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A B S T R A C T   

The advancement of power modules demands more reliable insulating circuit substrates. Traditional substrates, 
comprising Cu and Si3N4, are produced using active metal brazing (AMB). However, AMB substrates have 
reliability concerns owing to electrochemical migration and void formation from brazing filler metals. This study 
introduces a quasi-direct Cu–Si3N4 bonding technique using a Ti/Al bilayer active metal deposition at the 
bonding interface. A sputtered Ti/Al bilayer was formed on the Si3N4 surface, then heated and pressurized the 
sputtered Si3N4 substrate with Cu sheets in vacuum to bond each other without voids or delamination. The Ti/Al 
layers reacted with Si3N4 and Cu, forming a 300 nm intermediate layer. TEM observations show this layer 
contains segregated Ti–N and Cu–Al phases, with a good lattice match to Si3N4 and Cu–Al. Temperature-cycling 
tests on the Cu/Si3N4/Cu substrate revealed delamination caused by increased tensile stress at the periphery of 
the bonding area due to asymmetrical Cu patterns. This novel quasi-direct Cu–Si3N4 bonding technique addresses 
issues of electrochemical migration and void formation seen in AMB substrates, offering a reliable bonding 
interface for power electronic substrates.   

1. Introduction 

In the field of power electronics, where efficient power conversion 
and control are crucial, advanced power modules are in high demand to 
improve efficiency, while reducing the size and cost of systems for 
various applications, including electric vehicles, renewable energies, 
and industrial motors and generators [1]. The insulating circuit sub
strates used in these advanced power modules must withstand high 
voltages [2,3] and accommodate large power capacities during high- 
temperature cyclic operations [4,5]. Therefore, improving the heat 
dissipation capability and temperature-cycle operation reliability of 
these insulating circuit substrates is imperative [6]. An insulating circuit 
substrate typically comprises a ceramic insulating substrate with Cu 
sheets bonded on both sides. Common options for the ceramic insulating 
substrate include Al2O3, AlN, and Si3N4 [7–9]. Si3N4 is particularly 
promising as an insulating ceramic material because of its excellent 
mechanical properties [10,11] for next-generation power modules that 
require severe temperature cycling. To achieve insulating circuit boards 
with excellent heat dissipation and high thermal cycling reliability, a 

bonding technology to laminate Si3N4 and Cu is essential. 
In general, bonding ceramics, especially Si3N4 and metal, is chal

lenging owing to their poor affinities. Active metals such as Ti, Al, and 
Cr, which tend to form strong bonds with ceramics, have been employed 
in bonding technologies. The most common process for bonding Si3N4 
insulated circuit boards is the active metal brazing (AMB) method [12], 
which uses active brazing filler metals comprising Ag–Cu–Ti. The 
resulting product is called an AMB substrate. In this method, a brazing 
filler metal paste is printed between a Si3N4 substrate and Cu plates, 
followed by heating in a vacuum atmosphere to obtain brazed joints. 
However, the tendency for void formation in the brazing layer causes 
issues with heat dissipation and the bonding reliability of AMB sub
strates [13,14]. Furthermore, Ag is known to be the element most sus
ceptible to electrochemical migration (ion migration) [15]; therefore, 
using AMB substrates in high-voltage environments may result in fatal 
circuit failure owing to the electrochemical migration of Ag at the 
brazing interface [16]. 

Diffusion bonding [17] is a direct solid-state bonding technique that 
does not use (or uses an extremely small amount of) molten materials, 
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such as brazing filler metals. Compared with the AMB method, it offers 
advantages such as ease in suppressing reaction layer formation at the 
bonding interface, high conductivity owing to the directly bonded 
interface, and the absence of elements that may cause electrochemical 
migration. However, this bonding technique has the drawback of 
requiring high temperatures and extended bonding time to facilitate the 
diffusion reaction responsible for bonding to eliminate gaps at the 
bonding interface. Transient liquid-phase (TLP) diffusion bonding is 
another possible approach for Cu–ceramic bonding. TLP bonding uti
lizing Cu and oxygen eutectic reactions at 1065 ◦C, known as the direct 
bonding copper (DBC) technique, has been widely employed for 
Cu–Al2O3 and Cu–AlN bonding [18], but not for Cu–Si3N4 owing to their 
poor affinity. Therefore, direct bonding between Cu and Si3N4 remains a 
challenge. 

To achieve a good bond between Si3N4 and Cu without using active 
brazing filler metals, two major approaches have been proposed: direct 
bonding methods involving surface modification and additively manu
factured direct bonding methods. As surface modification processes, 
laser irradiation techniques have been reported for fabricating direct- 
bonded Si3N4–Cu interfaces via surface-local thermal decomposition of 
Si3N4 [19,20]. These processes have shown that the thermally decom
posed surface layer, comprising polycrystalline Si derived from Si3N4, 
enhances the direct bonding capability of Cu. As an additively manu
factured direct bonding method, a sequential atmospheric plasma spray 
(APS) process involving Cu and Ti powders on Si3N4 was employed to 
fabricate a Cu/Ti/Si3N4 layered structure [21]. Furthermore, the spark 
plasma sintering (SPS) method was used to fabricate a nanocrystalline 
Cu layer on a Si3N4 substrate [22]. These direct bonding techniques are 
still being explored to optimize the formation of an interface structure 
with a high affinity for the Si3N4 surface while minimizing gaps at the 
bonding interface. 

To achieve a favorable Cu–Si3N4 interface structure suppressing void 
formation and Ag-derived electrochemical migration, we propose a 
quasi-direct Cu–Si3N4 bonding technique using a Ti/Al bilayered active 
metal deposition on the bonding interface. Initially, a sputtered thin film 
comprising a Ti/Al bilayer was formed on the Si3N4 surface as the active 
metal. Subsequently, Cu–Si3N4 bonding was performed by heating and 
pressurizing in a vacuum atmosphere. Furthermore, this study analyzes 
the bonding interface using electron microscopy and examines the re
sults of the thermal cycling reliability of an insulated circuit board. This 
study provides valuable information and contributes to the development 
of efficient and reliable bonding technologies for power electronics 
applications. 

2. Experimental and numerical procedures 

A schematic of the bonding procedure is shown in Fig. 1. First, a Ti/ 
Al dual layer was deposited on both sides of a β-Si3N4 substrate using Ar 
plasma sputtering with a direct current (DC) power source. The di
mensions of the Si3N4 substrate were 140 mm × 190 mm × 0.32 mm. 
These deposition processes were conducted continuously in a sputtering 
chamber to prevent exposure to air. Subsequently, the Ti/Al-deposited 
Si3N4 substrate was stacked between the Cu sheets, as shown in Fig. 1 
(b). The dimensions of the Cu sheets were 140 mm × 190 mm × 0.3 mm. 
The stacked Si3N4 substrate and Cu sheets underwent bonding, as shown 
in Fig. 1(c). After placing the stacked substrate, the chamber was closed, 
and a vacuum atmosphere of 1 × 10− 3 Pa was created. The stacked 
substrate was gradually subjected to a uniaxial compressive stress of 15 
MPa, heated to 950 ◦C with the heating time of approximately 1 h, and 
then held for 1 h. Subsequently, the substrate was gradually cooled to 
room temperature inside the chamber with the cooling time of 
approximately 4 h, and the uniaxial stress was released. Subsequently, 
the bonded substrate was chemically etched with copper (II) chloride 
solution to partially remove the Cu parts to form circuits. Finally, the 
chemically etched substrates were cut into 28 mm × 28 mm pieces using 
a diamond wire saw. The schematics and dimensions of the fabricated 
Cu/Si3N4/Cu substrate are shown in Fig. 1(d). 

The surface morphology of the as-deposited Si3N4 substrate prior to 
bonding was characterized using scanning electron microscopy (SEM, 
SU-70, Hitachi High-Tech Corporation, Japan) and energy dispersive X- 
ray spectroscopy (EDX). The deposited Ti/Al layer structure was char
acterized via depth analysis using X-ray photoelectron spectroscopy 
(XPS, PHI 5000 VersaProbe III, Ulvac-PHI Inc., Japan), where Al Kα was 
used as the X-ray source (15 kV), and the area for the analysis was 
approximately ϕ100 μm. XPS depth analysis was performed by sput
tering with Ar ions. The sputtering depth was determined based on the 
sputtering time, assuming a sputtering rate equivalent to that of SiO2 
(7.08 nm/min). The thickness of each layer was determined using the 
full width at half maximum. 

The cross-sectional microstructure at the bonding interface between 
Si3N4 and Cu was analyzed via SEM using an Ar-ion beam cross-sectional 
polisher (SM-09010, JEOL Ltd., Japan). The interfacial crystalline 
structure was further evaluated using transmission electron microscopy 
(TEM, JEM-2100F, JEOL Ltd., Japan). TEM samples were prepared using 
a focused ion beam (FIB, FB-2000A, Hitachi Ltd., Japan). 

To investigate the thermal cycling reliability, the fabricated Cu/ 
Si3N4/Cu substrates were subjected to thermal cycling test (TCT) up to 

Fig. 1. Schematic of the bonding procedure: (a) sputtering deposition process, (b) Cu and Si3N4 substrates, (c) uniaxially pressurized bonding process in a vacuum 
atmosphere, and (d) schematic of the fabricated Cu/Si3N4/Cu substrate. 
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600 cycles between − 40 and 200 ◦C with 20 min dwell times using a 
thermal cycling chamber (TSA-43EL-A, ESPEC Corp., Japan). The total 
duration of one cycle was 40 min, with heating and cooling completed 
within 1 min. Nondestructive observations were conducted at temper
ature cycling steps of 0, 100, 200, 400, and 600 cycles using scanning 
acoustic tomography (SAT, FS100III, Hitachi Ltd., Japan). The observed 
images were used to calculate the delamination area ratio using image- 
editing software. 

A mechanical finite element (FE) simulation was performed using the 
commercial software ANSYS Mechanical 2023 R1 to investigate the 
stress and strain distributions during TCT. A three-dimensional (3D) FE 
model was constructed by incorporating a Si3N4 substrate flanked by Cu 
layers. The dimensions of the FE model correspond to those shown in 
Fig. 1(d). Here, a 1/2 model was used for the simulation, considering the 
symmetry conditions. Ideal contact was assumed between all interfaces. 
The intermediate layer between Cu and Si3N4, as shown in Fig. 3(b), was 
omitted from the model because it had negligible influence on the 
resulting stress and strain distributions. Quadratic hexahedral elements 
were used, and the numbers of nodes and elements in the model were 
281,588 and 59,605, respectively. Cu and Si3N4 were considered as 
multilinear elastoplastic and linear elastic materials, respectively. The 
mechanical properties of Cu were treated as temperature dependent, 
whereas those of Si3N4 were not. The relevant parameters are listed in 
Table 1. The stress and strain distributions were calculated for ten 
steady-state cycles where the temperature oscillated between − 40 and 
200 ◦C. Thermal stress and strain were generated owing to a mismatch in 
the coefficient of thermal expansion (CTE) among the constituent ma
terials during temperature variation. 

3. Results and discussion 

3.1. Cu–Si3N4 interface structure 

First, the Ti/Al layer deposited on the Si3N4 substrate before the 
bonding process was evaluated using SEM and XPS depth analysis. The 
SEM image of the as-deposited Si3N4 substrate surface in Fig. 2(a-1) 
shows a typical uneven surface morphology [26] owing to irregularly 
shaped raw Si3N4 powders. The distributions of Al and Ti determined 
using EDX, as shown in Fig. 2(a-2), were homogeneous. The phase of the 
Si3N4 was identified as β-type Si3N4 (P63, a = b = 7.595 \AA, c = 2.902 

\AA), as shown in Fig. S1. The XPS depth analysis results shown in Fig. 2 
(b) reveal that the deposited layer was a multi-layered structure 
comprising Ti, Al, and a thin Al oxide layer from the Si3N4 substrate to 
the surface. The thicknesses of the Ti, Al, and Al oxide layers were 
approximately 340, 174, and 7 nm, respectively. Thus, a multi-layered 
deposition layer was fabricated via serial Ti/Al deposition and subse
quent air exposure after the deposition process. 

Next, the bonding interface of the fabricated Cu/Si3N4/Cu substrate 
was analyzed. From the SAT observation of the bonding area shown in 
Fig. 3(a), Cu was well-bonded to the Si3N4 substrate, and no apparent 
voids or delamination were observed. This is supported by the cross- 
sectional SEM image shown in Fig. 3(b), where an intermediate layer 
with a thickness of approximately 300 nm can be observed at the 
interface between Cu and Si3N4. The variation observed between the 
thickness of the initially sputtered Ti/Al bilayer and that of the inter
mediate layer could potentially stem from inaccuracies in the sputtering 
rate used in XPS. 

The fabricated Cu/Si3N4/Cu substrate, as shown in Fig. 3(b), was 
further analyzed using TEM to understand the intermediate layer be
tween the Cu and Si3N4 substrates. Fig. 4 shows the TEM bright field 
(BF) image accompanied by EDX elemental mapping and line analysis, 
detailing the bonding interface. The Cu and Si3N4 interface, as shown in 
Fig. 4(a), exhibited a 300 nm thick intermediate layer. The elemental 
maps in Fig. 4(b) show distinct Ti- and Al-rich regions interspersed 
within the intermediate layer. The line analysis results in Fig. 4(c) 
indicate that the intermediate layer is divided into Ti- and Al-rich re
gions. As previously highlighted, the layers initially deposited on the 
Si3N4 substrate prior to bonding constituted a Si3N4/Ti/Al multi-layered 
configuration (refer to Fig. 2). However, after bonding, the intermediate 
layer exhibited segregated Ti- and Al-rich regions. An isolated island- 
like morphology of the Al-rich regions was observed, whereas the Ti- 
rich regions were partly isolated from each other. Despite the initial 
Si3N4/Ti/Al layer configuration before bonding, the Al-rich regions 
exhibited a tendency to adhere to the Si3N4 surface. 

Furthermore, TEM analysis was conducted on the intermediate layer, 
as shown in Fig. 5. The BF image and corresponding EDX maps shown in 
Fig. 5(a–f) reveal that Ti and N are attached adjacent to the Cu side, 
whereas Al and Cu tend to appear on the Si3N4 side. Region 1, adjacent 
to the Cu side (see Fig. 5(a)), was indexed as TiN (Fm3m, a = 4.241 Å) 
based on the selected area diffraction pattern (SADP) and dark-field (DF) 

Fig. 2. Surface analysis results of the as-deposited Si3N4 substrate: (a-1) SEM image and (a-2) EDX results of the as-deposited surface. (b) XPS depth analysis of 
its surface. 
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image, as shown in Fig. 5(g). Region 2, adjacent to the Si3N4 side (see in 
Fig. 5(a)), was indexed as Cu9Al4 (P43m, a = 8.703 Å) based on Fig. 5(h). 
Region 3, within Si3N4 (see in Fig. 5(a)), was indexed as β-Si3N4 (P63, a 
= b = 7.632 Å, c = 2.920 Å) based on Fig. 5(i). Cu9Al4 and β-Si3N4 
existed next to each other, even though they were partially overlapped 
by the FIB processing, suggesting their good affinity. The high-resolution 

TEM (HRTEM) image of the interface between β-Si3N4 and Cu9Al4, as 
shown in Fig. 5(j), supported their good lattice match, with corre
sponding lattice spacings of (110)β− Si3N4 

and (210)Cu9Al4 
at 3.82 and 

3.88 Å, respectively. 

3.2. Bonding behavior 

Focusing on the interface between Si3N4 and Ti, possible reactions 
between Si3N4 and Ti have been proposed. Shimoo et al. [27] reported 
that heating a powder mixture of Si3N4 and Ti in an Ar atmosphere to 
1050 ◦C produced Ti2N, TiN, and Ti5Si3. In addition, they assumed the 
following reactions partly supported by the standard free energies of 
formation (ΔG0): 

Si3N4(s)+ 8Ti(s) = 4Ti2N(s)+ 3Si(s) (1)  

Si3N4(s) + 4Ti(s) = 4TiN(s) + 3Si(s)
ΔG0 (

J mol− 1) = − 613000 + 40.80T (K)
(2) 

Fig. 3. Images of the fabricated Cu/Si3N4/Cu substrate: (a) SAT images from both top and bottom sides, with the bonding area outlined by yellow lines (in the SAT 
image, the bonded areas appear black, whereas the unbonded areas are white). (b) Cross-sectional SEM images at the Cu/Si3N4 interface. 

Table 1 
Summary of mechanical properties for materials used in this study [23–25].  

Material Young’s 
modulus E 
(GPa) 

Yield 
strength σY 

(MPa) 

Ultimate 
tensile 
strength σUTS 

(MPa) 

CTE α 
(10− 6/ 
K) 

Poisson’s 
ratio ν (–) 

Si3N4 290 – –  2.9  0.27 
Cu 100 (0 ◦C)  52.4 (0 ◦C)  242 (0 ◦C)   16.7  0.33 

88 (300 ◦C) 42.3 
(300 ◦C) 

178 (300 ◦C)  

Fig. 4. TEM observation results of the Cu/Si3N4 interface: (a) BF image, (b) EDX mapping, and (c) line analysis results. Yellow arrows indicate the location of the line 
analysis in (a) and (b). 
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5Ti(s) + 3Si(s) = Ti5Si3(s)
ΔG0 (

J mol− 1) = − 194140 + 16.74T (K)
(3)  

Although information in the thermodynamic databases is limited 
[28–31], at least the reactions described in Eqs. (2) and (3) are likely to 
occur because ΔG0 is negative. Based on Eqs. (1) and (2), Ti2N, TiN, and 
Si were formed during the reactions of Si3N4 with Ti. Subsequently, the 
formed Si may react immediately with Ti to form Ti5Si3, according to Eq. 
(3). An experimental result was reported by Paulasto et al. [32], where 
the diffusion couple of Ti/Si3N4 after aging at 950 ◦C for 24 h suggested 
a Ti/Ti5Si3/TiN/Si3N4 interfacial structure. Ti2N was barely detectable, 
owing to its transformation into TiN. Using thermodynamic simulations, 
Ma et al. [33] predicted the interfacial structure of Ti/Ti5Si3Nx/TiN/ 
Si3N4 for a Ti/Si3N4 joint based on the calculation of phase diagram 
(CALPHAD) method. These studies suggest the formation of TiN and 
Ti5Si3Nx at the Ti/Si3N4 interface. In this study, TiN was detected at the 
bonding interface, whereas Ti5Si3Nx was not. This may be because a 
small amount of Ti layer was immediately consumed. Based on this, Si 
may dissolve in molten Al, as described below. The preferential reaction 
of Ti with Si3N4 over Al observed in this study remains not fully eluci
dated, attributed to the constraints of the available thermodynamic 
data. However, this preference may be due to ΔG0 for the reactions 
depicted in Eqs. (1)–(3) being lower than that for the Ti-Al reaction. 

The bonding behavior was presumed, as shown in Fig. 6. First, the 
Ti/Al layers deposited on the Si3N4 faced the Cu surface prior to 

bonding, as shown in Fig. 6(a). After heating, the deposited Ti layer 
reacted with Si3N4 to form TiN and Si particles (Eq. (2)), as shown in 
Fig. 6(b). Next, upon heating to the melting point of Al (660 ◦C), the thin 
Al oxide layer fractured owing to the bonding pressure, followed by 
molten Al wetting on both the Cu and Ti surfaces, as shown in Fig. 6(c). 
During this process, molten Al filled the gaps at the bonding interface. 
Simultaneously, adjacent solid phases dissolved into the molten Al, as 
shown in Fig. 6(c). According to the binary phase diagram, the solu
bilities of Cu and Si in molten Al are significantly greater than that of Ti, 
with approximately 63 and 20 mass% for Cu and Si, respectively, and 
less than 1 mass% for Ti at 700 ◦C. Consequently, Cu and Si were readily 
dissolved in the molten Al, accompanied by Al penetration toward the 
Si3N4 side, as shown in Fig. 6(d). Subsequently, during the Al solidifi
cation process, an intermediate layer with segregated Ti- and Al-rich 
phases formed, as shown in Fig. 6(e). Notably, the Al- and Ti-rich pha
ses tended to be adjacent to the Si3N4 and Cu sides, respectively (Fig. 4). 
This arrangement may result from the progression of the entire system in 
an energetically stable direction. Further investigation into the interfa
cial energies between these constituent materials would be intriguing. 

3.3. Thermal cycling reliability 

Thermal cycling reliability of the fabricated Cu/Si3N4/Cu substrate 
was assessed using TCT in the temperature range from − 40 and 200 ◦C, 
as shown in Fig. 7. Fig. 7(a) shows the evolution of the delamination 

Fig. 5. TEM results of the intermediate layer: (a) BF image; EDX mappings of (b) Ti, (c) Si, (d) N, (e) Al, and (f) Cu. SADPs and DF images of (g) TiN, (h) Cu9Al4, and 
(i) β-Si3N4, corresponding to regions 1–3 in (a). (j) HRTEM image showing the interface between β-Si3N4 and Cu9Al4. 

H. Tatsumi et al.                                                                                                                                                                                                                                



Materials & Design 238 (2024) 112637

6

area ratio on the top and bottom sides during thermal cycling up to 600 
cycles. The delamination area ratio on the top side increased with an 
increasing number of thermal cycles, reaching values of 7.0 %, 11.1 %, 
19.5 %, and 27.3 % at 100, 200, 400, and 600 cycles, respectively. 
However, the values hardly increased on the bottom side, reaching 1.5 
%, 1.8 %, 2.1 %, and 2.9 % at 100, 200, 400, and 600 cycles, respec
tively. The delamination area evolution on the top side was more 
obvious than that on the bottom side. The SAT images at 0, 200, and 600 
cycles, as shown in Fig. 7(b), indicate that delamination occurred from 
the edges on the top side, but extremely little on the bottom side. The 
cross-sectional SEM image of the delaminated region on the top side 
(Fig. 7 (c)) indicates that delamination occurred at the bonding 
interface. 

The delamination behavior during the TCT was dominated by the 
cyclic thermal strain owing to the CTE mismatch between Cu and Si3N4. 
In this study, a mechanical FE simulation was performed to investigate 
the stress and strain distributions during TCT. A 3D 1/2 model, 
considering symmetry, was constructed by incorporating Si3N4 and Cu 
layers, as shown in Fig. 7(d). The warpage trends during simulations at 
− 40 ◦C (cold side) and 200 ◦C (hot side) are shown in Fig. 7(e). The 
substrate warped upward by approximately 0.1 mm at − 40 ◦C but 
downward at 200 ◦C. This warpage behavior was influenced by the 
asymmetry between the top and bottom Cu patterns. To examine the 
tensile stress at the bonding interface, which may cause delamination, 
Fig. 7(f) illustrates the relationship between the maximum tensile stress 
in the top and bottom Cu layers and the number of thermal cycles. The 
top and bottom layers exhibit similar trends in response to thermal 
cycling. High maximum tensile stresses can be observed at the edges of 
the bonding area during the cold steps. Notably, the maximum tensile 
stress on the top side exceeds that on the bottom side. Furthermore, the 
peaks of the maximum tensile stresses at every cold step gradually 
increased with an increasing number of cycles owing to strain hard
ening. This is evidenced by the accumulated plastic strain against the 
thermal cycles, as shown in Fig. 7(g). The accumulated plastic strain 
increases linearly with the number of thermal cycles. The value of the 
top Cu layer is larger than that of the bottom layer. The larger accu
mulated plastic strain caused a higher tensile stress owing to strain 
hardening, which may have led to a larger delamination area on the top 

side than on the bottom side. 
Several studies have described the fracture behavior of traditional 

Cu–ceramic substrates during the TCT. They reported that cracks initi
ated at the corner edges of the Cu layers and propagated toward within 
ceramics of Al2O3 [34,35], AlN [36], and Si3N4 [8,36]. Furthermore, 
Pietranico et al. [37] numerically investigated TCT reliability on a DBC 
substrate, which indicated that the stress and strain fields were singular 
in the vicinity of the upper Cu layer edges, leading to crack initiation. 
The cracks observed in this study agree well with the knowledge of crack 
initiation sites in the literature. In contrast, the crack propagation route 
at the bonding interface in this study did not correspond to those inside 
the ceramics reported in the literature. The propagation route of cracks 
at the bonding interface or within the Si3N4 substrate may depend on the 
disparity in their mechanical strengths. 

4. Conclusion 

In this study, we propose a novel quasi-direct bonding technique that 
utilizes a Ti/Al active metal layer. A bonding interface without visible 
voids or delamination was achieved by prefabricating a sputtered Ti/Al 
bilayer on a Si3N4 surface, followed by heating and pressing in vacuum. 
The melting of the Al layer, the subsequent dissolution/penetration 
phenomenon, and the chemical reaction of the Ti layer with Si3N4 
during the bonding process afforded a 300 nm thick intermediate layer 
comprising segregated Ti- and Al-rich phases with good lattice matching 
with Si3N4. Temperature cycling tests of the fabricated Cu/Si3N4/Cu 
substrates revealed a tendency toward delamination from both experi
mental and numerical points of view. The delamination was attributed 
to increased tensile stresses owing to strain hardening at the edges of the 
joints resulting from the asymmetric Cu pattern on the substrate. To 
verify the reliability of this bonding technique against a conventional 
AMB method, it would be required to fabricate and compare substrates 
involving Cu patterns with a consistent geometry. 

Notably, these findings reveal that this innovative quasi-direct 
Cu–Si3N4 bonding technique holds great potential for solving the is
sues of electrochemical migration and void formation associated with 
Ag-containing brazing filler metals on AMB substrates. To further 
improve the thermal cycling reliability, mitigating the asymmetry of the 

Fig. 6. Schematic showing the formation of the intermediate layer morphology with the segregated Ti- and Al-rich regions: (a) initial configuration at the bonding 
interface, (b) reaction between the deposited Ti layer and Si3N4 substrate according to Eq. (2), (c) Al-layer melting at 660 ◦C, (d) dissolution of Cu and Si into molten 
Al and its penetration toward the Si3N4 side, and (e) final product at the interface. 
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top and bottom Cu patterns and alleviating the stress concentration at 
the edge of the bonding region (e.g., by controlling the local shapes of 
the pattern edges during etching) would be of particular interest. 
Additionally, further optimization of the structure of the sputtered 
layers is anticipated. This study provides important insights into the Cu/ 
Si3N4 interface structure and facilitates advancements in bonding 
technology tailored to the future of power electronics. 

CRediT authorship contribution statement 

Hiroaki Tatsumi: Conceptualization, Methodology, Validation, 
Investigation, Writing – original draft, Visualization. Seongjae Moon: 
Investigation, Methodology. Makoto Takahashi: Investigation. Taka
hiro Kozawa: Investigation, Visualization, Writing – review & editing. 

Eiki Tsushima: Funding acquisition, Investigation. Hiroshi Nishi
kawa: Supervision, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Fig. 7. TCT result of fabricated Cu/Si3N4/Cu substrate and FE simulation results: (a) Evolution of delamination area ratio on the top and bottom sides against 
thermal cycling in the temperature range from − 40 to 200 ◦C. (b) SAT images of the top and bottom sides during thermal cycling of 0, 200, and 600 cycles. (c) Cross- 
sectional SEM image of crack at the bonding interface. (d) 1/2 symmetrical FE simulation model of Cu/Si3N4/Cu substrate. (e) Warpage at cold (− 40 ◦C) and hot side 
(200 ◦C). (f) Maximum tensile stress on the top and bottom Cu layers during thermal cycles, where red and blue regions present high and low temperature steps, 
respectively. (g) Accumulated equivalent plastic strain on the top and bottom Cu layers during thermal cycles. 
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