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ABSTRACT

Interfacial reactions related to the TiN layer growth process between

nanocrystalline epitaxial layers of AlN deposited on c-plane sapphire and a Ti-

containing metal brazing or sintering layer using Ag–Cu–TiH2, Ag–TiH2 and

Cu–TiH2 pastes have been investigated. The brazed/sintered samples were

heated in vacuum at 850 �C for 30 min. The TiN layer produced at the metal/

AlN interfaces consists of TiN particles\ 50 nm in size and grain boundary

phases including Al-containing Ag and Al-containing Cu. The Al concentration

within the TiN layer decreases as the distance increases from the AlN epitaxial

layer. These experimental observations all suggest that when AlN is used as a

starting material in the active metal bonding method, interfacial reaction pro-

cesses take place with the generation of a local Al-based eutectic liquid phase

and elemental transport through this eutectic liquid phase.

Introduction

Renewable energy sources such as solar energy and

wind energy do not emit carbon dioxide as a green-

house gas. Therefore, they are important sources of

electricity for achieving a low-carbon society. High-

voltage direct current (HVDC) transmission, which

has a higher transmission efficiency than alternating

current (AC) transmission, can easily help to connect

renewable generation systems such as solar energy

and off-shore wind energy to the grid. An increased

use of HVDC is therefore expected in the coming

years to increase the efficient use of these renewable

energy sources [1–3].

Since AlN has a low electrical conductivity and a

high thermal conductivity [4–6], copper (Cu)-bonded

aluminum nitride (AlN) substrates are suitable for

the AC/DC conversion modules required to interface
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HVDC technology to the AC electricity network used

by consumers. These modules are composed of

high-voltage and large-capacity power semiconduc-

tor chips used in HVDC transmission systems.

Cu-bonded AlN substrates are produced industri-

ally using active metal bonding (AMB) with Ag–Cu–

Ti eutectic alloys as the bonding material and Ti as

the active metal [7–10]. The AMB method is a liquid-

state bonding process in which an Ag–Cu eutectic-

based brazing alloy containing a highly reactive ele-

ment such as Ti, Zr and Hf, which are called the

active metal, can wet a chemically inert ceramic

surface. The interfacial structure between Cu and

AlN consists of an Ag–Cu eutectic alloy layer adja-

cent to the Cu and a titanium nitride (TiN) layer

adjacent to the AlN. Most importantly, a good Cu/

AlN interface always has a continuous TiN layer [11].

The formation of the TiN layer at the Cu/AlN

interface is a consequence of the following chemical

reaction:

Tidiss þ AlN ! TiN þ Aldiss: ð1Þ

In this reaction, AlN and TiN are in the solid state

whereas Tidiss and Aldiss are dissolved in the Ag–Cu

eutectic liquid phase [12]. The Gibbs free energy for

this reaction is negative above the Ag–Cu eutectic

point (780 �C) [13, 14].
Generally, in the AMB method, an active inter-

metallic compound layer containing a ceramic com-

ponent is formed by an interfacial reaction between

the active metal and the ceramic, i.e., a Ti–X phase

(X = N, O, C) is formed at the interface when using a

brazing material containing Ti [7–10, 15–18]. Inter-

estingly, Ag and Cu inclusions were detected in the

TiN layer at the Cu/AlN part of the substrate/braze

interface in the work on the wettability of AlN-based

ceramics using Ag–Cu–Ti AMB alloys reported by

Taranets et al.[19] and in the heat transfer character-

istics of these reported by Sivaprahasam et al. [20],

respectively. A model of the interfacial evolution for

the Cu-metalized polycrystalline AlN substrate using

Ag–Ti paste was proposed by Zhang et al. [21]. This

is the same bonding method as in our recent work on

AlN [11].

The key points of the model of Zhang et al. are that

(i) The innermost reaction of TiN layer which occurs

along the AlN grain boundaries is a consequence of a

low diffusion activation energy for this process and

(ii) The volume shrinkage arising from the formation

of TiN facilitates the inward transport of the Ag–Cu–

Ti liquid phase at the AlN grain boundaries. These

mechanisms suggest that the formation of the TiN

layer in active metal bonding is not just a simple

substitution reaction, but instead a more dynamic

interfacial reaction involving the metallic elements

present in the bonding process. In the work reported

here, we have investigated in detail the interfacial

structures which occur at Ag–Cu–Ti/AlN, Ag–Ti/

AlN and Cu–Ti/AlN interfaces in order to clarify

what happens to each metal component within the

metal/substrate systems during the bonding process

using a single crystal epitaxial AlN film as the AlN

substrate.

Experimental method

In this work, Ag (D10 = 1.2 lm, D50 = 1.6 lm and

D90 = 2.8 lm), Cu (D10 = 0.6 lm, D50 = 0.8 lm and

D90 = 1.1 lm) and TiH2 (D10 = 2.1 lm, D50 = 5.2 lm
and D90 = 10.7 lm) powders were added to an

organic medium containing a-terpineol (96%),

2,2,4-trimethyl-1, 3-pentanediol (98.5%) and poly-

methyl methacrylate and mixed using a mechanical

mixer (ARE-250, THINKY) to produce the propri-

etary metal paste. D10, D50 and D90 correspond to the

10th percentile, 50th percentile and 90th percentile of

a volume-based particle size, respectively. These

metal powders have a purity of[ 99.0 wt.%. Their

balances are almost C and O. The concentrations of

impurities related to the present work in these metal

powders by glow discharge mass spectrometry (GD–

MS) are shown in Table 1. The concentrations of Cu

and Al in Ag powder were both 0.3 wtppm and that

of Ag and Al in Cu powder were 9.8 wtppm and

below the determination limit (\ 0.01 wtppm),

respectively. The impurity concentration of TiH2

powder was higher than that of Ag and Cu powders.

The concentration of Ag, Cu and Al were 61, 39 and

Table 1 The concentration of impurities related to the present

work in Ag, Cu and TiH2 powders by GD–MS

Powdetr Concentration (wtppm)

Ag Cu Ti Al

Ag - 0.3 \ 0.01 0.3

Cu 9.8 - \ 0.01 \ 0.01

TiH2 6.1 39 - 60
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60 wtppm, respectively. TiH2, which was available

with powder smaller in particle size than Ti, was

useful to improve the uniformity of the metal pastes.

Ag–26.4 wt.%Cu–4.4 wt.%TiH2, Ag–6.0 wt.%TiH2

and Cu–14.3 wt.%TiH2 pastes were applied onto a

commercially available Al2O3 sapphire (0001) sub-

strate (U 50.8 mm 9 430 lm) upon which there was a

1 lm thick single crystal epitaxial AlN film as the

AlN substrate (DOWA Electronics Materials Co., Ltd)

using a screen-printing machine. The orientation

relationship between the AlN film and the Al2O3

substrate was (0001) AlN // (0001) Al2O3, [1120] AlN

// [1100] Al2O3, as observed in other studies [22, 23].

A cross-sectional bright field (BF) transmission

electron microscopy (TEM) image of the AlN/ Al2O3

interface observed along the [1120] AlN zone axis is

shown in Fig. 1, together with electron diffraction

patterns from the AlN and the Al2O3. Strain contrast

due to a large lattice mismatch between AlN and

Al2O3 (11.6%) is observed around the AlN/Al2O3

interface. In addition, contrast due to the grain

boundaries of the AlN film is observed along the

direction perpendicular to the AlN/Al2O3 interface.

This means that columnar crystals of AlN with a

grain size of up to 400 nm grow in the AlN film.

These AlN columnar crystals are much smaller than

the grain size of the polycrystalline AlN substrates

examined by Zhang et al. in [21]. It is reasonable to

assume that the interfacial reaction between each

paste and AlN is the same as when using Ti. This is

because the dehydrogenation reaction of TiH2 is

completed at a heating temperature far lower than

the Ag–Cu eutectic temperature (780 �C) [24]. The

amounts of Ag, Cu and TiH2 were & 6.3, 2.4 and

0.4 mg/cm2, respectively. From our previous work

[11], it was anticipated that a continuous TiN layer

would be formed at the metal/AlN interface for this

amount of Ag and TiH2. Furthermore, the ratio of Ag

to Cu is almost that at the eutectic composition [13].

After drying the samples at 150 �C for 10 min in air,

each sample was placed inside a vacuum furnace and

brazed (sintered) at 850 �C for 30 min, with heating

and cooling rates of 10 �C/ min.

Cross sections of these samples were observed

using scanning electron microscopy (SEM) before

more detailed observations were undertaken by

scanning transmission electron microscopy (STEM).

Samples were mounted in an acrylic polymer at room

temperature and polished using standard metallo-

graphic techniques and an argon-based ion beam

polisher (ArBlade 5000, Hitachi High-Tech). The

microstructures of all samples were analyzed using

SEM (GeminiSEM 500, Carl Zeiss AG), which were

operated at 1.8 kV.

Thin sections of the metal/AlN interface for STEM

analysis were prepared using a focused ion beam

(FIB) instrument (Scios, Thermo Fisher Scientific).

These sections were reduced to a thickness between

30 and 100 nm by the FIB. Elemental analysis of the

thin sections was performed in a Titan G2 ChemiS-

TEM equipped with an energy dispersive x-ray

spectroscopy (EDS) system (NSS7, Thermo Fisher

Scientific) and a Talos F200X (Thermo Fisher Scien-

tific) equipped with an EDS system (Super-X, Bru-

ker), which were operated at 200 kV, respectively.

Results and Discussion

A secondary electron (SE) image of the Ag–Cu–TiH2/

AlN interface after brazing at 850 �C for 30 min is

shown in Fig. 2. This brazing temperature is higher

than the liquidus temperature of the Ag–Cu–TiH2

system used in this work (& 837 �C). This suggests

that this metal layer has completely melted at the

brazing temperature. The broken line in this fig-

ure corresponds to the position of the interface

Figure 1 a A cross-sectional BF TEM image of the AlN/ Al2O3

interface observed along the [1120] AlN zone axis, as shown in b

in the selected area electron diffraction pattern. c election

diffraction pattern with the incident electron beam parallel to

[1120] AlN// [1100] Al2O3.).
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between AlN and Al2O3. It can be seen that Cu–Ti

intermetallic compounds (IMCs) such as Cu2Ti (te-

tragonal, Cmcm, a = 7.988 Å, b = 4.458 Å, c = 4.397 Å)

and Cu4Ti (tetragonal, Pnma, a = 4.526 Å, b = 4.345 Å,

c = 1.292 Å) [25] are widely dispersed in the metal

layer. This layer is composed of Ag-rich and Cu-rich

phases arising from the melting of the Ag–Cu–TiH2

paste. The TiN (cubic, Fm 3 m, a = 4.239 Å) [26]

reaction layer grows in from the surface of the AlN

toward the Al2O3 substrate and contains a large

number of bright areas\ 100 nm size.

High angle annular dark field (HAADF) image of

the Ag–Cu–TiH2/AlN interface together with ele-

mental distributions is shown in Fig. 3. Bright areas

between 40 and 200 nm in length which contain small

particles are evident inside the TiN layer. These

correspond to Ag- and Cu-containing phases. Their

presence suggests that the TiN layer growth process

using AlN as a starting material via the AMB method

cannot simply be expressed by the substitution

reaction represented by Eq. 1. This implies that the

Ag- and/or Cu-containing liquid phase contributes

significantly to the TiN layer growth process.

HAADF images, dark field (DF) images and electron

diffraction patterns from each position on the Ti-

containing metal layer side, center and the AlN side

for the reaction layer at the Ag–Cu–TiH2/AlN inter-

face are shown in Fig. 4. These DF images were taken

under the beam condition with diffraction vectors

(g) shown in Fig. 4(d1-6). The HAADF images are

grouped into three pairs: a1 and a2, a3 and a4, and a5

and a6. Slight changes in the specimen orientation

within each pair of HAADF images change the elec-

tron diffraction patterns, as shown in the three pairs

d1 and d2, d3 and d4, d5 and d6. Examples of Ag-

and Cu-containing areas in the corresponding

HAADF images are circled.

It can be seen from these images that the TiN layer

is composed of TiN, Ag (cubic, Fm 3 m, a = 4.086 Å)

and Cu (cubic, Fm 3 m, a = 3.615 Å) at each position.

These observations would suggest that the Ag–Cu

liquid phase is intimately involved in the TiN growth

process. Figure 5a, b is obtained under the condition

where the bright line evident in Fig. 5a is most sharp.

Al from the AlN film appears to segregate together

with Ag and Cu into the grain boundaries of the TiN

layer, as shown by the line scan element analysis of

Fig. 5c along the direction arrowed in Fig. 5b. The

concentrations of Ag, Cu and Al are 1.5, 22.5 and 5.3

at.% at the peak position, respectively. It is suggested

that these Ag or Cu-based spherical metal phases

contain Al derived from AlN in the same way as the

TiN grain boundary phases. In other words, the

spherical metal phases in the TiN layer define the

grain boundaries of the TiN layer.

A detailed HAADF image of the TiN layer at the

Ag–Cu–TiH2/AlN interface is shown in Fig. 6. The

TiN layer here is composed of TiN particles with\
50 nm size. Their grain boundaries contain Ag, Cu

and Al as shown by the line scan element analysis in

Fig. 5c. Therefore, each TiN grain is surrounded by a

metal-rich grain boundary phase which contains Ag,

Cu and Al. This means that these metal grain

boundary phases form a network structure over the

entire TiN layer. In addition, the direction of obser-

vation of the TiN layer causes a difference in

appearance of the bright areas shown in Fig. 5a, b.

Hence, a metal-rich grain boundary phase of the TiN

layer is observed as a spherical metal phase in the

TiN layer under the condition when it is observed

from the direction almost parallel to its grain

boundary.

SE images of (a) The Ag–TiH2/AlN interface and

(b) The Cu–TiH2/AlN interface after sintering at

850 �C for 30 min are shown in Fig. 7a, b, respec-

tively. As in Fig. 2, the broken lines in these two

figures correspond to the positions of the interface

between AlN and Al2O3. In contrast to the fully dense

Ag–Cu eutectic structure which is assisted by the Ag–

Cu liquid phase generation in Fig. 2, it is evident thatFigure 2 SE image of chemical reaction products at an Ag–Cu–

TiH2/AlN interface after brazing for 30 min at 850 �C.
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there is porosity in both the Ag-rich and Cu-rich

sinters. In addition, there is a layer of TiC (cubic, Fm

3 m, a = 4.328 Å) [27] and Cu–Ti IMCs clearly visible

in Fig. 7a, b, respectively. It is significant that the

heating temperature (850 �C) used for these sintering

experiments is lower than the melting point of Ag

(961.8 �C), Cu (1084.6 �C), Ti (1668 �C) and also the

eutectic temperature of the Ag–Ti system (960 �C)
[28] and the Cu–Ti system (875 �C) [25]. Therefore, it
is suggested that the porosity in these sinters seen in

Fig. 7a, b is formed by insufficient void shrinkage

between metal powders through solid phase

sintering.

Since the surfaces of the Ag powder used in this

work are covered with an organic medium, it is

suggested that TiC is formed by the reaction with

TiH2 powder in contact with the Ag powder particles

during the solid phase sintering. In contrast to what

happens during solid-state sintering, the Ag-rich

phase densely precipitated as TiC particles formed

locally at the Ag–Cu–TiH2/AlN interface where there

is liquid present in the sintering process. It is sug-

gested that the uneven distribution of TiC particles at

the Ag–Cu–TiH2/AlN interface is caused by the

uneven distribution of the organic medium modify-

ing the Ag particles and/or the convection of the Ag–

Cu–Ti liquid phase. The details of the Ag powder and

the TiC particles are shown in the supplemental

material. As with the Ag–Cu–TiH2, the reaction lay-

ers between M–TiH2 (M = Ag or Cu) and AlN grow

in from the AlN surface toward the Al2O3 substrate.

These layers contain a large number of bright

areas\ 100 nm size, similar to the size of Ag and Cu

phases observed in the TiN layer as shown in Fig. 2.

A HAADF image of the Ag–TiH2/AlN interface

together with elemental distributions is shown in

Fig. 8. It can be seen that the reaction layer is com-

posed of the reactant containing Ti and N, and Ag

Figure 3 a HAADF image of

an Ag–Cu–TiH2/AlN interface

after brazing for 30 min at

850 �C, together with
elemental distributions of b Ti,

c N, d Al, e Ag and f Cu

obtained by energy-dispersive

x-ray spectroscopy (EDS).
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phases which correspond to the bright area observed

in Fig. 7a. The size of the Ag phases in the reaction

layer is about 10% that of the Ag powder used in the

Ag–TiH2 paste. This implies that the generation of the

Ag phase is completely different from the grain

growth in the solid sintering process. That is, it

means that the Ag-containing liquid phase is gener-

ated during the growth of the TiN layer. HAADF

images, DF images and selected area electron

diffraction (SAED) patterns at each position on the Ti-

containing metal layer side, center and the AlN side

for the reaction layer at the Ag–TiH2/AlN interface

are shown in Fig. 9. It can be seen that the reaction

layer is composed of TiN and Ag (cubic) at each

position from the SAED patterns as shown in Fig. 9

(d1-3). In addition, the coincidence of the zone axes of

TiN and Ag suggests that there is an epitaxial ori-

entation relationship between them as in the Ag–Cu–

TiH2/AlN interface.

A HAADF image of the Cu–TiH2/AlN interface

together with elemental distributions is shown in

Fig. 10. The Cu phases which correspond to the

bright area observed in Fig. 7b are distributed in the

reaction layer mainly composed of the reactant con-

taining Ti and N, as in the Ag–TiH2/AlN interface.

The size of Cu phase in the reaction layer is about

10% of that of the Cu powder used in the Cu–TiH2

paste. This also implies that the Cu phase in the Cu–

TiH2/AlN interfacial reaction layer is formed

through the same reaction process as the Ag phase in

the Ag–TiH2/AlN interfacial reaction layer. HAADF

bFigure 4 (a1-6) HAADF images of an Ag–Cu–TiH2 /AlN

interface after brazing for 30 min at 850 �C, (b1, 3, 5) DF

images for Ag, (b2, 4, 6) for Cu and (c1-6) for TiN using g vectors

as shown in the (d1-6) electron diffraction patterns. The HAADF

images are grouped into three pairs: a1 and a2, a3 and a4, a5 and

a6. Slight changes in the specimen orientation within each pair of

HAADF images change the electron diffraction patterns, as shown

in the three pairs d1 and d2, d3 and d4, d5 and d6. Examples of

Ag- and Cu-containing areas in the corresponding HAADF

images are circled in yellow.

Figure 5 a, b HAADF images of an Ag–Cu–TiH2/AlN interface

after brazing for 30 min at 850 �C and c EDS analysis along the

direction arrowed in b.

Figure 6 Detailed HAADF image of TiN layer of an Ag–Cu–

TiH2/AlN interface after brazing for 30 min at 850 �C.

Figure 7 SE images of chemical reaction products at a an Ag–

TiH2/AlN interface after sintering for 30 min at 850 �C and b a

Cu–TiH2/AlN interface after sintering for 30 min at 850 �C.
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images, DF images and SAED patterns at each posi-

tion on the Ti-containing metal layer side, center and

the AlN side for the reaction layer at the Cu–TiH2/

AlN interface are shown in Fig. 11. Here, the reaction

layer is composed of TiN and Cu (cubic) at each

position, as is evident from the SAED patterns shown

in Fig. 11 (d1-3). In addition, the coincidence of the

zone axes of TiN and Cu suggests that there is an

epitaxial orientation relationship between them as in

the Ag–Cu–TiH2/AlN interface.

These results show that the structural features of

these TiN layers as shown in Figs. 4, 9 and 11 do not

depend on whether the Ti-containing metal layer is a

liquid phase or a solid phase at the heat treatment

temperature. This means that the formation reaction

of the TiN layer using AlN as a starting material via

the AMB method is composed of a TiN formation

reaction by a substitution reaction and a local liquid

phase formation reaction inside AlN.

The compositional analysis of the Ag and the Cu

phases in the TiN layer for three samples are shown

in Tables 2 and 3, which are obtained from each

phase shown in Figs. 4, 9 and 11. In the Ag–Cu–TiH2

system, the Al concentration with respect to the sum

of the Ag, Cu and Al concentrations is also shown in

parentheses in Tables 2 and 3. It can be seen that the

Al concentration gradually decreases as the distance

from the AlN increases. The implication is that the

TiN grain boundaries function as diffusion paths and

assist the transfer of elements between the Ti-con-

taining metal layer and the AlN. It is notable that Al

dissolves more in Cu than Ag in the Ag–Cu–TiH2

system. In addition, the Al concentration dependence

of the lattice constant of the Ag and the Cu phases in

the TiN layer are shown in Figs. 12 and 13 for the

three samples. These are estimated from the SAED

patterns shown in Figs. 4, 9 and 11. It is known that

the lattice constants of these phases change linearly

Figure 8 a HAADF image of

an Ag–TiH2/AlN interface

after sintering for 30 min at

850 �C, together with
elemental distributions of b Ti,

c N, d Al and e Ag obtained

by EDS.
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with respect to the Al concentration in the Al solid

solution region [29–31]. The changes in these lattice

constants estimated in this work lend further support

to the proposition that there is a concentration gra-

dient of M and Al in the TiN layer thickness

direction.

Combining the results of the three sets of the

interfacial reaction between Ti included metal layer

and AlN, a formation mechanism of the TiN layer via

the AMB method is proposed, as illustrated in

Fig. 14. An interfacial reaction occurs between Ti in

the Ti-containing metal layer and AlN according to

the following chemical reaction:

Ti þ AlN ! TiN þ Alliq: ð2Þ

This substitution reaction causes the co-generation of

TiN particles and the free Al liquid phase (Alliq) on the

AlN surface at temperatures above theAlmelting point

(660 �C). In addition, there is an element M (M = Ag

and/or Cu) that becomes eutectic with Al [32, 33] in the

Ti-containing metal layer. Therefore, Alliq immediately

formsAl–Mliq asM dissolves inAlliq, as shown in Eq. 3,

and shownschematically inFig. 14b. It is suggested that

theAl–Mliq contributes toa loweringof the energyof the

entire interfacial reaction system.

Alliq þ M ! Al�Mliq: ð3Þ

It is further suggested that this Al–Mliq functions as

a diffusion path for supplying Ti from the Ti-con-

taining metal layer to the inside of AlN. This means

that Ti newly reaching the AlN surface via these

diffusion paths propagates the co-generation of TiN

particles and the Alliq into the inside of AlN by the

chemical reaction (4), where Alliq is immediately

integrated with Al–Mliq. Furthermore, this means

that the solidification reaction of Al–Mliq (5) proceeds

simultaneously with the substitution reaction (4) due

to the increase in the concentration of M in the Al–

Mliq on the Ti-containing metal layer side since M

also diffuses through these diffusion paths into the

Al–Mliq as shown in Fig. 14c.

Figure 9 (a1-3) HAADF images of an Ag–TiH2/AlN interface after sintering for 30 min at 850 �C, (b1-3) DF images for Ag and (c1-3)

for TiN using g vectors as shown in (d1-3) SAED patterns.
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Ti þ AlN þ Al�Mliq ! TiN þ Al�Mliq ð4Þ

Al�Mliq þ M ! M�Alsol: ð5Þ

Therefore, the substitution reaction (2) promotes

the continuum of interfacial reactions between Ti-

containing metal layer and AlN, and the TiN layer

forming reaction proceeds inside the AlN by repeat-

ing the local reaction of Eqs. 4 and 5, as shown

schematically in Fig. 14d. Consequently, the TiN

layer is composed of TiN particles and grain

boundaries with a concentration gradient of M and

Al in the thickness direction of the TiN layer. This

corresponds to a high M concentration on the Ti-

containing metal layer side and a high Al concen-

tration on the AlN side, respectively, as shown in

Fig. 14e. In the TiN formation reaction using AlN as a

starting material via the AMB method, the local Al–

Mliq plays an important role in the progress of the

interfacial reaction between Ti-containing metal layer

and AlN, and Al–Mliq and M–Alsol derive from this

local liquid phase promote the transfer between Ti-

containing metal layer and AlN as diffusion paths at

all stages of the interfacial reaction.

Conclusions

Active metal bonding (AMB) has been applied indus-

trially for bonding Cu onto AlN substrates since the

1990s. In this work, a growth mechanism of the TiN

layer via the AMB method has been proposed from

observations based on three sets of Ti-containingmetal

layer/AlN interfacial reactions. These are the Ag–Cu–

TiH2/AlN, Ag–TiH2/AlN and Cu–TiH2/AlN.

Figure 10 a HAADF image

of a Cu–TiH2/AlN interface

after sintering for 30 min at

850 �C, together with
elemental distributions of b Ti,

c N, d Al and e Cu obtained

by EDS.
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Figure 11 (a1-3) HAADF images of a Cu–TiH2/AlN interface after sintering for 30 min at 850 �C, (b1-3) DF image for Cu and (c1-3) for

TiN using g vectors as shown in (d1-3) SAED patterns.

Table 2 Compositional analysis of Ag phase in the TiN layer after brazing/ sintering for 30 min at 850 �C as shown in Figs. 4 and 9

Sample Position in the TiN layer Concentration(at%) Al
Al + Ag( + cu)

(at%)

Ag Cu Ti Al N

Ag–Cu-TiH2/AIN Metal layer side 46.7 10.2 15.9 0.9 26.3 1.9(1.6)

Center 41.6 11.9 17.1 1.4 28.0 3.2(2.5)

AIN side 17.8 4.7 35.4 0.7 41.4 3.8(3.1)

Ag-TiH2/AIN Metal layer side 30.3 - 37.3 2.0 30.4 6.2

Center 23.7 - 42.3 2.8 31.2 10.5

AIN side 14.3 - 47.4 2.5 35.8 14.7

Table 3 Compositional analysis of Cu phase in the TiN layer after brazing/ sintering for 30 min at 850 �C as shown in Figs. 4 and 11

Sample Position in the TiN layer Concentration(at%) Al
Al + Ag( + cu)

(at%)

Ag Cu Ti Al N

Ag–Cu-TiH2/AIN Metal layer side 0.7 23.6 38.7 4.2 32.7 15.1(14.7)

Center 0.3 17.1 40.7 3.3 38.7 16.1(15.8)

AIN side 9.4 34.5 19.7 9.5 26.9 21.6(17.8)

Cu-TiH2/AIN Metal layer side - 25.6 39.3 3.2 31.9 11.1

Center - 40.0 28.0 6.3 25.7 13.4

AIN side - 65.5 10.8 11.3 12.3 14.9
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In Ag–Cu–TiH2/AlN, the TiN layer grown inside

AlN at the Ag–Cu–TiH2/AlN interface is composed

of Ag and Cu grain boundary phases and TiN par-

ticles with\ 50 nm size. In addition, Al from AlN

segregates together with Ag and Cu into the TiN

grain boundaries which surround the TiN particles.

In the systems without a molten metal layer, such as

Ag–TiH2/AlN and Cu–TiH2/AlN, the same structure

of the TiN layer as with the Ag–Cu–TiH2/AlN

interface was observed.

As the initiation reaction to form this characteristic

TiN layer structure, the substitution reaction between

Ti and AlN in contact with AlN (Eq. 2) causes the co-

generation of TiN particles and a Al liquid phase

(Alliq). Immediately, M (M = Ag and/or Cu) diffuses

into Alliq to form the Al–Mliq (Eq. 3), which provides

diffusion paths for Ti toward the AlN surface. Fur-

thermore, the Ti which has newly reached the AlN

surface undergoes a substitution reaction with AlN

(Eq. 4). Al–Mliq solidifies from the Ti-containing

metal layer side to the AlN side because of the dif-

fusion of M into Al–Mliq(Eq. 5). This causes a con-

centration gradient of M and Al in the TiN layer

thickness direction. The TiN layer grows into the AlN

by a series of these local reactions.

Figure 12 Al concentration dependence on the Ag lattice

parameter.

Figure 13 Al concentration dependence on the Cu lattice

parameter.

Figure 14 a–e Schematic mechanism for the formation reaction

of TiN layer at the interface between Ti-containing metal layer and

AlN. a Diffusion of Ti and M into the AlN surface. b Co-

generation of TiN particles and Al–M liquid phase by Eqs. 2 and

3. c, d Growth of TiN layer toward the AlN inside and

solidification of Al–M liquid phase by Eqs. 4 and 5 and finally

e TiN layer containing M–Al solid phase with Al concentration

distribution following complete solidification of grain boundaries.
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Supplementary Information: The online version

contains supplementary material available at http

s://doi.org/10.1007/s10853-022-07472-6.
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