) 3.86
(110) 4.01
111 —
Table 5

The work of separation of the SizN4/Ni interface with the main crystal
orientation.

Ceramic Surface Orientation Metal Surface Orientation Weep
SizNy Ni J/m?
(0001) (100) 2.27
(110) —
111 2.46
(1010) (100) 2.63
(110) 2.54
11 2.6
(1120) (100) 3.09
(110) 2.84
111) 3.23

3.4. Work of separation

The ideal work of separation (W) is the key quantity to predict the
stability and adhesion properties of interfaces [54]. It is defined as the
interface bond energy (per unit area) needed to separate the interface
into two free surfaces, ignoring plastic deformation and atomic diffusion
between the interfaces. It can be written as [55-56]:

Egapa + Egapp — Eini

A, ®

Wiep =

Here, A, is the interface area of the unit cell, Egq, and Eqq, 4 denote
the total energy of isolated o and f slabs, respectively. E;, is the total
energy of the interface system.

Tables 3-5 list the work of separation in the interface models of the
main low index crystal planes consisting of SigN4, Ti, Cr, and Ni,
respectively. The results show that the systems have larger work of
separation in a series of low-index crystal interfaces. In the calculation of
the previous surface model, the close-packed surface has the smallest
surface energy, which indicates that the close-packed surface is the most
stable. At the same time, the calculation results of the work of separation
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Fig. 3. The work of separation of the corresponding interface system and the
surface energy of Ni low index crystal face.

of SigNy4 and Ti, Cr, and Ni show that the interface with the largest work
of separation appears in a series of interface systems composed of close-
packed surfaces. Therefore, to study the local interface structure and
bonding, the following section of the paper will mainly discuss the
SizN4(1120)/Ti(0001), SisN4(1120)/Cr(110) and SisN4(1120)/Ni
(111) interfaces.

In order to further study the relationship between the surface energy
and interfacial work of separation, the surfaces of SizN4(1120) and Ni
(100), (110), (111) were selected. The surface energy oy, of the three
low index crystal surfaces of Ni is plotted on the abscissa, and the
ordinate is composed of interfacial separation Weep in Fig. 3. The work of
separation of the interface system decreases accompanied by the surface
energy increase of the low-index crystal face of Ni. The results show that
for metals, crystal surfaces with low surface energy should be selected to
construct the interface model for higher bond strength and better
interface stability.

3.5. Electronic structure and bonding

Fig. 4. (a), (b) and (c) show the charge density difference of the
SisN4(1120)/Ti(0001), SisN4(1120)/Cr(110) and SizN4(1120)/Ni
(111) interfaces, respectively. The dashed lines indicate the location of
the interfaces. Red and blue areas represent charge increase and
decrease, respectively. The electron density around Ti, Cr, and Ni atoms
is reduced, and the electron density around the Si atom is also reduced
accordingly. This indicates that electron transfer occurs at the interface
of the three systems. Ti, Cr, and Ni with dangling bonds at the interface,
respectively, form a chemical bond with N atoms, and electrons are
biased around non-metallic N atoms. At the same time, the non-
metallicity of N atoms in Si3N4 is stronger than Si atoms, so the elec-
tron density shifts towards N atoms and the electron density around Si
atoms decreases accordingly. In addition, comparing the charge density
difference of SigN4 ceramics with three different metals, the charge
transfer amounts at the three interfaces are significantly different. The
atomic relaxation at the SisN4(1120)/Ti(0001) interface is sufficient,
and the electron transfer between the Ti and the N atoms is more effi-
cient, which is consistent with the previous calculation results of the
work of separation and the interface energy. This preliminarily indi-
cated that a stronger and more stable interface bonding system is formed
between Si3N4(1120)/Ti(0001).

The charge density difference only qualitatively reflects the electron
transfer at the interface and the atomic bonding. In order to quantita-
tively represent the electron transfer and distribution between the
interface atoms, the Bader charge of the interface atom is calculated. We
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Fig. 4. Charge density difference of interface systems: (a) SizN4(1120)/Ti(0001), (b) SisN4(1120)/Cr(110), (c) SisN4(1120)/Ni(111).

Table 6
The Bader charge of interface systems.
Interface Element  Valence electrons  Atomic Charge
charge (e) charge (e) Transfer (e)
SigN4(1120)/Ti N 5 6.53 1.53
(0001) Ti 4 3.64 —0.36
SigN4(1120)/Cr N 5 6.36 1.36
(110) Cr 6 5.42 —0.58
SigN4(1120)/Ni N 5 6.15 1.15
111) Ni 10 9.56 —0.44

selected interfacial atoms, including N, Ti, Cr, and Ni, in order to look
more closely at the Bader charge. Table 6 lists the charges at the
SigN4(1120)/Ti(0001), SisN4(1120)/Cr(110), and SizN4(1120)/Ni
(111) interfaces. In Table 6, the N atom on the Si3N4 side form an N-Si
bond with one Si atom, and the other two unpaired electrons form a
chemical bond with the metal atom. The electrons at the interface are
transferred from the metal side to the SigsN4 ceramic side. The N atom of
the Si3N4(1120)/Ti(0001), SisN4(1120)/Cr(110) and SisN4(1 120)/Ni
(111) interface systems obtains 1.53e, 1.36e and 1.15e charge,
respectively. The above results indicate that there is a certain proportion
of ionic bonds at the interface, and the ionic bond makes the interface
more strongly bonded. The charge transfer amount at the SizN4(1120)/

Ti(0001) interface is the largest, indicating that a stronger ionic bond is
formed between the interface atoms, and the interface system is more
stable.

Fig. 5(a) shows that the total density of states of N and Ti atoms is
overlapped at —15 eV and in the —5 eV to 0 eV range, indicating that the
electron orbit is hybridized. Fig. 5(b) shows that N-2p has different
degrees of hybridization with Ti-3 s, Ti-3p, and Ti-3d orbitals, forming a
covalent bond structure. The density of states indicates that there is not
only electron transfer at SizN4(1120)/Ti(0001), but also orbital hy-
bridization between N and Ti atoms. Therefore, the interface system not
only forms an ionic bond, but also covalent bond, which further en-
hances the interfacial bond strength and facilitates the formation of a
more stable structure. It can be seen from Fig. 5(c) that there is an
identical peak between the N and Cr atoms, indicating that there is an
overlap between the electron orbitals of the N and Cr atoms. Fig. 5(d)
shows that the N atom N-2p and Cr atom Cr-3 s, Cr-3p, and Cr-3d orbitals
have different degrees of hybridization, forming covalent bonds. Fig. 5
(e) shows that there is an overlap of electron clouds between N and Ni
atoms, indicating the existence of electron orbital hybridization of N
atoms and Ni. Fig. 5(f) shows that a covalent bond is formed because of
the hybridization of N-2p with the Cr-3 s, Cr-3p, and Cr-3d orbitals.

The size of the overlapping area of the density of states can quali-
tatively judge the bond strength of the interface atoms [28]. Therefore,
The overlapping area of the total density of states of three kinds of in-
terfaces is calculated by integration, and the calculation results are
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Fig. 5. (a) The total density of states of the SisN,4(1120)/Ti(0001) interface, (b) partial densities of states of the SizN4(1120)/Ti(0001) interface, (c) total density of
states of the SizN4(1120)/Cr(110) interface, (d) partial densities of states of the SisN4(1120)/Cr(110) interface, (e) total density of states of the SizN4(1120)/Ni

(111) interface, (f) partial densities of states of SizN4(1120)/Ni(111) interface.

Table 7

Overlapping area in the total density of states diagram of interface

system.
Interface Overlapping area
SigN,4(1120)/Ti(0001) 0.885
Si3N4(1120)/Cr(110) 0.827
Si3N4(1120)/Ni(111) 0.861

shown in Table 7. It is found that there is little difference in the area of
the overlap region between the three kinds of interface systems. The
overlap area of SizN4(1120)/Ti(0001) interface is the largest, indicating
that the N-Ti covalent bond formed between N atoms and Ti atoms is

slightly stronger than N-Cr bonds and N-Ni bonds. The overlap area of
SizN4(1120)/Ti(0001) interface is the largest, which indicates that the
N-Ti covalent bond is slightly stronger than that of N-Cr bond and N-Ni
bond. Combined with the Bader charge of the interface atom in Table 6,
it shows that the bonding between N atoms and Ti atoms is stronger.
Therefore, SisN4(1120)/Ti(0001) is the best combination to construct
SigN4 ceramic/metal interface system.

4. Conclusions

The bonding at interfaces between SigN4 ceramics and Ti, Cr and Ni
metals was studied employing the first principles calculations based on
the density functional theory. The optimized geometry, work of sepa-
ration, electron density difference, the Bader charge and the density of
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sta

tes for the interface models were calculated. The main results are

summarized as follows:

(1) The close-packed surfaces of Ti, Cr, Ni, Ti (0001), Cr (110), Ni
(111) have the lowest surface energy, and for the SisN4 ceramics,
the (11 20) surface has the lowest surface energy, indicating that
it is more stable.

The work of separation of the SisN4(1120)/Ti(0001),
SisN4(1120)/Cr(110), and SizN4(1120)/Ni(111) interfaces is
relatively large in a series of interface systems composed of the
low-index crystal planes of SisN4, Ti, Cr, and Ni. The
Si3N4(1120)/Ti(0001) interface has the largest separation work,
which is the optimal combination of several SigN4 ceramics and
metal interface structures studied in this paper.

The charge density difference results show that the charge of the
Ti atom at the Si3N4(1120)/Ti(0001) interface shifts towards the
N atom, and a strong bond is formed at the interface. The Bader
charge result quantifies the charge transfer between the N atom
and the metal atom at the interface. The SigN4(1120)/Ti(0001)
interface system has the largest amount of charge transfer, indi-
cating that the electronic interaction of the interface system is
stronger and thus a stronger bond is formed.

The density of states reflects the orbital hybridization between
the N atoms and Ti, Cr and Ni atoms at the interface. N-Ti, N-Cr,
and N-Ni covalent bonds are formed at the interface, and the
covalent bonds further enhance the atomic bonding at the
interface. The covalent bond of the SizN4(1120)/Ti(0001) inter-
face is stronger. The above results indicate that SizN4(1120)/Ti
(0001) is the best choice for constructing the SizsNs/metal
interface.
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