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Abstract
This study was carried out to develop a DBA (direct bonded aluminum) substrate with Ni/Ti/Ag metallization to achieve 
highly functional thermal shock stability of Ag sinter joining in GaN (Gallium Nitride) power modules. GaN /DBA die-
attached module structures by Ag sinter joining was performed during harsh thermal shock cycling tests within a tempera-
ture range of − 50/250 °C. In the case of DBA without a Ni metallization layer (Ti/Ag), severe degradation occurred at the 
interface between the sintered Ag and Al due to significant plastic deformation of the Al layer. The shear strength decreased 
from an initial value of 33.1 MPa to 22.3 MPa after 500 cycles. With EBSD investigation, it was determined that the Al 
layer underwent sub-grain rotation recrystallization during thermal shock cycles. This led to a non-uniform grain orientation 
distribution at center and corner locations. On the other hand, Ni/Ti/Ag metallization showed that it can prevent severe Al 
deformation due to the superior rigidity achieved by Ni metallization. The die-shear strength maintained almost the same 
value as its initial value, even after 500 cycles. In addition, a numerical simulation analysis determined that the Ag sinter 
joining structure on the DBA substrate with Ni/Ti/Ag metallization had high functionality in stress relaxation. This study 
provided a novel approach to design thermal shock stability Ag sinter joining for next-generation power modules in high-
temperature applications.

1  Introduction

Power semiconductors are a key component to enable effi-
cient power distribution, usage, and generation for electric 
driving systems [1]. To further improve energy efficiency, 
wide band-gap (WBG) semiconductors such as silicon 
carbide (SiC) and gallium nitride (GaN) are emerging in 
various fields for use in future electronic devices and com-
ponents [2–4]. These WBG semiconductors theoretically 
allow power electronic devices to be operated at signifi-
cantly higher temperatures (> 250 °C) and at higher power 
density and with higher frequency switching than tradi-
tional silicon (Si)-based power devices (< 150 °C) [5–7]. 

In particular, GaN devices are expected to play a significant 
role in improving the performance of in-wheel motors or on-
board charger (OBC) in environmentally friendly vehicles 
such as electric vehicles (EV) due to their high-frequency 
operation characteristics (10–100 GHz) [8]. The main fea-
ture of these WBG devices is their stability when operated at 
significant high temperature, which can ultimately be effec-
tive in reducing the weight and volume of overall power 
conversion systems by eliminating the need for large and 
heavy heat dissipation systems [9–11]. However, to imple-
ment effective operation of the WBG devices at over 250 
°C, other module components like interconnections, insula-
tors, and heat-dissipating substrates also must possess such 
stability in harsh operating environments [12]. In addition, 
due to direct contact of materials with different coefficients 
of thermal expansion (CTE), the assembled components 
are subjected to thermo-mechanical stress with repetitive 
switching [13–15].

With the implementation and promotion of the Restric-
tion of Hazardous Substances directive (RoHS), the use 
and application of lead in many industry products has 
become problematic [15]; nevertheless, high-content lead 
solders are still pending in the RoHS regulations [16–18]. 
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For this reason, many lead-free solder studies have been 
developed. Sn-based lead-free solders are unlikely to oper-
ate normally above 250 °C due to their low melting point 
[19, 20]. Moreover, the cost of Au–Sn-based solders is 
quite high compared with other candidates [21, 22]. In this 
context, Ag sinter joining is attracting most attention as a 
low-temperature bonding material (< 300 °C) and a low-
pressure bonding material (< 1 MPa) [23]. Sintered Ag 
joints maintain stability at temperatures above 300 °C due 
to their high melting point of about 960 °C [24]. Addition-
ally, sintered Ag joints offer high thermal and electrical 
conductivity, much higher than that of traditional solder 
materials [24, 25]. However, pressure-less/low-tempera-
ture bonding of Ag sintering technology and the reduction 
of overall cost remain an industry issue [23, 26]. There-
fore, developing a low-cost Ag paste for low-temperature, 
pressure-less sintering has generated active research and 
is a current challenge in this field [27].

Another issue for high-power electronics is the heat dis-
sipation/insulation substrate. Direct bonded copper (DBC) 
and a direct bonded aluminum (DBA) are widely using 
in industry [28]; however, several studies have reported 
that DBC was unreliable due to the problem of Cu diffu-
sion and oxidation at the high temperature [29]. Also, with 
regard to DBA, it has been reported that plastic-deformed 
Al is accompanied by the recrystallization of the Al of the 
DBA substrate due to harsh temperatures [30]. This defor-
mation behavior and mechanism are still not entirely clear, 
but they are key to a long-term reliability reduction fac-
tor. Thus, die-attached materials that can withstand high 
temperatures (> 250 °C) and also the development of high-
performance heat dissipation/insulation substrates with-
out experiencing oxidation and diffusion are key advance-
ments required for the implementation of next-generation 
high-reliability power modules [31].

To overcome comprehensive problems such as perfor-
mance reliability, pricing, and material design (includ-
ing the above-mentioned issues for WBG power device 
applications), the reliability of the integrated structure of 
chips, bonding materials, and substrates should be evalu-
ated. Our research group applied pressure-less and low-
temperature hybrid Ag sinter joining and Ni metallization 
design on the DBA substrate to a GaN die-attached power 
module structure. The GaN/DBA die-attached structure 
was subjected to harsh thermal shock testing at a tempera-
ture range of − 50 to 250 °C for a duration of up to 500 
cycles. The shear strength, microstructure evolution, and 
fracture characteristics were evaluated by shear tester, FE-
SEM, EDX, and EBSD observation, respectively. In this 
study, we intensively examined the relationship between 
microstructural behavior and mechanical strength of the 
Al layer of the DBA with Ni layer and without Ni layer in 
experimentally and numerically.

2 � Material and method

2.1 � Preparation of hybrid Ag sinter paste

Figure 1a, b shows micron Ag flakes and submicron Ag 
particles, respectively. The Ag submicron particles (FHD, 
Mitsui Mining and Smelting Co., Ltd, Japan) and the micron 
Ag flakes (AgC239, Fukuda Metal Foil and Powder, Kyoto, 
Japan) were mixed as Ag fillers of hybrid Ag sinter paste 
in a weight ratio of 1:1. The micron Ag flakes and submi-
cron Ag particles were stirred magnetically for 10 min and 
vibrated ultrasonically for 30 min in alcohol. Finally, they 
were mixed with an ether-type solvent (CELTOL-IA, Daicel 
Corporation) using a mixer (HM-500, Keyence Corporation) 
to make the hybrid Ag paste into a uniform mixture. The 
amount of solvent was maintained at approximately 10 wt% 
in the paste to keep a suitable viscosity of 150–250 cPs at 
room temperature (RT).

2.2 � Metallization and pressure‑less Ag sinter 
joining

Figure 1c displays GaN/DBA die-attached module structure 
and its depiction of each layer. Dummy grade GaN die (5 
mm × 5 mm × 0.5 mm) was introduced for bonding to the 
DBA substrate (Al/AlN/Al). In the case of the Ni metallized 
DBA, 200 nm Ti and 2 µm Ag were sputtered on the back 
side of the GaN die, and then 7 µm Ni, 200 nm Ti, and 2 µm 
Ag were sequentially sputtered on the top side of the DBA 
substrates. In the case of the non-Ni metallized DBA case, 
the above process was followed, yet the 7 µm Ni sputtering 
process on the DBA was excluded. For the Ag sintering, the 
pressure-less sintering was realized by using a temperature 
profile of 250 °C for 30 min in air as shown in Fig. 1d.

2.3 � Thermal shock test and characterization

For the thermal shock reliability evaluation, a thermal shock 
chamber (TSE-11-A-S, ESPEC, Osaka, Japan) was employed. 
Evolution of the microstructures and mechanical properties 
were investigated before and after thermal shock tests at tem-
perature range from − 50 °C to 250 °C for 30 min in each 
extreme temperature up to 500 cycles. The specimens sub-
jected to thermal shock cycle test were then shear tested. The 
bonding strength of the GaN/DBA joints was evaluated by 
shear tester machine (DAGE 4000 bonds tester, UK) at a speed 
of 50 µm/s. The cross-section of Ag sinter joints was prepared 
by an ion-milling polishing machine (IM4000, Hitachi, Tokyo, 
Japan), and the microstructure characteristic was observed by 
a field-emission scanning electron microscopy (FE-SEM, 
SU8020, Hitachi, Tokyo, Japan), energy-dispersive X-ray 
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spectroscopy (EDX), and electron backscatter diffractometer 
(EBSD; EDAX-TSL, Hikari).

2.4 � Numerical simulation model

To understand the Ni layer effect of GaN/DBA die-attached 
module structures, thermo-mechanical finite element method 
(FEM) simulation was performed using the commercial 
finite element program ANSYS. Interfaces of Ag–Al with 
Ni layer and without Ni layer examined grain boundaries for 
analysis models for conceptual designed as shown in Fig. 2a. 
Material properties were applied for thermal elastic–plastic 
analysis as shown in Table 1. The boundary conditions were 
applied with the actual thermal shock cycling condition of 
one cycle as displayed in Fig. 2b.

3 � Results

3.1 � Bonding strength

Shear strength is a key indicator for reliability assessment 
of the bonding structure. Figure 3 exhibits the relationship 

between shear strength and the number of thermal shock 
cycles. When a GaN/DBA die-attached assembly is sub-
jected to a harsh thermal shock environment, strength evo-
lution depends on the metallization design. Shear strength 
of the non-Ni metallized specimen gradually reduced at 125 
cycles, and it was significantly reduced by 33% after 500 
cycles of thermal shock (see blue color line). On the other 
hand, in the case of Ni metallized specimens, they sustained 
their shear strength at initial strength for up to 500 cycles 
(see red color line). Surprisingly, shear stress reduction was 
substantially suppressed by Ni metallization. The key fac-
tor of this strength reduction and strength sustention of the 
joints will be discussed in the next section.

3.2 � Microstructure characteristics

Figure 4 shows cross-section images of an Ag sinter joint 
before and after thermal shock cycles. The tendencies of 
interface behavior differed substantially between those 
joints with an Ni metallization layer and those without a 
Ni metallization layer. Figure 4a exhibits a GaN Ag sinter 
bonded structure without a Ni layer. The initial state formed 
a structurally sound micro-Ag porous joint as shown in 

Fig. 1   a Micron Ag flakes, b submicron Ag particles, c GaN/DBA die-attached module structure and its description of layers, and d low-temper-
ature and pressure-less Ag sinter joining condition in air
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Fig. 4a1. On the other hand, along the yellow line, the inter-
face between the sintered Ag layer and Al of the DBA can 
be clearly seen after 500 cycles (see Fig. 4a2). In the case of 
the Ni metallized GaN, the die-attached structure also suc-
cessfully bonded micro-porous Ag structure by pressure-less 
Ag sintering process as displayed in Fig. 4b1. In addition, the 
Ag–Al interface sustained like initial state after 500 cycles 

(see Fig. 4b2). In the process, the Ag neck was somewhat 
thicker, but no deformation defects were found, and the Ni 
metallized specimen suggests a substantially improved inter-
facial reliability than those of the non-Ni metallized speci-
mens due to suppressed plastic deformation of the Al layer 
by the Ni sputtered layer. Thus, through cross-sectional SEM 
observations, it is clearly seen that the most predominant 

Fig. 2   a Analysis models of Ag–Al interfaces. b Temperature profile for FE simulation

Table 1   Material properties for 
FEM simulation

Material Density (kg/m3) CTE (K−1) Thermal 
Conductivity
(W/mK)

Young’s 
modulus 
(GPa)

Poisson’s ratio Plasticity
(MPa)

Ag paste 6294 19.2 × 10−6 430 12.9 0.1 6000
Al 2700 25.7 × 10−6 137 70 0.33 10,000
Ni 8900 13.4 × 10−6 90.9 200 0.31 –

Fig. 3   Relationship between 
die-shear strength and thermal 
shock cycle number. Blue color 
line is non-Ni metallization 
specimen and red color line is 
Ni metallized specimen (Color 
figure online)
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factor in strength reduction and sustention can be attributed 
to an interface deformation between the Ag sintered layer 
and the Al layer.

3.3 � Fracture surface

To observe how an interfacial deformation affects fracture, 
a fracture surface analysis of both types of metallized GaN 
die-attached structures was conducted after 500 cycles as 
shown in Fig. 5. Again, using both die-attached structures 
(those with an Ni Layer and those without), it was deter-
mined that initial fractures occurred in the Ag sinter joints. 
The interfacial behavior of the two trends analyzed in the 
cross-sectional SEM observations had a significant effect 
on the change of the fracture surface. In the case of those 
without a Ni layer, a roughened fractured surface is shown in 

Fig. 5a. Figure 5b displays a high magnification image of the 
Fig. 5a, and it can be clearly seen that a porous structure is 
on the roughened surface. In addition, the roughened surface 
is composed of Al element and the porous structure com-
posed of the Ag element, as determined by EDX mapping 
analysis (see Fig. 5c). Therefore, in the case of those without 
a Ni layer, it is explained that an interfacial failure induced 
delamination at the Ag–Al interface during shear tests due 
to the plastic-deformed interface. On the other hand, in the 
case of those with an Ni layer, an overall flat fracture surface 
was observed (see Fig. 5d). Under high magnification imag-
ing, a plate-like fragment, which is regarded as metallization 
layer off the chip, was observed as shown in Fig. 5e. As was 
determined by EDX element mapping analysis, fragments 
regarded as a metallization layer were found to consist of 
the Ti element; the main element of the fracture surface 
was found to be Ag element. No Al element was detected 
at all (see Fig. 5f). Namely, the entire fracture path is inside 
the Ag sinter joint and the Ag sinter joint remained virtu-
ally unchanged from its initial state. This indicates that the 
fracture occurred at the Ag sinter joint, as in its initial state 
without any interface degradation. Therefore, the change of 
fracture path before and after thermal shocks can be sum-
marized by Fig. 6.

4 � Discussions

4.1 � Roughness of Al surface

To investigate the effect of the Ni layer on the defor-
mation of the interface of Ag–Al by thermal shocks, a 
surface roughness measurement of Al was performed 
using a laser microscope. Figure 7 shows the results of 
the roughness measurement of the Al surface of the DBA. 
The initial state of the Al surface showed no noticeable 
surface roughness in SEM observation (see Fig. 7a). In 
addition, no significant roughening was observed by 
laser scanning, and a maximum roughness of about 3 
µm was quantified by 3D analysis as shown in Fig. 7b, 
c. Figure 7d exhibits the case of Al surface without Ni 
layer, showing severe roughness on the Al surface with 
wrinkled areas and cracks clearly detected. In addition, 
for the Al surface without Ni layer, the height difference 
was found to have increased from the initial state (see 
Fig. 7e). As shown in Fig. 7f, the maximum roughness 
was about 50 µm as quantified by 3D analysis. Formation 
of an Al hillock is attributed to the occurrence of surface 
roughness, and it has been reported that the Al hillock is 
caused by atomic diffusion due to stress migration (SM) 
and thermal fatigue (TF) during repetitive thermal cycling 
[32]. Finally, in the case of Al surface with an Ni layer, 
the SEM image shows no noticeable surface roughness 

Fig. 4   Microstructure evolution images before and after thermal 
shock cycles. Cross-section images of the with Ni metallized GaN/
DBA die-attached structure by thermal shocks a1 as-bonded without 
Ni layer, a2 500 cycles without Ni layer, and b1 as-bonded with Ni 
layer, b2 500 cycles with Ni layer
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nor cracking. Figure 7h,i shows a similar tendency of the 
roughness of Al surface to remain as in its initial state. 
Thus, it has been found that the Ni layer plays a role in 
the prevention of cracking on the metallized DBA surface 
by suppressing the deformation behavior of Al during 
thermal shock cycling. The changing grain characteristics 
are discussed in detail in the next section.

4.2 � Grain characteristics of Al and Ni layer

To further understand the relationship between the deforma-
tion behavior of the Al layers and the grain characteristics, 
EBSD analysis was conducted. The accelerating voltage, 
probe current, working distance, step size, and minimum 
confidence index (CI) for the EBSD analysis were 20 kV, 

Fig. 5   Fracture surface analysis results after 500 cycles. a fractured 
surface image of the non-Ni sample of, b its high magnification 
image, c EDX elements’ mapping result, d fractured surface of the 

Ni metallized sample, e its high magnification image, and f EDX ele-
ments’ mapping result

Fig. 6   Schematic description of 
fracture path change
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12 nA, 15 mm, 0.025 (1) µm, and 0.1, respectively, for the 
Ni (Al) layers. To measure the deformation-induced local 
misorientation, the kernel average misorientation (KAM) 
value was calculated up to the 2nd neighbor shell with a 
maximum misorientation angle of 5° using the TSL-OIM 
software. Figure 8 exhibits EBSD observation results of the 
cross-sectional Al layer, where the observations were per-
formed at the die-attached center and at the corner where 
maximum stress occurred. Figure 8a shows the inverse pole 
figure (IPF) map; the orientation of the initial state of Al 
layers was (001) at both center and corner. After 500 cycles, 
the Al grain orientation was significantly different depending 
on the presence of a Ni layer. In the case of Al without the 
Ni layer, the central orientation distribution is almost (001) 
direction, and the grain orientation distribution at the corner 
was changed from its initial red color to yellow color unlike 
center. However, in the case of Al with the Ni layer, grain 
orientation distributions of the center and corner showed 

a similar tendency (similar color distributions). Then, IPF 
change tendency is displayed in Fig. 8b, after 500 cycles, 
the grain orientation distributions in the center are green 
color and the grain orientation distributions in the corners 
are black color. Here, Al without Ni layer exhibits different 
grain orientation distribution developed at center and corner. 
Thus, it was found that the surface was severely deformed 
when the grain orientation distributions of the center and 
the corner were not similar. The change of grain boundary 
distributions is displayed in Fig. 8c. Low-angle grain bound-
aries (LAGBs, 2° < θ < 15°) are shown in red line and the 
high-angle grain boundaries (HAGBs, 15° < θ) are shown 
in blue line. Initial state of the grain boundary distribution 
of Al layer was only LAGBs and large grain at the center 
and corner. However, after 500 cycles, all the cases have 
occurred a sub-grain rotation recrystallization inside Al layer 
by repetitive mechanical forces with thermal shock cycles. In 
particular, Al with Ni layer generated HAGBs more than did 

Fig. 7   Results of roughness measurement of Al surface of DBA. a 
SEM image of initial state roughness of Al surface, b its laser scan-
ning area, c 3D roughness measurement result of (b), d SEM image 
of Al surface of without Ni layer after 500 cycles, e its laser scanning 

area, f 3D roughness measurement result of (e) and (g) Al surface 
of with Ni layer after 500 cycles, h its laser scanning area, and i 3D 
roughness measurement result of (h)
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the Al without Ni layer. This sub-grain rotation recrystalliza-
tion was due to the relationship between the energy versus 
the number of dislocations at the grain boundary where there 
is a driving force for fewer HAGBs to form and grow instead 
of a higher number of LAGBs [33, 34]. In addition, previ-
ous studies have reported that recrystallized grains can lead 
to improved yield strength [35], which makes deformation 
more difficult. Therefore, Al with a Ni layer is expected to be 
more difficult to display plastic deformation as the thermal 
shock cycle increases because the grain boundary develops 
into HAGBs while deformation is suppressed. Inconsisten-
cies in the grain orientation of the center and corners have 
been found to cause severe deformation of the surface.

When the deformation of Al was suppressed, the grain 
characteristic change of the Ni was also analyzed by EBSD 
analysis. Figure 8 shows grain characteristic analysis results 
of the sputtered Ni layer before and after thermal shock 
cycles. As shown in Fig. 9a, no significant physical defects 

were observed before and after the thermal shock cycle, and 
grain characteristics were analyzed for the white square box 
area. Figure 9b displays IPF maps showing that grain ori-
entations were randomly distributed before and after ther-
mal shock cycles. Grain size showed no significant change 
before and after thermal shock cycles. Figure 9c exhibits 
grain boundary distributions of the Ni layer before and after 
thermal shock cycles: low-angle grain boundaries (LAGBs, 
2° < θ < 15°) are shown in red line and the high-angle grain 
boundaries (HAGBs, 15° < θ) are shown in the blue line. 
HAGBs formed from as-sintered state, without significantly 
change after thermal shock cycles, and its quantitative mis-
orientation angle distribution plotting is displayed in Fig. 9d. 
The kernel average misorientation (KAM) maps are drawn 
using an average misorientation angle around a measurement 
point with respect to a defined set of the nearest neighbor 
points with a maximum misorientation angle of 3°. The 
KAM values were under 1° before and after thermal shock 

Fig. 8   EBSD observation results of cross-section of Al layer (DBA): a inverse pole figure map, b its IPF distribution, and c its grain boundaries 
map (Color figure online)
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cycles. Since the KAM values of both cases were as low as 
~ 1.0, the effect of thermal shock cycles were considered 
insignificant. Therefore, the Ni layer is not considered to be 
critically stressed by thermal shock and is believed to play a 
role in stress relaxation.

4.3 � Stress behavior verification by FEM simulation

To verify the effect of Ni to suppression of Al deformation, a 
finite element method (FEM) simulation was introduced. For 
thermal–mechanical simulation, EBSD information based on 
FE modeling of Ag–Al layers was performed as displayed in 
Fig. 10a. The Ag sinter paste and Al are assumed to have elas-
tic–plastic properties to reveal deformation behavior. In this 

process, to shorten the time and converge the calculation, the 
200 nm Ti layer, which serves as a diffusion barrier, was not 
considered in the FEM simulation. The boundary conditions 
are applied with the actual thermal shock cycling condition of 
one cycle. Figure 10b shows the stress distribution of non-Ni 
layer model at 250 °C, it was confirmed that the stress concen-
tration occurred around the Al grain boundaries by a thermal 
stress. The thermal stress induced a maximum stress at the 
interface between Ag and Al, and the results show a similar 
tendency with actual degradation SEM images (see Fig. 10c). 
Therefore, deformation mechanism of the Al without Ni layer 
can be explained by Fig. 10d. Namely, as the thermal stress 
acts on Al grain boundaries, the grains deform, and sintered 
Ag does not resist the Al deformation. Grains are then pushed 

Fig. 9   Grain characteristics analysis results of the sputtered Ni layer 
before and after thermal shocks. a SEM images, b inverse pole figure 
(IPF) maps, the red lines denote low-angle boundaries with misori-
entation angles between 2° and 15°, and the blue lines denote high-

angle boundaries with misorientation angles exceeding 15°. c grain 
boundaries maps and d misorientation angle distribution, e kernel 
average misorientation (KAM) maps (Color figure online)
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up on the surface, such as the initial dotted line, resulting in an 
uneven Ag–Al interface. On the other hand, compared with the 
non-Ni model, the Ni model has a lower intensity of the stress 
concentration in the Al grain boundaries. In particular, the Ni 
layer produced significantly lower stresses with its rigid prop-
erty and demonstrated simulation results that correspond to the 
EBSD-KAM (Fig. 9e) results as shown in Fig. 10e. Also, the 
stress-simulated results exhibit a similar tendency with actual 
SEM observation images as shown in Fig. 10f. Consequently, 
as shown in Fig. 10d, Al grains tend to rise to the surface as a 
result of thermal stress; however, the Ni layer, having excellent 

mechanical properties, suppresses the deformation behavior of 
the Al grains and the forces not consumed in the deformation 
are understood to contribute to the formation of HAGBs as 
displayed in Fig. 10g.

5 � Conclusions

In the present work, a Ni metallization influence to suppress 
Ag–Al interfacial deformation of a GaN/DBA die-attached 
module structure in harsh thermal cycling (− 50 to 250 °C) 

Fig. 10   FEM simulation result; description of mechanical behavior of 
Al–Ag interface without Ni layer and with Ni layer. a FE modeling 
of Ag–Al interface of analysis models, b stress distribution of non-Ni 
model at 250 °C, c actual degradation SEM image without Ni layer, d 

its schematic description of deformation mechanism, e stress distribu-
tion of Ni model at 250 °C, f its actual SEM image with Ni layer, g 
Al surface roughing suppression mechanism by Ni layer
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was examined in detail by means of microstructural obser-
vation and numerical simulation. A GaN/DBA die-attached 
module was stably sustained without physical degradation 
during thermal shock cycles by Ni metallization. In the case 
of a DBA without a Ni layer, strength reduced with Ag–Al 
interface deformation by 33% after 500 cycles. In the case 
of a DBA with an Ni layer, the shear strength of the joint 
structure sustained above initial strength after 500 cycles 
due to the suppression of the Ag–Al interface deforma-
tion by the Ni metallization layer during repetitive thermal 
shock cycles. In this process, both DBA generated sub-grain 
boundary rotation recrystallization, which becomes a driving 
force of surface roughening during thermal shock cycling. 
In the case of Al without Ni layer, grain orientation distribu-
tions were different between center and corner. On the other 
hand, in the case of Al with Ni layer, grain orientations were 
similarly distributed between center and corner and were 
also accompanied by many high-angle grain boundaries 
(HAGBs). In particular, the Ni layer showed no significant 
changes before and after harsh thermal shock cycles; thus, 
the thermal stress generated can be relaxed because the Ni 
layer does not physically react to harsh thermal shock cycles. 
Consequently, thick Ni metallization suppresses the sur-
face roughness of Al layer caused by the sub-grain rotation 
recrystallization behavior of Al, thereby preventing strength 
reduction. This study systematically discussed the interfacial 
reliability of GaN/DBA die-attached module structures that 
change with the presence of the Ni metallization.
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