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A B S T R A C T

This study elucidates the atomistic mechanisms governing the robust bonding between β-Si3N4 and Cu via a Ti- 
induced TiN interlayer employing an integrated experimental and computational approach. Density functional 
theory (DFT) calculations of the potential energy surfaces (PESs) of β-Si3N4 revealed a stronger chemical affinity 
of Ti compared with other metals. Following Ti deposition, the formation of TiN on β-Si3N4 was confirmed, and 
transmission electron microscopy (TEM) identified five distinct crystallographic orientation relationships (ORs) 
at the β-Si3N4/TiN interface. Lattice misfit analysis showed that all ORs exhibited minor mismatches, indicating a 
structurally adaptable interface. DFT-based adhesion energy calculations for representative ORs confirmed that 
these low-misfit configurations correspond to energetically stable interfaces exhibiting substantial work of 
adhesion. Electronic structure analyses revealed strong Ti–N bonds with both covalent and ionic character. These 
findings suggest that the system’s robustness stems from its inherent ability to form multiple, structurally 
coherent, and strongly bonded interfaces. Notably, thermal cycling tests confirmed the excellent interfacial 
reliability of the TiN-mediated Cu/β-Si3N4/Cu substrates, with a negligible delamination increase of less than 1% 
after 4500 cycles between –55 and 150 ◦C. This study provides direct atomistic insights into the Ti-mediated 
bonding mechanism and demonstrates the potential of the Cu–β-Si3N4 interface for high-reliability power 
electronics. Our integrated experimental–computational approach offers a framework for designing advanced 
metal–ceramic interfaces with optimized crystallographic alignment and adhesion properties.

1. Introduction

The integration of ceramics with metals remains a long-standing 
challenge in materials science [1], particularly for applications 
requiring high thermal stability, electrical insulation, and mechanical 
reliability, such as high-power electronic devices [2–5]. Among ce
ramics, silicon nitride (β-Si3N4) exhibits excellent thermal conductivity, 
chemical stability, and structural toughness, making it a promising 
candidate for next-generation insulating substrates [6,7]. However, the 
intrinsic chemical stability of β-Si3N4 presents a significant challenge to 
bonding with metals such as Cu, which are widely used in power 
modules.

Conventional bonding techniques, such as active metal brazing 

(AMB) with Ag-Cu-Ti alloys [8], have partially addressed this limitation 
by exploiting the chemical reactivity of Ti with β-Si3N4. Nonetheless, 
these approaches continue to encounter challenges such as void for
mation owing to filler metal flow [9,10] and reliability degradation 
caused by thermomechanical stress [11] or Ag migration under elec
trochemical stress [12]. To address these issues, a growing demand ex
ists for quasi-direct bonding techniques that mitigate liquid–solid 
interface reactions while ensuring high interfacial reliability. In 
response, alternative processes—such as direct bonding via localized 
surface decomposition [13,14] or the deposition of multilayers such as 
Ti/Cu [15,16] and Ti/TiN/Ti/TiN/Ti [17]—have been proposed. Our 
previous study also introduced a quasi-direct bonding technique 
employing thin active metal Ti/Al bilayer deposition, achieving Ag-free, 
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void-free interfaces [18]. Although these approaches demonstrate clear 
practical benefits, a more comprehensive understanding of the atomistic 
interface structures that enable Ti-mediated bonding with β-Si3N4 is 
essential. In particular, fundamental questions persist regarding the 
crystallographic configurations that govern the stability of these 
interfaces.

In the literature, both experimental and computational studies have 
demonstrated that Ti readily reacts with β-Si3N4 to form TiN at the 
β-Si3N4–Ti interface [19]. Accordingly, discussions on interfacial sta
bility in β-Si3N4–Ti systems typically focus on the preferred crystallo
graphic orientation relationships (ORs) between β-Si3N4 and TiN. A 
pioneering study by Iwamoto and Tanaka [20] identified a preferred 
OR—[0001]β− Si3N4

‖[110]TiN with (1010)β− Si3N4
‖(111)TiN—at the AMB 

interface employing high-resolution transmission electron microscopy 
(HRTEM). From a computational perspective, Yang et al. [21] suggested 
strong bonding at the β-Si3N4/α-Ti interface based on work of separation 
(or work of adhesion) evaluated by first-principles calculations. More 
recently, Zhang et al. [22,23] integrated computational and experi
mental approaches to guide the selection of preferred interface mate
rials, such as AMB filler metals [22] or metallized layers [23], for 
bonding to β-Si3N4. Despite these advances, knowledge remains limited 
regarding the diversity of preferred ORs, their lattice mismatch, and 
their energetic stability at the β-Si3N4/TiN interface. Therefore, a more 
comprehensive understanding of the atomistic configurations governing 
interfacial bonding is needed to enable the rational design of 
high-reliability metal–ceramic joints.

To address these knowledge gaps, this study aims to clarify the 
atomistic mechanisms of Ti-mediated Cu–β-Si3N4 bonding, employing a 
combination of experimental analyses and first-principles calculations. 
First, the potential energy surfaces (PESs) of β-Si3N4, which describe the 
chemical reactivity of the material surface [24], were calculated to 
assess the chemical affinity of Ti relative to other metals. After con
firming TiN formation on β-Si3N4 via Ti deposition, multiple ORs at the 
β-Si3N4/TiN interface were experimentally identified via transmission 
electron microscopy (TEM) and their lattice mismatches were system
atically evaluated. Furthermore, first-principles calculations were per
formed to quantify the work of adhesion (Wad) [23] for representative 
ORs to clarify their interfacial stability. The charge density difference 
and the density of states (DOS) were investigated to elucidate the elec
tronic structure at the bonding interface. Finally, the high thermal 
cycling reliability of the TiN-intermediated Cu/β-Si3N4/Cu substrates 
was demonstrated through thermal cycling tests (TCTs). This combined 

experimental and computational approach provides a comprehensive 
understanding of the atomistic interfacial structures and the reliability 
of robust Ti-mediated Cu–β-Si3N4 bonding interfaces.

2. Experimental and computational methods

2.1. Experimental procedures

A schematic of the bonding procedure is shown in Fig. 1. Ti was 
deposited on both sides of a β-Si3N4 substrate (thickness: 0.32 mm) via 
Ar plasma sputtering with a direct current (DC) power source to a 
thickness of approximately 200 nm (Fig. 1a). Subsequently, the Ti- 
deposited β-Si3N4 substrate was stacked between two Cu sheets (thick
ness: 0.30 mm) and bonded under a vacuum atmosphere of 1 × 10− 3 Pa 
while applying a uniaxial compressive stress of 15 MPa and heating to 
950 ◦C (Fig. 1b). After bonding, Cu patterns were fabricated via chem
ical etching and diamond-wire saw cutting, as shown in Fig. 1c. Detailed 
information can be found in our previous study [18].

The surface morphology of the as-deposited β-Si3N4 substrate prior to 
bonding was characterized employing scanning electron microscopy 
(SEM, SU-70, Hitachi High-Tech Corporation, Japan) and energy- 
dispersive X-ray spectroscopy (EDX). The crystal structure of the 
deposited layer was characterized via grazing incidence X-ray diffrac
tion (GIXRD, SmartLab, Rigaku, Japan) at a low incident angle of 0.5◦

with a Cu Kα X-ray source (λ = 1.5406 Å, 45 kV, 200 mA). The cross- 
sectional microstructure at the bonding interface between β-Si3N4 and 
Cu was analyzed via SEM using an Ar-ion beam cross-sectional polisher 
(SM-09,010, JEOL Ltd., Japan). The interfacial crystalline structure was 
further evaluated via TEM (JEM-2100F, JEOL Ltd., Japan). TEM samples 
were prepared utilizing a focused ion beam (FIB, FB-2000A, Hitachi Ltd., 
Japan).

To investigate thermal cycling reliability, the Ti-mediated Cu/ 
β-Si3N4/Cu substrates were subjected to TCT up to 4500 cycles between 
− 55 and 150 ◦C using a thermal cycling chamber (TSE-12, ESPEC Corp., 
Japan). The test conditions followed the JEDEC standard (JESD22- 
A104). This temperature range was selected owing to its common 
application in power electronics reliability testing, and the number of 
cycles was extended to demonstrate superior long-term performance. 
Nondestructive inspections were performed every 300 cycles employing 
scanning acoustic tomography (SAT, FS100III, Hitachi Ltd., Japan).

Fig. 1. Schematic of the fabrication process for the Ti-mediated Cu/β-Si3N4/Cu substrate: (a) Ti deposition onto both sides of the β-Si3N4 substrate; (b) bonding with 
Cu sheets under uniaxial pressure; (c) Cu patterning and sample cutting.
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2.2. Computational methods

First-principles calculations of the potential energies between 
β-Si3N4 and the deposited layers were performed using the “OpenMX” 
code package [25,26] based on DFT, as shown in Fig. 2. The generalized 
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 
functional [27] was used for the exchange-correlation potential. Core 
electrons were treated as frozen, and valence electrons were described 
using norm-conserving pseudo-potentials generated via the 
Morrison-Bylander-Kleinman method [28]. Valence electron orbitals 
were represented as a linear combination of atomic orbitals (LCAO), 
where the orbitals are numerically generated [25,26]. The accuracy of 
the OpenMX code and pseudo-potentials was confirmed in delta factor 
[29]. Detailed computational parameters, including the specifications of 
the basis sets and convergence criteria for structural relaxation, are 
provided in Appendix A.

First, the PESs of the β-Si3N4 surface, representing energy changes 
owing to adatom adsorption on the surface, were analyzed to investigate 
the affinity between the deposition materials and the β-Si3N4 surface. A 
β-Si3N4(0001) surface slab model (Fig. 2a) was constructed for the PES 
calculations. Because the β-Si3N4(0001) surface is polar, the effective 
screening medium (ESM) method [30,31] was applied to eliminate the 
artificial electric field caused by periodic boundary conditions. The 
surface was created by introducing a 30-Å vacuum layer into the bulk 
β-Si3N4 model with a 1 × 1 × 3 supercell while satisfying the periodic 
boundary conditions. Based on feasibility tests conducted beforehand, a 
model with three β-Si3N4 layers (thickness: 8.59 Å) was adopted, given 
the balance between computational efficiency and accuracy. A cutoff 
energy of 160 Hartree (4354 eV) was set for the plane wave basis, and a 
k-point grid of 4 × 4 × 1 was used for all calculations. Structural 
relaxation was performed for all atoms to obtain the optimized 
β-Si3N4(0001) surface configuration, and the total energy of the 
β-Si3N4(0001) surface model before adsorption, Eslab,β− Si3N4 , was deter
mined. In addition, the total energy of a single atom, Eadatom, was 
calculated. An adatom was then placed at one of the positions in the 
evenly spaced 6 × 6 in-plane grid on the β-Si3N4(0001) surface at an 
initial distance of 2 Å from the surface. The total energy of the 

β-Si3N4(0001) surface slab model with an adatom adsorbed at (x, y), 
Eadsorbed(x, y), was obtained after relaxation. For each (x, y) grid point, 
the adatom was fully relaxed along the z-direction to find its 
minimum-energy height, while its (x, y) position was kept fixed. Thus, 
the PESs, EPES(x,y), was defined as the total energy difference before and 
after adatom adsorption, as follows: 

EPES(x, y) = Eadsorbed(x, y) −
(
Eslab,β− Si3N4 + Eadatom

)
. (1) 

To evaluate the atomistic stability of the bonding interface, DFT 
calculations were conducted following the scheme in Fig. 2b In the first 
step (Fig. 2b-1), bulk structures of Materials A and B were fully relaxed, 
enabling simultaneous optimization of both supercell dimensions and 
atomic positions to determine their equilibrium lattice parameters and 
total energies (Ebulk). In the second step (Fig. 2b-2), surface slab models 
were constructed by cleaving the relaxed bulk structures along selected 
crystallographic planes and introducing a 30-Å vacuum layer along the z 
direction. During this step, both the atomic positions and supercell di
mensions were relaxed to obtain the total energies of the surface slab 
models (Eslab). Finally, interface slab models were constructed by joining 
the relaxed surface slab models of Materials A and B (Fig. 2b-3). In these 
models, both the atomic positions and supercell dimensions were 
relaxed to calculate the total energies of the interface systems (Einterface). 
Unit cell repetitions along in-plane directions were adjusted to satisfy 
periodic boundary conditions with minimal lattice misfit. The k-point 
grid was set to 4–8 divisions for each x, y, and z direction in the bulk 
models (Step 1), depending on the supercell size, and 4–8 divisions for x 
and y, with a single division for z, in the slab models (Steps 2 and 3).

3. Results and discussion

3.1. Deposition material selection

To achieve a strong bonding interface, selecting a deposition mate
rial with high affinity for β-Si3N4 is crucial. Therefore, we conducted a 
broad survey of the PESs of β-Si3N4 for the adsorption of four candidate 
metals (Ti, Al, Ag, and Cu) to clarify differences in their chemical af
finities. Ti and Al exhibit high reactivity with ceramics, Ag is a noble 

Fig. 2. DFT models for (a) PES calculation—adsorption of Ti, Al, Ag, or Cu adatoms on a β-Si3N4(0001) surface—and (b) Wad calculation of the bonding interface: (b- 
1) Bulk models of Materials A and B were fully relaxed to obtain equilibrium structures and bulk energies (Ebulk). (b-2) Surface slab models with a 30-Å vacuum layer 
were constructed; atomic positions and supercell dimensions were relaxed to calculate slab energies (Eslab). (b-3) An interface slab model was developed by joining 
the two slabs; atomic positions and supercell dimensions were relaxed to obtain interface energy (Einterface). The x and y supercell dimensions were initially averaged 
to maintain periodic boundary conditions before relaxation.
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metal with low reactivity, and Cu is the bonded material used in this 
study. The calculated PESs are presented in Fig. 3. Fig. 3a–d present the 
PESs of the β-Si3N4(0001) surface for the adsorption of Ti, Al, Ag, and 
Cu, respectively. As shown in Fig. 3a, Ti exhibits a wide distribution of 
highly stable adsorption sites of approximately − 4 eV/adatom. By 
contrast, Al, Ag, and Cu show relatively higher PES values, ranging from 
− 2 to − 1 eV/adatom, as shown in Figs. 3(b–d). Furthermore, the 
EPES(x, y) values for all calculated points (Fig. 3e) indicate that Ti has 
more stable adsorption sites with the lower energy states compared with 
the other three metals.

To quantitatively compare overall surface affinities, the canonical 
average energy was calculated. This provides a more physically repre
sentative metric than a simple average by weighting the higher occu
pation probability of more stable sites. The average energy, E, is 
expressed as follows: 

E =
∑

n
EnPn =

∑
nEne− En/kBT

∑
ne− En/kBT , (2) 

where En represents the adsorption energy at site n, kB is the Boltzmann 
constant, Pn is the probability distribution (canonical distribution), and 
T is the absolute temperature. At the bonding temperature (950 ◦C, 1223 
K), the calculated average energies were approximately − 4.38 eV for Ti, 
− 2.74 eV for Al, − 2.28 eV for Cu, and − 1.25 eV for Ag. This result 
confirms that Ti exhibits the highest chemical affinity for the β-Si3N4 
surface.

This finding was further supported by peeling tests conducted on 

bonded specimens, provided in Appendix B. In these tests, Ti, Al, and Ag 
were deposited onto the β-Si3N4 surface prior to bonding, or bonding 
was performed without any deposition. The results (Fig. A1) show that 
Ti-coated specimens exhibited the highest bonding strength, consistent 
with their strong adsorption affinity predicted by the PES calculations.

3.2. Characterization of Ti deposition layer

To evaluate the characteristics of the Ti deposition layer formed on 
the β-Si3N4 surface, microstructural, elemental, and crystallographic 
analyses were conducted, as shown in Fig. 4. The SEM image of the Ti 
deposition layer (Fig. 4a) shows a typical uneven surface morphology 
[32], which is attributed to the irregular shape of the raw β-Si3N4 
powders. Elemental mappings of Si, N, and Ti using EDX (Fig. 4b) 
indicate that Ti was uniformly distributed across the β-Si3N4 surface. The 
GIXRD diffraction pattern (Fig. 4c) shows diffraction peaks corre
sponding to β-Si3N4 (P63/m, a = b = 7.602 Å, c = 2.907 Å) and TiN 
(Fm3m, a = b = c = 4.241 Å); however, no detectable peaks corre
sponding to Ti were observed. Although Ti may remain in an amorphous 
form or in quantities below the detection limit, the results suggest that 
most of the deposited Ti reacts with β-Si3N4 to form a TiN layer. The 
reaction, Si3N4(s)+ 4Ti(s) = 4TiN(s)+ 3Si(s), is thermodynamically 
favorable with a negative Gibbs free energy of reaction [18,19]. Despite 
the absence of Si byproduct in the GIXRD analysis, likely owing to its 
poor crystallinity after deposition, the identification of distinct TiN 
peaks validated that this reaction occurred during sputtering. These 
results verify that the Ti deposition layer chemically reacted with the 

Fig. 3. PESs of the β-Si3N4(0001) surface for adatom adsorption (Ti, Al, Ag, or Cu): (a–d) PES maps for Ti, Al, Ag, and Cu adatoms on the β-Si3N4 surface, 
respectively, where color indicates the adsorption energy (eV/adatom). Lower energy values represent more stable adsorption sites. The black dots indicate the actual 
positions where adsorption energy calculations were performed. (e) Violin plot summarizing the distribution of calculated adsorption energies for each metal, with 
individual data points overlaid.
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β-Si3N4 surface, forming a TiN layer that likely enhances interfacial 
bonding.

3.3. Interfacial structure of β-Si3N4/Cu joint with the Ti-mediated layer

To clarify the interfacial structure between β-Si3N4 and Cu with a Ti- 

mediated layer, cross-sectional observations and elemental analyses 
were performed, as shown in Fig. 5. Fig. 5a presents a low-magnification 
SEM image of the Ti-mediated β-Si3N4/Cu joint interface, revealing the 
formation of an intermediate layer. The magnified TEM bright field (BF) 
image in Fig. 5b shows a distinct intermediate layer at the bonding 
interface, with a thickness of several hundred nanometers. Fig. 5c–h 

Fig. 4. Characterization of the Ti deposition layer on the β-Si3N4 surface: (a) SEM image of the as-deposited surface. (b) Elemental mapping of Si, N, and Ti using EDX 
on the β-Si3N4 surface. (c) GIXRD diffraction pattern showing the presence of β-Si3N4 and TiN with no detectable Ti peaks.

Fig. 5. Cross-sectional observation results of the Ti-mediated β-Si3N4/Cu interface: (a) SEM image of the interface; (b) TEM BF image showing a magnified view of 
the dashed region in (a); (c–h) EDX elemental mappings of Si, N, Ti, Cu, O, and Mg in the region shown in (b); (i) line analysis along the dashed white lines in (c–h), 
confirming the formation of a TiN intermediate layer.
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show the elemental mapping results of the dashed-line region in Fig. 5b, 
confirming the formation of a TiN intermediate layer between β-Si3N4 
and Cu. Line analysis along the dashed line in Fig. 5i further supports the 
identification of this intermediate layer as TiN. Notably, a trace amount 
of Ti was also detected within the Cu layer, indicating that some 
unreacted Ti diffused into the Cu during the 950 ◦C bonding process. 
From a thermodynamic perspective, the Cu–Ti binary phase diagram 
indicates that Cu exhibits finite solid solubility for Ti at this temperature 
[33]. This provides a driving force for the residual Ti to diffuse into the 
Cu matrix, thereby establishing metallurgical continuity at the TiN/Cu 
interface. Consequently, such results confirmed that β-Si3N4 and Cu 
were bonded via a TiN intermediate layer, indicating that the atomic 
structure of the β-Si3N4/TiN interface plays a critical role in determining 
the reliability of the Ti-mediated β-Si3N4/Cu joint.

To further investigate the interfacial crystalline structure between 
β-Si₃N₄ and TiN, selected area electron diffraction (SAED) analyses were 
performed near the interface, as shown in Fig. 6. The interfacial struc
tures were determined by analyzing superimposed SAED patterns ob
tained by maintaining a fixed sample orientation while shifting the 
electron beam between the β-Si3N4 substrate and adjacent TiN grains. 
Fig. 6a presents a BF TEM image wherein points A, B, C, and D are 
marked as the locations where SAED patterns were acquired. These 
measurements enabled a crystallographic analysis of both the single- 
crystalline β-Si3N4 and adjacent polycrystalline TiN phases at several 
positions near the interface. At Point A (Fig. 6b), an SAED pattern cor
responding to β-Si3N4 with the [1010] zone axis was obtained. At points 
B and C (Fig. 6c,d), SAED patterns corresponding to TiN with the [110]
zone axis were obtained. At point B, TiN(002) was aligned parallel to 

Fig. 6. SAED analysis of the β-Si3N4/TiN interface identifying ORs: (a) BF TEM image showing points A–D; (b) SAED pattern at point A, indexed to β-Si3N4; (c–e) 
SAED patterns at points B, C, and D, respectively, indexed to TiN; (f) BF TEM image showing points E–H; (g) SAED pattern at point E, indexed to β-Si3N4; (h–j) SAED 
patterns at points F, G, and H, respectively, indexed to TiN. These diffraction patterns correspond to five distinct ORs (OR-1 to OR-5) observed at the β-Si3N4/TiN 
interface. In (c–e, h–j), the semi-transparent yellow pattern serves as a visual reference for the adjacent β-Si3N4 crystal (determined from (b) or (g)).

H. Tatsumi et al.                                                                                                                                                                                                                                Acta Materialia 304 (2026) 121813 

6 



β-Si3N4(0110), defined as orientation relationship 1 (OR-1), whereas at 
point C, TiN(111) was aligned parallel to β-Si3N4(0001) (OR-2). At point 
D (Fig. 6e), an SAED pattern corresponding to TiN with the [112] zone 
axis was obtained, where TiN(220) was aligned parallel to 
β-Si3N4(0001) (OR-3). An additional BF TEM image is shown in Fig. 6f, 
wherein points E, F, G, and H are marked as the locations where SAED 
patterns were acquired. At point E (Fig. 6g), an SAED pattern corre
sponding to β-Si3N4 with the [0001] zone axis was obtained. At points F, 
G, and H (Fig. 6h–j), SAED patterns corresponding to TiN with the [110]
zone axis were obtained, where TiN(002) was aligned parallel to 
β-Si3N4(1010) (OR-4). In addition, at point H, an SAED pattern was 
observed with TiN(220) aligned parallel to β-Si3N4(0001) (OR-5). These 
observations validate the presence of five distinct ORs (OR-1 through 
OR-5) at the β-Si3N4/TiN interface. The diversity of these ORs suggests 
that multiple energetically favorable configurations can coexist at the 
interface, which may enhance the structural integrity and bonding 
reliability of the TiN-intermediated β-Si3N4–Cu joint.

3.4. Atomistic evaluation of the β-Si3N4/TiN interface

Idealized SAED patterns were simulated, as shown in Fig. 7, to 
quantitatively evaluate the lattice misfit of the experimentally observed 
ORs. This approach facilitates precise analysis, free from experimental 
artifacts. Fig. 7a–c show schematic models of atomic configurations of 
β-Si3N4 and TiN, including representative lattice planes. Fig. 7d–h 
illustrate the simulated SAED patterns for OR-1 through OR-5, with 

lattice planes of β-Si3N4 (black dots) and TiN (red dots). The regions 
highlighted by circles indicate close proximity between the lattice 
planes of the two crystals, suggesting lattice matching in each OR case. 
The patterns clearly demonstrate the well-aligned lattice planes between 
β-Si3N4 and TiN across all five ORs. To quantitatively assess the interface 
lattice misfit, the Bramfitt two-dimensional misfit method was used, 
defined as follows [34]: 

δ(hkl)TiN
(hkl)β− Si3N4

=
1
3
∑3

i=1

⃒
⃒
⃒di

[uvw]β− Si3N4
cosθ − di

[uvw]TiN

⃒
⃒
⃒

di
[uvw]TiN

× 100 (%), (3) 

where (hkl)β− Si3N4 
and (hkl)TiN are the lattice planes of β-Si3N4 and TiN, 

respectively, involved in the zone axes; [uvw]β− Si3N4 
and [uvw]TiN are the 

in-plane crystallographic directions of β-Si3N4 and TiN, respectively, on 
the (hkl) plane; d is the interatomic spacing along [uvw]TiN; θ is the angle 
between the [uvw]β− Si3N4 

and [uvw]TiN. This method involves selecting 
three sets of major lattice vectors with the closest interatomic spacing 
and angles from the superimposed diffraction patterns of the two crys
tals observed along a common zone axis. The calculated in-plane lattice 
misfits for the five ORs are listed in Table 1 as 2.49, 2.72, 6.24, 4.77, and 
2.69 % for OR-1 through OR-5, respectively. These results indicate 
excellent lattice matching in all cases, highlighting the inherent struc
tural flexibility of the β-Si3N4/TiN interface facilitating robust bonding.

The experimental identification of five distinct ORs with low lattice 
misfits validated the inherent structural flexibility of the β-Si3N4/TiN 
interface. However, interfacial stability also critically depends on the 

Fig. 7. Crystal structures of β-Si3N4 and TiN, and simulated SAED patterns for the five ORs experimentally identified in Fig. 6: (a) crystal structure of β-Si3N4 and (b) 
its in-plane view along the [0001] direction. (c) Crystal structure of TiN. (d–h) Simulated SAED patterns of TiN (red dots) on β-Si3N4 (black dots) corresponding to OR- 
1 through OR-5, respectively. Insets show the 3D orientation alignments of β-Si3N4 (white) and TiN (colored), highlighting the specific crystallographic relationship 
in each case.
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chemical bonding state. To elucidate this, DFT calculations were per
formed to estimate Wad, charge density difference, and DOS for repre
sentative cases selected from the experimentally observed ORs, as shown 
in Fig. 8. Two ORs were selected: OR-1, which exhibits the lowest lattice 
misfit, and OR-2, which involves close-packed surfaces of both mate
rials. As regards OR-1, because SAED analysis does not uniquely deter
mine the interface plane, three low-indexed interface 
planes—[0001]β− Si3N4

‖[011]TiN, [0110]β− Si3N4
‖[100]TiN, and 

[2110]β− Si3N4
‖[011]TiN—were modeled as OR-1(a), OR-1(b), and OR-1 

(c), respectively (Fig. 8a–c). For OR-2, since the TiN(111) plane can 
be terminated by either Ti or N atoms, both Ti- and N-terminated 
interface models were modeled as OR-2(Ti) and OR-2(N) (Fig. 8d). The 
number of unit cells along the in-plane x and y directions was carefully 
adjusted to minimize lattice misfit while ensuring periodic boundary 
conditions, resulting in-plane strains of less than ±2.3 %. The total 
number of atoms in each supercell ranged from 116 to 348, depending 
on the configuration. K-point grids of 4 × 4 × 4, 4 × 8 × 4, 8 × 4 × 4, and 
4 × 4 × 4 on bulk models and 4 × 4 × 1, 4 × 8 × 1, 8 × 4 × 1, and 4 × 4 ×
1 on slab models were used for OR-1(a), (b), (c), and OR-2, respectively. 
Prior to these calculations, the reliability of the DFT method was vali
dated by comparing the calculated lattice parameters and surface en
ergies of β-Si3N4 and TiN with reported values, as summarized in 
Appendix C. Wad was calculated using the following equation: 

Wad =
Eslab, β− Si3N4 + Eslab, TiN − Einterface

A
, (4) 

where Eslab, β− Si3N4 and Eslab,TiN are the total energies of the relaxed 
surface slab models, Einterface is the total energy of the relaxed interface 
slab model, and A is the interface area.

As shown in Fig. 8e, the calculated Wad values for the interfaces of 
OR-1(a), OR-1(b), OR-1(c), OR-2(Ti), and OR-2(N) are 1.56, 1.00, 1.58, 
3.59, and 1.04 J/m², respectively. These positive and high values indi
cate that the experimentally observed low-misfit ORs correspond to 
thermodynamically stable interfaces. Despite these DFT calculations 
being performed at 0 K, the energetic differences are expected to remain 
valid at high temperatures, as the vibrational free energy contribution is 
reportedly an order of magnitude smaller than the calculated energy 
differences [35]. Although a previous study [20] reported an OR at the 
β-Si3N4/TiN interface formed by the AMB process (corresponding to 
OR-4 in this study), this study is the first to quantify Wad for experi
mentally observed ORs using DFT. Our results demonstrate that the 
β-Si3N4/TiN interfaces can form multiple structurally coherent in
terfaces. Notably, the OR-2(Ti) interface exhibited a remarkably high 
Wad of 3.59 J/m², as listed in Table 2, despite exhibiting a similar lattice 

misfit to the others, strongly suggesting that interfacial stability is 
governed not only by structural lattice matching but also by the chem
ical bonding state.

To investigate the impact of the chemical bonding state, the distri
bution of the charge density difference for OR-1(a)—which includes 
both Ti–N and Si–N bonds at its interface—was analyzed, as shown in 
Fig. 8f. On the interfacial Ti–N bond, a significant accumulation of 
charge (red regions) between the Ti and N atoms indicates the formation 
of strong covalent bonds. Concurrently, the charge depletion around the 
Ti atoms (blue regions) reveals a clear charge transfer to the N atoms, 
indicating an ionic character. Therefore, the Ti–N bond exhibits both 
covalent and ionic characteristics. Similarly, although less pronounced, 
charge accumulation between Si and N atoms and a charge transfer from 
Si to N were observed, suggesting that Si–N bonds also possess both 
covalent and ionic characteristics. To further elucidate the chemical 
bonding states, DOS and partial DOS of the Ti–N and Si–N bonds were 
performed, as shown in Figs. 8g,h. For the Ti–N bond at the interface 
(Fig. 8g), a significant overlap of DOS between Ti and N, particularly Ti- 
d and N-p orbitals, was observed across a wide energy range (approxi
mately − 8 to − 1 eV), indicating strong orbital hybridization and cova
lent bonding. The Si–N bond (Fig. 8h) also showed an overlap of DOS 
between Si-p and N-p orbitals, indicating covalent bonding through 
orbital hybridization.

These electronic structure analyses clarified the origin of the high 
adhesion energies. Comparison of the charge density difference and DOS 
results for the Ti–N and Si–N bonds revealed that the interfacial Ti–N 
bond is the dominant contributor to adhesion. Although Si–N in
teractions are present, the significant charge transfer and pronounced 
hybridization between Ti-d and N-p orbitals demonstrate a stronger 
chemical bond. This finding is consistent with the substantially higher 
Wad of OR-2(Ti) compared with the others. Therefore, the robust 
bonding observed in this study is attributed to two complementary 
mechanisms: (i) structural adaptability that allows multiple low-misfit 
interfaces and (ii) strong chemical adhesion at these interfaces, pri
marily driven by Ti–N bonds.

3.5. Thermal cycling reliability of Ti-mediated Cu/β-Si3N4/Cu substrates

The thermal cycling reliability of a metal–ceramic joint is primarily 
determined by the intrinsic strength of its interface against delamination 
caused by thermal stress [8]. To verify that the favorable atomic struc
ture translates into robust macroscopic performance, the thermal 
cycling reliability of the TiN-intermediated Cu/β-Si₃N₄/Cu substrate was 
evaluated via TCT in the temperature range of − 55 to 150 ◦C, as shown 
in Fig. 9. The geometry and dimensions of the tested insulated circuit 

Table 1 
Planar lattice misfit in the ORs between β-Si3N4 and TiN obtained in this study.

ORs i [uvw]β− Si3N4
d[uvw]β− Si3 N4 

(Å)
[uvw]TiN d[uvw]TiN 

(Å)
θ 
(degree)

δ 
( %)

OR-1 1 [0002] 1.454 [220] 1.499 0.000 2.49 %
[1010]β− Si3N4

‖[110]TiN 2 [0330] 2.194 [002] 2.121 0.000 ​

(0110)β− Si3N4
‖(002)TiN 3 [0332] 1.212 [222] 1.224 − 1.744 ​

OR-2 1 [0332] 1.212 [113] 1.279 4.024 2.72 %
[1010]β− Si3N4

‖[110]TiN 2 [0551] 1.199 [222] 1.224 4.896 ​

(0001)β− Si3N4
‖(111)TiN 3 [0552] 0.976 [331] 0.973 0.301 ​

OR-3 1 [0002] 1.454 [220] 1.499 0.000 6.24 %
[1010]β− Si3N4

‖[112]TiN 2 [0330] 2.194 [111] 2.449 0.000 ​

(0001)β− Si3N4
‖(220)TiN 3 [0332] 1.212 [311] 1.279 2.038 ​

OR-4 1 [3030] 2.194 [002] 2.121 0.000 4.77 %
[0001]β− Si3N4

‖[110]TiN 2 [0330] 2.194 [111] 2.449 − 5.264 ​
(1010)β− Si3N4

‖(002)TiN 3 [3520] 1.510 [220] 1.499 − 6.587 ​
OR-5 1 [3630] 1.267 [222] 1.224 0.000 2.69 %
[0001]β− Si3N4

‖[110]TiN 2 [0550] 1.317 [113] 1.279 0.504 ​
(1210)β− Si3N4

‖(111)TiN 3 [3120] 2.488 [111] 2.449 − 0.364 ​
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Fig. 8. DFT models and analysis of the β-Si3N4/TiN interfaces derived from OR-1 and OR-2. (a–d) Atomic models of the TiN and β-Si3N4 slabs for (a) OR-1(a), (b) OR- 
1(b), and (c) OR-1(c). (d) Atomic model for the OR-2 interface, illustrating both Ti-terminated and N-terminated configurations. (e) Calculated Wad values for the five 
interface models, with interfacial atom configurations. (f) Cross-sectional plot of the charge density difference for the β-Si3N4/TiN interface (OR-1(a)), with red and 
blue indicating charge accumulation and depletion, respectively. (g) DOS of the Ti–N bond at the β-Si3N4/TiN interface; total DOS of Ti and N atoms, PDOS for Ti (s, 
p, d-ortibals) atom, and PDOS for N (s, p-orbitals) atom. (h) DOS of Si-N bond; total DOS of Si and N atoms, PDOS for Si (s, p-orbitals) atom, and PDOS for N (s, 
p-orbitals) atom.

Table 2 
Details of the DFT interface models constructed for five interface plane candidates (OR-1(a,b,c) and OR-2(Ti,N)) derived from the experimentally identified ORs. For 
each case, the crystallographic directions along the x, y, and z axes (with z normal to the interface plane) are listed for β-Si3N4 and TiN, along with the corresponding in- 
plane strains in TiN (εTiN). Also provided are the number of unit cells repeated in each direction (nx, ny,nz), the total number of atoms (Nat) in the supercell, and the 
calculated Wad values.

OR xβ− Si3N4 ‖xTiN 

(εTiN)
yβ− Si3N4 ‖yTiN 

(εTiN)
zβ− Si3N4 ‖zTiN β − Si3N4 : nx , ny,nz 

TiN : nx, ny,nz

Nat Wad 
(J/m2)

OR-1 (a) [2110] ‖ [011]
(+ 1.3%)

[0110] ‖ [100]
(+ 2.3%)

[0001] ‖ [011] β − Si3N4 : 2 × 1 × 3 
TiN : 5 × 3 × 3

348 1.56

OR-1 (b) [2110] ‖ [011]
(+ 1.3%)

[0001] ‖ [011]
( − 1.0%)

[0110] ‖ [100] β − Si3N4 : 2 × 1 × 1 
TiN : 5 × 1 × 3

116 1.00

OR-1 (c) [0001] ‖ [011]
( − 1.0%)

[0110]‖[100]
(+ 2.3%)

[2110] ‖ [011] β − Si3N4 : 1 × 1 × 2 
TiN : 1 × 3 × 5

116 1.58

OR-2(Ti) 
(Ti-termination)

[1010] ‖ [110] (1.0%) 
in hexagonal supercell

[0001] ‖ [111] β − Si3N4 : 2 × 2 × 3 
TiN : 5 × 5 × 1

318 3.59

OR-2(N) 
(N-termination)

[1010] ‖ [110] (1.0%) 
in hexagonal supercell

[0001] ‖ [111] β − Si3N4 : 2 × 2 × 3 
TiN : 5 × 5 × 1

318 1.04
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substrates are shown in Fig. 9a. To assess the influence of circuit pattern 
size on reliability, test patterns ranging from 3 × 5 to 20 × 21 mm were 
prepared. As shown in the SAT images in Fig. 9b, no significant 
delamination was observed even after 4500 cycles, with quantitative 
analysis showing a negligible increase in the delamination ratio of less 
than 1 %. This demonstrates the excellent interfacial reliability of the 
TiN-intermediated Cu/β-Si3N4/Cu structure. Furthermore, the influence 
of circuit pattern size on delamination behavior was minimal. These 
results confirm that the TiN-intermediated Cu/β-Si3N4/Cu substrates 
fabricated with a TiN interlayer exhibit high thermal cycling durability, 
making them suitable for power electronics applications requiring 
robust reliability under extreme thermal stress.

4. Conclusion

This study investigated the atomistic mechanisms governing the 
robust bonding between β-Si3N4 and Cu via a Ti-induced TiN interlayer. 
By integrating PES calculations, TEM observations, and first-principles 
interface modeling, we demonstrated that Ti exhibits strong interfacial 
affinity and promotes the formation of structurally coherent and 
strongly bonded β-Si3N4/TiN interfaces. The identification of five 
distinct ORs with minimal lattice misfit highlights the structural 
adaptability of this system. DFT calculations confirmed that these low- 
misfit ORs yield energetically stable interfaces. As revealed by elec
tronic structure analysis, the high work of adhesion originates from 
strong covalent–ionic Ti–N bonding. This indicates that the system’s 
robustness arises from its ability to form multiple, structurally coherent, 
and strongly bonded interfaces. Notably, TCT confirmed the long-term 
reliability of the TiN-intermediated Cu/β-Si3N4/Cu substrates, with 
quantitative analysis showing a negligible delamination increase of less 
than 1 % after 4500 cycles. These findings provide atomistic insight into 
Ti-mediated metal–ceramic bonding and establish an integrated com
putational–experimental framework for interface design based on crys
tallographic matching, adhesion energies, and electronic structure 
analyses. This work offers both fundamental understanding and prac
tical design guidelines for engineering high-reliability metal–ceramic 

interfaces through intermediate compound layers, contributing to the 
development of next-generation power electronics packaging systems 
capable of withstanding extreme thermal and mechanical environments.
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Appendix A. Detailed computational parameters

All first-principles calculations were performed using the OpenMX (Open source package for Material eXplorer) code package [25,26], which is 
based on density functional theory (DFT) formulated with a linear combination of atomic orbitals (LCAO). The exchange-correlation potential was 
described by the Generalized Gradient Approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional [27]. Spin polarization was included 
in all calculations. The electronic temperature was set to 300 K. Norm-conserving pseudopotentials from the OpenMX Ver. 2019 PBE (PBE19) database 
were used. The optimized pseudo-atomic orbitals (PAO) basis sets were Si: Si7.0-s2p2d1, N: N6.0-s3p3d2, Ti: Ti7.0-s3p3d2, Ag: Ag7.0-s2p2d2f1, Al: 
Al7.0-s3p3d2, and Cu: Cu6.0S-s2p2d2. A real-space grid cutoff of 160 Ryd was used. The self-consistent field (SCF) iterations were considered 
converged when the change in total energy was less than 1.0 × 10⁻⁷ Hartree. Geometry optimizations were performed until the maximum force on any 
atom was below 1.0 × 10–3 Hartree/Bohr. K-point grids were chosen based on total-energy convergence and model dimensionality.

Fig. 9. TCT evaluation of the TiN-intermediated Cu/β-Si3N4/Cu substrate: (a) schematic of the test sample geometry and circuit patterns ranging from 3 × 5 to 20 ×
21 mm; (b) representative SAT images acquired at 0, 1500, 3000, and 4500 cycles, where black regions indicate well-bonded areas, demonstrating no significant 
delamination.
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Appendix B. Bonding test and validation of PES predictions

To validate the PES-based deposition material selection, Cu–β-Si3N4 bonding tests were conducted on specimens prepared under different 
deposition conditions. Ti, Al, and Ag were deposited onto the β-Si3N4 surface before bonding, and an additional set of specimens was bonded without 
any prior deposition. The detailed bonding procedure corresponds to Section 2.1. After bonding, the specimens were cut into strips with dimensions of 
140 mm × 15 mm. The bonding strength of each sample was evaluated using a peeling test.

The peeling test results, shown in Fig. A1, reveal a clear dependence of bonding strength on the deposited material. The Ti-deposited specimens 
exhibited significantly high bonding strength, consistent with their strong adsorption affinity predicted by the PES calculations. By contrast, the Al- 
and Ag-deposited specimens, as well as those without deposition, showed significantly lower bonding strength. These experimental findings support 
the computational results, confirming that Ti provides the highest bonding compatibility with β-Si3N4.

Fig. A1. Peeling test results: (a) test setup and (b) displacement-load curves, where two specimens were tested for each condition: Ti-, Al-, and Ag-deposition, as well 
as no deposition.

Appendix C. Validation of DFT calculations for bulk and surface properties of β-Si3N4 and TiN

To ensure the reliability of the DFT calculations used to evaluate Wad between β-Si3N4 and TiN, fundamental bulk and surface properties were first 
examined and compared with previously reported data. The accuracy of the bulk structures was assessed by calculating the relaxed lattice parameters 
of β-Si3N4 and TiN, as summarized in Table A1. The obtained values showed good agreement with literature data, confirming the validity of the 
computational setup. In addition, the surface energies of several low-index planes of β-Si3N4 and TiN were calculated to further verify the consistency 
of the DFT results using the following equation: 

γs =
Eslab − Ebulk

2A
(A1) 

where γs is the surface energy, Eslab is the total energy of the surface slab model, Ebulk is the total energy of the corresponding bulk model, and A is the 
surface area of the slab. In the surface slab model, both the atomic positions and supercell dimensions were relaxed. The calculated γs values, listed in 
Table A2, show reasonable agreement with reported literature values, confirming the suitability of the models employed in this study for evaluating 
Wad.

Table A1 
Calculated lattice parameters of relaxed β-Si3N4 and TiN compared with published data.

System Structure Lattice constants 
(Å)

Reference

β-Si3N4 HCP a = 7.70 
c = 2.94

This work

​ ​ a = 7.62 
c = 2.91

[21]

​ ​ a = 7.65 
c = 2.93

[36]

TiN FCC 
(rock-salt type)

a = 4.25 This work

​ ​ a = 4.24 [37]
​ ​ a = 4.25 [38]
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Table A2 
Calculated surface energies of β-Si3N4 and TiN for selected crystallographic planes compared 
with literature values.

System Orientation γs 
(J/m2)

Reference

β-Si3N4 (0001) 2.70 This work
​ ​ 3.05 [21]
​ ​ 2.68 [39]
​ (1010) 2.42 This work
​ ​ 4.17 [21]
​ ​ 2.47 [39]
​ (1120) 1.85 This work
​ ​ 3.93 [21]
​ ​ 2.89 [39]
TiN (100) 1.32 This work
​ ​ 1.26 [40]
​ (110) 2.69 This work
​ ​ 2.64 [40]
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