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Abstract 

 

Interfacial microstructures produced between Cu and AlN using a Cu-rich 

Cu–P–Sn–Ni brazing filler metal as an Ag-free material and a Ti layer as an 

active metal have been examined. Cu was bonded onto AlN substrates in 

vacuum for 1 hr at temperatures between 650 °C and 950 °C with 1 and 5 μm 

thick Ti layers. In contrast to bonding with a 0.5 μm thick Ti layer, four 

different phases containing Ti and O/N were identified during the 

development of the Cu/AlN interfacial reaction layer: an amorphous P–Ti–O 

phase, an amorphous Ti–O phase, a rock-salt titanium oxynitride TiOxNy and 

TiN. The increase in the N concentration in the Ti oxide phase was caused by 

AlN erosion of the Ti oxide phase in the solid phase promoting the growth of 

the TiOxNy phase when using the 1 μm thick Ti film. In contrast to this, the 

remelting of the Cu phase at high temperature when in contact with AlN 

using the 5 μm thick Ti foil promotes the substitution reaction between Ti and 

AlN, as in the active metal bonding method using Ag. 
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Introduction 

 

To help meet the long-term temperature goal of the Paris Agreement to 

mitigate the effects of global warming, many countries have been accelerating 

their efforts to achieve a carbon-free society. Developing the necessary 

technology to enable countries to bring about the social changes required 

within society has meant that the replacement of conventional power modules 

equipped with Si–IGBT (silicon–insulated gate bipolar transistor) chips by 

those equipped with SiC–MOSFET (silicon carbide–metal-oxide-

semiconductor field-effect transistor) chips, which have both high-voltage and 

low-resistance, is progressing rapidly for industrial applications [1–5]. An 

insulating substrate for a power module is composed of a high thermal 

conductivity metal layer such as aluminum (Al) or copper (Cu), and a ceramic 

insulating layer such as aluminum nitride (AlN), silicon nitride (Si3N4) or 

aluminum oxide (Al2O3). These metal-bonded ceramic substrates are grouped 

into one type of aluminum circuit substrate: direct bonding aluminum (DBA) 

substrates [1, 6, 7], and two types of copper circuit substrates: direct bonding 

copper (DBC) substrates [8, 9] and active metal bonding (AMB) substrates 

[10, 11]. 

The AMB method is a general one for achieving good bonding between 

metals and ceramics in a vacuum atmosphere: an active metal compound 

layer containing a ceramic component such as C, N and O is formed by an 

interfacial reaction on the surface of the ceramic during the active metal 

brazing [10–15]. To overcome problems with using Ag–Cu-based alloys with 

Ti as the active metal in power modules, an Ag-free Cu-rich active metal braze 

composition has recently been developed by combining the Cu–P based 

eutectic system with Ti as the active metal. This has been shown to produce 

strong interfacial bonds between Cu and both AlN and Si3N4 [16–20]. 

With this Cu-rich braze alloy the chemical reactions which arise at the 

Cu/AlN interface are determined by the bonding temperature. When a 0.5 μm 

thick Ti film is used together with a 25 μm thick foil of this Cu-rich braze as 

the bonding media, the Cu/AlN interfacial microstructure changes from an 

amorphous P–Ti–O phase at 650 °C into an amorphous Ti–O phase at 750 °C, 

and then a rutile TiO2 phase at 850 °C or higher bonding temperatures [20]. 

The oxygen in this system comes from the thin native surface oxide layers on 

the various materials being bonded, such as those on the AlN and the brazing 
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foil. The Cu/AlN interfacial structure where the rutile TiO2 phase is dominant 

contributes significantly to the improvement of the Cu/AlN interfacial 

strength [20]. The thickness of the Ti–O based phase observed at the Cu/AlN 

interface in this recent study of ours is at most 10 nm [20]. This is extremely 

thin compared to the initial 0.5 μm Ti film thickness. This 10 nm thickness 

contrasts with the 20 μm thick TiN layer reported by Nakao et. al. [21] formed 

at Cu/AlN interfaces after a heat treatment of 900 °C for 0.5 hr when using a 

0.3–0.4 mm thick Cu–22 wt%Ti eutectic brazing foil [22]. The effective initial 

thickness of Ti in this Ag-free Cu–22 wt%Ti eutectic brazing foil was 110–140 

μm. These observations suggest that the combination of Ag-free material and 

Ti is not necessarily sufficient to promote the formation of a Ti–O based phase 

at the Cu/AlN interface. Therefore, in the work reported here, we have 

examined the effect of increasing the Ti layer thickness on the Cu/AlN 

interfacial microstructure when fabricated by the Ag-free AMB method. 

Particular attention has been paid to the nature of the Ti compound phase 

types formed at these Cu/AlN interfaces as a function of bonding temperature. 

 

Experimental method 

 

An amorphous brazing alloy Cu–6.3 wt%P–9.3 wt%Sn–7 wt%Ni with a 

thickness of 25 μm, as used in our recent work, was used as the Ag-free 

material for bonding between Cu and AlN substrates [20]. The solidus and 

liquidus temperatures of this Cu–rich alloy are 600 °C and 630 °C, 

respectively [20]. In this new work, two thicker Ti layers of 1 and 5 μm were 

prepared. For the thinner of these two layers, a 1 μm thick film was deposited 

by physical vapour deposition on one side of 300 μm thick oxygen free copper 

(OFC). For the thicker of these two layers, a 5 μm thick TPC270C Ti foil was 

used. According to Japan Industrial Standards (JIS), TPC270C foil has the 

highest purity of all commercially available pure Ti. It is notable for its 

softness and excellent workability. AlN polycrystalline substrates with 1 mm 

thickness commonly used for power module applications were selected. The 

substrates all contained yttria (Y2O3) as a sintering additive. 

These materials were all cut into 5 mm × 10 mm rectangular pieces and 

were then stacked in the order: Cu, Ti deposited film or Ti foil, Cu–P–Sn–Ni 

brazing foil and AlN substrate. The stacked samples were brazed in vacuum 

at 650, 750, 850 and 950 °C for 1 hr under 1 MPa pressure with heating and 
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cooling rates of 10 °C/min. 

Cross-sections of the resulting joints were observed by electron probe micro 

analysis (EPMA), scanning electron microscopy (SEM), and scanning 

transmission electron microscopy (STEM) equipped with energy dispersive 

X–ray spectroscopy (EDS). Metallography samples for SEM and EPMA 

mounted in an acrylic polymer at room temperature were polished using 

conventional metallographic techniques. In addition, the final polishing for 

these samples was performed using an argon-based ion beam polisher 

(ArBlade 5000, Hitachi High-Tech) to obtain the final flat cross-sections 

before being coated with a thin carbon layer. The microstructures and 

elemental distributions of all samples were analyzed using a EPMA 

apparatus (JXA–8530F, JEOL) operated at 15 kV. The thickness of the 

Cu/AlN thin sections for STEM analysis, prepared using a focused ion beam 

(FIB) instrument (Scios, Thermo Fisher Scientific), ranged from 30 to 100 nm. 

Elemental distributions of the thin sections were evaluated on a STEM (Titan 

G2 ChemiSTEM, Thermo Fisher Scientific) equipped with an EDS system 

(NSS7, Thermo Fisher Scientific) operated at 200 kV. 

 

Results and discussion 

 

Cross-sectional backscattered electron (BSE) images of the Cu/AlN 

interfaces bonded at 650 °C for 1 hr are shown in Fig. 1(a) and 1(b), for the 

initial 1 and 5 μm thick Ti layers, respectively. At this temperature just above 

the liquidus temperature of the Cu–P–Sn–Ni brazing foil, the Cu/AlN 

interface appears to fit the surface shape of the polycrystalline AlN substrate 

well with no gaps and/or pores. This suggests that the Cu–P–Sn–Ni liquidus 

phase has good wettability to the AlN substrate through the presence of the 

initial Ti active metal. In both Fig. 1(a) and 1(b), the Cu layer is divided into 

two regions by the Ti-containing layer formed ≈8 μm away from the surface 

of the AlN substrate. 

The reaction between the Cu–P–Sn–Ni brazing foil and the 1 μm thick Ti 

film consumes the entire Ti film. The product in this reaction is mainly Ti5P3 

(hexagonal, P63/mcm, a = 7.234 Å, c = 5.090 Å) [23, 24], which is formed as a 

continuous layer. In contrast to this observation with the 1 μm thick Ti film, 

there is still unreacted Ti foil after the chemical reaction between the Cu–P–

Sn–Ni brazing foil and the 5 μm thick Ti foil, as shown in Fig. 1(b). It is 
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convenient to term this unreacted Ti foil a residual Ti layer. 

The cross-sectional structure between this residual Ti layer and the AlN 

substrate is composed of the following compounds in order from the residual 

Ti layer side: Cu0.9TiNi1.1(tetragonal, I4/mmm, a = 3.12 Å, c = 7.965 Å) [25], 

TiP (hexagonal, P63/mmc, a = 3.499 Å, c = 11.700 Å) [24, 26, 27], Ti5P3 [23, 24] 

and Cu (cubic, Fm3̅m, a = 3.615 Å). The brightness of the BSE image also 

increases gradually from the residual Ti layer toward the Cu surface. This 

suggests that multiple Cu–Ti intermetallic compounds (IMCs) with different 

composition ratios such as Cu4Ti (orthorhombic, Pnma, a = 4.525 Å, b = 4.341 

Å, c = 12.953 Å) [22, 28, 29], Cu4Ti3 (tetragonal, I4/mmm, a = 3.126 Å, c = 

19.964 Å) [27, 28], CuTi (tetragonal, P4/nmm, a = 3.107 Å, c = 5.919 Å) [28, 

29] and CuTi2 (tetragonal, I4/mmm, a = 2.944 Å, c = 10.786 Å) [28, 29] are 

formed in layers by solid-phase diffusion bonding between the Cu layer and 

the Ti foil. In addition, it can be seen that a number of voids are distributed 

in the Cu–Ti IMCs, as shown in Fig. 1(b). This suggests that the oxide films 

present on the surface of the Cu plate and Ti foil inhibit the interdiffusion 

between Cu and Ti. 

Cross-sectional BSE images together with elemental distributions of the 

Cu/AlN interface bonded at 650 °C are shown in Figs. 2 and 3, for the initial 

1 and 5 μm thick Ti layers, respectively. The grey area in the AlN layer shown 

in Fig. 3(a) is yttria, a sintering additive in the AlN substrate. Sn diffuses 

beyond the P-containing IMCs layer towards the Cu surface side when using 

the 1 μm thick Ti layer, as is evident from Fig. 2(c). By contrast, the Sn is 

localized between the P-containing layer and the AlN substrate when using 

the 5 μm Ti layer, as can be seen in Fig. 3(c). 

It is suggested that the difference in Sn distribution is caused by a 

difference in the degree of dissolution of the TiN layer into the Cu–P–Sn–Ni 

liquid phase. P-containing IMC particles are precipitated by the reaction 

between Ti and P when dissolving the entire 1 μm thick Ti layer in the Cu–

P–Sn–Ni liquid phase, forming a layered structure. Consumption of P, the 

melting-point lowering element that makes up the Cu–P–Sn–Ni brazing foil, 

promotes solidification from the P-containing IMCs layer side to the AlN side. 

The Sn which concentrated at the Cu/AlN interface during the isothermal 

solidification process eventually diffuses into Cu toward the Cu surface side. 

This same solidification process is expected to occur when using the 5 μm 

thick Ti layer. However, the formation of the residual Ti layer present in Fig. 
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1(b) and Fig. 3(a) would suggest that not all of the Ti layer is dissolved into 

the Cu–P–Sn–Ni liquid phase. In addition, the diffusion length of Sn into Ti 

is only ≈1 nm after 1 h at 650 °C [30]. Hence, the residual Ti layer functions 

as a diffusion inhibition layer and suppresses the diffusion of Sn toward the 

Cu surface side. In addition, it can be seen from Figs. 2(a)–(c) and 3(a)–(c) 

that there is no precipitation of either Cu3Sn (orthorhombic, Cmcm, a = 5.529 

Å, b = 47.75 Å, c = 4.323 Å) or Cu6Sn5 (monoclinic, C2/c, a = 11.022 Å, b = 

7.282 Å, c = 9.827 Å,  = 98.84°) in the regions where Cu and Sn coexist [31–

33]. This supports the formation of a dense Cu layer without Kirkendall void 

generation [34, 35] at the Cu/AlN interface. 

Cross-sectional BSE images and TEM images of a Cu/AlN interface, 

together with nano-beam electron diffraction (NBD) patterns of a Cu/AlN 

interfacial reaction layer after bonding for 1 hr between 650 °C and 950 °C 

with the 1 μm thick Ti layer are shown in Fig. 4. The grey area in the AlN 

layer shown in BSE images of Fig. 4 is yttria. The NBD patterns were 

acquired from the areas circled in yellow in the corresponding TEM images. 

It can be seen from the BSE images that the Ti-containing layer composed of 

TiP and Ti5P3 is formed at a distance of ≈8 μm from the surface of the AlN 

substrate at all these heating temperatures. Within this range of bonding 

temperatures, the morphology of these Ti-containing layers is in essence 

independent of the bonding temperature. P is the main melting point lowering 

element of the Cu–P–Sn–Ni brazing alloy. This therefore suggests that its 

consumption through intermetallic compound formation reaction with Ti 

causes the Cu–P–Sn–Ni liquid phase to solidify in the early stages of the 

heating process. This means that the interfacial reaction between Cu and AlN 

when using the 1 μm thick Ti film proceeds mainly in the solid phase. 

Furthermore, it can be seen from the NBD patterns in Fig. 4 that the 

Cu/AlN interfacial reaction layers are composed of an amorphous phase at 

750 °C or lower, and a crystalline phase at 850 °C or higher. The thicknesses 

of these crystalline phases are ≈7 nm at 850 °C and ≈35 nm at 950 °C, 

respectively. EDS line profiles after bonding for 1 hr at (a) 850 °C and (b) 

950 °C with this initial 1 μm thick Ti film are shown in Fig. 5. The EDS line 

profiles were acquired from the lines defined by the yellow arrows shown in 

the corresponding TEM images in Figs. 4(c) and 4(d), respectively. The high 

Ti concentration at the Cu/AlN interfacial reaction layer is clear, with signals 

of O and N overlapping with Ti. This suggests that the crystalline Cu/AlN 
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interfacial reaction layer consists of O-containing TiN phase, given the NBD 

patterns shown in Fig 4. These NBD patterns can be indexed in terms of TiN. 

TiN has the rock-salt crystal structure and occurs over a wide range of 

stoichiometry within the Ti−N system. Substitution of oxygen for nitrogen 

within this phase can also occur to give an extensive phase field within the 

ternary Ti−O−N system in which rock-salt titanium oxynitrides of the general 

composition TiOxNy occur [36−40]. 

Cross-sectional BSE images and TEM images of a Cu/AlN interface, 

together with NBD patterns of a Cu/AlN interfacial reaction layer after 

bonding for 1 hr between 650 °C and 950 °C with the 5 μm thick Ti layer are 

shown in Fig. 6. The grey area in the AlN layer shown in BSE images of Figs. 

6(b) and 6(d) is yttria. The NBD patterns were acquired from the areas circled 

in yellow in the corresponding TEM images. It can be seen that as the heating 

temperature rises from 650 °C to 750 °C the residual Ti layer disappears 

because of the growth of the layer of Cu–Ti IMCs. In addition, it can be seen 

that the layer of Cu–Ti IMCs disappears and an obvious interfacial reaction 

layer is formed at the AlN interface at 850 °C or higher. The thickness of these 

interfacial reaction layers, which are seen to be crystalline TiN phase from 

the NBD patterns shown in Fig. 6, are ≈0.5 μm at 850 °C and ≈1 μm at 950 °C, 

respectively. 

The Cu/AlN interfacial reaction layers are composed of an amorphous 

phase at a heating temperature of 750 °C or lower when using 5 μm thick Ti 

foil. This is the same as with the Cu/AlN interfacial structure when using an 

initial 1 μm thick Ti foil, as shown in Fig. 4. Cross-sectional high angle 

annular dark field (HAADF) images together with elemental distributions of 

the Cu/AlN interface bonded at 650 °C and 750 °C for 1 hr with initial 5 μm 

Ti layers are shown in Figs. 7 and 8, respectively. Both Sn and Ni omitted 

from these elemental maps are in solid solution within Cu near the Cu/AlN 

interface. The highest signals in the P, Ti and O maps are positioned at the 

Cu/AlN interface, as can be seen in Fig. 7(c)–(e). By comparison, only Ti and 

O signals are uniformly distributed at the Cu/ AlN interfacial reaction layer, 

whereas P is enriched at the interface between Cu and interfacial reaction 

layer, as shown in Fig. 8(c)–(e), despite the base signal of P in the Cu in Fig. 

8(c) being relatively high. 

The transformation in the Cu/AlN interfacial reaction layer with 

increasing heating temperature from 650 °C to 750 °C for the 5 μm thick Ti 
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foil shown in Figs. 7 and 8 is similar to the transformation observed for an 

initial 0.5 μm thick Ti film [20]. This suggests that at 650 °C and 750 °C the 

reaction between Cu and AlN does not depend on the thickness of the initial 

Ti layer. Furthermore, it can be seen that the thickness of these Ti–O based 

phases observed at the Cu/AlN interface under these bonding conditions is at 

most 10 nm for 0.5 – 5 μm thick Ti material, which is independent of whether 

the source of the Ti material is a film or a foil. This suggests that the oxygen 

component of the Ti–O based phases is derived mainly from the surface oxide 

layer of the AlN and the brazing material, rather than from any oxygen from 

the surface and grain boundaries of the Ti material. 

Quantitative analysis using EPMA of the Cu phase 4 μm away from a 

Cu/AlN bonding interface after bonding for 1 hr at 650 °C and 750 °C is shown 

in Table 1. The Sn concentration decreases by half between 650 °C and 750 °C 

using the 1 μm thick Ti film, while there is only a 5 % decrease using the 5 

μm thick Ti foil. This is consistent with the Ti residual layer and/or the thick 

Cu–Ti IMCs layer strongly inhibiting the diffusion of Sn into the Cu surface 

side. This Sn concentration, which is relatively insensitive to the 100 °C 

temperature rise for the 5 μm thick Ti foil, is larger than the solid solubility 

of Sn in Cu at 850 °C (5.6 at%) [31–33]. This implies that the Cu–Sn liquid 

phase generated by the remelting of the Cu phase in contact with the AlN 

substrate melts the layer of Cu–Ti IMCs above 850 °C. This means that the 

Ti-containing liquid phase generated at a relatively high heating temperature 

helps to promote the substitution reaction between Ti and AlN on the surface 

of the AlN substrate, in a manner similar to the AMB method using Ag. 

A simple schematic of the Cu/AlN interfacial structure bonded for 1 hr at 

between 650 °C and 950 °C as a function of bonding temperature and 

thickness of the initial Ti layer is shown in Fig. 9. When using a 0.5 μm thick 

Ti film, the rutile TiO2 phase grows locally in the Cu/AlN interfacial structure 

at 750 °C because of partial crystallization of an amorphous Ti–O phase which 

is dominant [20]. The Cu/AlN interfacial structure transforms from the 

amorphous P–Ti–O phase to the amorphous Ti–O phase independently of the 

Ti layer thickness at 750 °C or lower. Above 750 °C, the interfacial reaction 

phase formed at the Cu/AlN interface depends on the thickness of the Ti layer, 

i.e., rutile TiO2 for a 0.5 μm thick Ti film, TiOxNy for a 1 μm thick Ti film and 

TiN for a 5 μm thick Ti foil. Ti concentrations in the amorphous P–Ti–O phase 

and the amorphous Ti–O phase as a function of the initial Ti material in the 
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range of thickness 0.5 – 5 μm are shown in Fig. 10. 

The Ti concentration in the amorphous Ti–O phase increases as the Ti layer 

thickness increases, whereas, within experimental error, the Ti concentration 

of the amorphous P–Ti–O phase is independent of the initial thickness of the 

Ti material. The highest Ti concentration achieved of 43.0 at%. is in the 

amorphous Ti–O phase at 750 °C when using a 5 μm thick Ti foil. In addition, 

from our previous work [20], the N concentration in the rutile TiO2 phase 

increases from 6.2 at% to 10.7 at% with increasing heating temperature from 

850 °C to 950 °C when using a 0.5 μm thick Ti film. This implies that the 

difference in Cu/AlN interfacial reaction layer between the initial 0.5 μm and 

1 μm thick Ti film is caused by the difference in the amount of erosion of the 

AlN substrate through the Ti concentration in the amorphous (P–)Ti–O phase. 

Hence, an increase in the N concentration at the Cu/AlN interface promotes 

the formation of TiOxNy, rather than TiO2, as the crystallization product of 

the amorphous Ti–O phase. This growth process of the TiOxNy phase for a 1 

μm thick Ti film is completely different from the formation process of the TiN 

phase, which is similar to the process in the Ag–Cu–Ti based system, as a 

consequence of the melting of the Cu phase for the 5 μm thick Ti foil. 

 

Conclusions 

 

The effect of increasing the Ti layer thickness on the development of the 

Cu/AlN interfacial microstructure when using a Cu-rich Cu–P–Sn–Ni brazing 

filler metal as an Ag-free material has been studied using a variety of electron 

microscope-based techniques. With both the initial 1 μm and 5 μm Ti layers, 

amorphous P–Ti–O phase at 650 °C and amorphous Ti–O phase at 750 °C 

were formed at the Cu/AlN interface, respectively. At both these bonding 

temperatures, P was concentrated at the Cu/amorphous Ti–O phase interface. 

These transformations in the Cu/AlN interfacial structure were similar to 

those reported when using a 0.5 μm thick Ti film [20]. The Cu/AlN interfacial 

reaction layers at 850 °C or higher were composed of TiN-based phases. The 

increase in N concentration in the Ti oxide phase due to the erosion of the 

amorphous Ti–O phase and/or the rutile TiO2 phase into AlN promotes the 

formation through solid state chemical reaction of a rock-salt titanium 

oxynitride of the general composition TiOxNy phase when using a 1 μm thick 

Ti film. When using the 5 μm thick Ti foil, the Cu–Sn liquid phase derived 
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from the remelting of the Cu phase in contact with AlN promoted the 

substitution reaction between Ti and AlN, which is similar to the Cu/AlN 

interfacial reaction process using an Ag–Cu–Ti active metal braze. 
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Figures and Table captions 

 

Fig. 1 Cross-sectional BSE images of a Cu/AlN interface after bonding at 

650 ℃ for 1 hr with initial Ti layers (a) 1 μm and (b) 5 μm thick. 

 

Fig. 2  (a) BSE image of a Cu/AlN interface at 650 °C for 1 hr with an initial 

1 μm thick Ti film, together with the elemental distribution of (b) Cu, (c) Sn, 

(d) P, (e) Ni, (f) Ti, (g) Al and (h) N. 

 

Fig. 3  (a) BSE image of a Cu/AlN interface at 650 °C for 1 hr with an initial 

5 μm thick Ti foil, together with the elemental distribution of (b) Cu, (c) Sn, 

(d) P, (e) Ni, (f) Ti, (g) Al and (h) N. 

 

Fig. 4  Cross-sectional BSE and TEM images of a Cu/AlN interface with nano 

beam electron diffraction patterns of the interfacial reaction layer after 

bonding for 1 hr with an initial 1 μm thick Ti film at (a) 650 °C, (b) 750 °C, (c) 

850 °C and (d) 950 °C. In (c) and (d) the electron diffraction patterns index to 

TiN, which together with the compositional mapping presented in Fig. 5 is 

consistent with a rock-salt titanium oxynitride of the more general 

composition TiOxNy. The yellow arrows in the TEM images in Figs. (c) and (d) 

indicate the positions and directions of the EDS line profiles shown in Fig. 5. 

 

Fig. 5  EDS analyses of a Cu/AlN interfacial reaction layer after bonding for 

1 hr with an initial 1 μm thick Ti film at (a) 850 °C and (b) 950 °C. These EDS 

line profiles were acquired from the lines defined by the yellow arrows shown 

in the corresponding TEM images in Figs. 4(c) and 4(d), respectively. 

 

Fig. 6  Cross-sectional BSE and TEM images of a Cu/AlN interface with nano 

beam electron diffraction patterns of the interfacial reaction layer after 

bonding for 1 hr with an initial 5 μm Ti foil at (a) 650 °C, (b) 750 °C, (c) 850 °C 

and (d) 950 °C. 

 

Fig. 7  (a) HAADF image of a Cu/AlN interface after bonding at 650 °C for 1 

hr with an initial 5 μm Ti foil, together with the elemental distribution of (b) 

Cu, (c) P, (d) Ti, (e) O, (f) Al and (g) N obtained by EDS. 
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Fig. 8  (a) HAADF image of a Cu/AlN interface after bonding at 750 °C for 1 

hr with an initial 5 μm Ti foil, together with the elemental distribution of (b) 

Cu, (c) P, (d) Ti, (e) O, (f) Al and (g) N obtained by EDS. 

 

Fig. 9  Cu/AlN interfacial structure classification as a function of 

temperature and Ti film/foil. thickness. 

 

Fig. 10  Dependence of the Ti concentration in the amorphous phase of a 

Cu/AlN interface on the initial Ti film/foil thickness after bonding for 1 hr at 

650 °C and 750 °C. Within experimental error in the 0.5 – 5 μm thickness 

range shown, the Ti concentration of the amorphous P–Ti–O phase is 

independent of the initial thickness of the Ti material, whereas that of the 

amorphous Ti–O phase increases as the initial thickness of the Ti material 

increases. 

 

 

Table 1  Quantitative analysis of a Cu phase 4 μm away from a Cu/AlN 

bonding interface after bonding for 1 hr at the specified temperatures. 
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Fig. 1 Cross-sectional BSE images of a Cu/AlN interface after bonding at 

650 ℃ for 1 hr with initial Ti layers (a) 1 μm and (b) 5 μm thick. 
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Fig. 2  (a) BSE image of a Cu/AlN interface at 650 °C for 1 hr with an initial 

1 μm thick Ti film, together with the elemental distribution of (b) Cu, (c) Sn, 

(d) P, (e) Ni, (f) Ti, (g) Al and (h) N. 
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Fig. 3  (a) BSE image of a Cu/AlN interface at 650 °C for 1 hr with an initial 

5 μm thick Ti foil, together with elemental distribution of (b) Cu, (c) Sn, (d) P, 

(e) Ni, (f) Ti, (g) Al and (h) N. 
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Fig. 4  Cross-sectional BSE and TEM images of a Cu/AlN interface with nano 

beam electron diffraction of interfacial reaction layer after bonding for 1 hr 

with an initial 1 μm thick Ti film at (a) 650 °C, (b) 750 °C, (c) 850 °C and (d) 

950 °C. In (c) and (d) the electron diffraction patterns index to TiN, which 

together with the compositional mapping presented in Fig. 5 is consistent 

with a rock-salt titanium oxynitride of the more general composition TiOxNy. 

The yellow arrows in the TEM images in Figs. (c) and (d) indicate the 

positions and directions of the EDS line profiles shown in Fig. 5.  
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Fig. 5  EDS analyses of a Cu/AlN interfacial reaction layer after bonding for 

1 hr with an initial 1 μm thick Ti film at (a) 850 °C and (b) 950 °C. These EDS 

line profiles were acquired from the lines defined by the yellow arrows shown 

in the corresponding TEM images in Figs. 4(c) and 4(d), respectively. 
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Fig. 6  Cross-sectional BSE and TEM images of a Cu/AlN interface with nano 

beam electron diffraction patterns of the interfacial reaction layer after 

bonding for 1 hr with an initial 5 μm Ti foil at (a) 650 °C, (b) 750 °C, (c) 850 °C 

and (d) 950 °C. 
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Fig. 7  (a) HAADF image of a Cu/AlN interface after bonding at 650 °C for 1 

hr with an initial 5 μm Ti foil, together with the elemental distribution of (b) 

Cu, (c) P, (d) Ti, (e) O, (f) Al and (g) N obtained by EDS. 
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Fig. 8  (a) HAADF image of a Cu/AlN interface after bonding at 750 °C for 1 

hr with an initial 5 μm Ti foil, together with the elemental distribution of (b) 

Cu, (c) P, (d) Ti, (e) O, (f) Al and (g) N obtained by EDS. 
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Fig. 9  Cu/AlN interfacial structure classification as a function of 

temperature and Ti film/foil. thickness. 
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Fig. 10  Dependence of the Ti concentration in the amorphous phase of a 

Cu/AlN interface on the initial Ti film/foil thickness after bonding for 1 hr at 

650 °C and 750 °C. Within experimental error in the 0.5 – 5 μm thickness 

range shown, the Ti concentration of the amorphous P–Ti–O phase is 

independent of the initial thickness of the Ti material, whereas that of the 

amorphous Ti–O phase increases as the initial thickness of the Ti material 

increases. 
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Table 1  Quantitative analysis of a Cu phase 4 μm away from a Cu/AlN 

bonding interface after bonding for 1 hr at the specified temperatures. 


