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Abstract: The effects of the sintering duration and powder fraction (Ag-coated Cu/SnAgCu) on the
microstructure and reliability of transient liquid phase sintered (TLPS) joints are investigated. The
results show that two main intermetallic compounds (IMCs, CugSns and CuzSn) formed in the joints.
The CugSn; ratio generally decreased with increasing sintering time, Cu powder fraction, and thermal
treatment. The void ratio of the high-Cu-fraction joints decreased and increased with increasing
sintering and thermal stressing durations, respectively, whereas the low-Cu-fraction counterparts
were stable. We also found that the shear strength increased with increasing thermal treatment time,
which resulted from the transformation of CugSns and CuzSn. Such findings could provide valuable
information for optimizing the TLPS process and assuring the high reliability of electronic devices.

Keywords: thermal interface materials; intermetallic compounds; thermal cycling test; high-temperature
storage; shear strength

1. Introduction

In the electronics industry, transient liquid phase sintering (TLPS) is a common method
for bonding electronic components at a low processing temperature and pressure. During
sintering processes, the metal with a low melting point covers its high-temperature coun-
terparts [1-5]. Liquid-solid diffusion then occurs, leading to the formation of intermetallic
compounds (IMCs). TLPS of a Ag and Sn powder mixture was conducted to bond Cu sub-
strates and metalized Si chips [2]. Cu-Sn and AgzSn IMCs were found in the sintered joint.
The microstructure evolution and mechanical strength of the Ag/Sn/Cu TLPS joints during
aging were investigated [3]. It was found that almost no deterioration of the joints occurred
during the aging tests. Cu-5n and Ag.Sn IMCs were also observed [3]. Recently, various TLPS
metallic couples have been proposed [6-11], but among those systems, Cu-Sn-Ag [12,13] and
Cu-5n [14-17] are the most popular solders. These solder structures can ensure good thermal
conductivity and high mechanical strength [12-17]. However, the reliability issues related to
the void formation and brittle nature of such solders are still in need of consideration.

Additionally, the establishment of atomic-level bonds during liquid—solid diffusion
is a slow process compared to the rapid melting and solidification via traditional sol-
dering. TLPS thus is accompanied with a long bonding time [18-20]. Many approaches
have been employed to accelerate the sintering time such as high-temperature/pressure
bonding [19,21,22], incorporation of reactive additives [23-26], surface modification [27,28],
and electric/laser-assisted bonding [29-34]. For instance, Ramli et al. employed TiO,
particles to reduce the thickness of the interfacial IMCs for the enhancement of the shear
strength and hardness of the solder joints [24]. Bhogaraju et al. used a novel approach of
surface modifications to enhance the sinterability of the Cu flakes, which facilitated the
formation of a dense and close-packed structure [26]. An electroless nickel, palladium,
and immersion gold multilayer was also developed to enhance the bonding strength of

Materials 2024, 17, 2004. https:/ /doi.org/10.3390/ma17092004

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma17092004
https://doi.org/10.3390/ma17092004
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0003-2893-2291
https://orcid.org/0000-0001-6235-2827
https://doi.org/10.3390/ma17092004
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma17092004?type=check_update&version=1

Materials 2024, 17, 2004

20f13

BiTe-based modules [28]. A laser-assisted bonding technique was applied to minimize the
thermal damage to the electronic components [31]. A thinner IMC layer formed, and the
void volume was lower compared to that of the solders produced by a traditional reflow
process. However, this can increase the fabrication expenditure and generate challenges in
achieving a homogeneous mixture of the sintered pastes, limiting their commercialization.

In the semiconductor industry, Cu and Sn are widely considered as low-cost metals
in electronics [35,36]. The diffusion reactions forming IMCs can occur at a relatively low
temperature [37—41]. Such characteristics are beneficial for electronic packaging technology,
suppressing the risk of thermal damage to sensitive electronic devices. During Cu-Sn
sinter bonding, CugSns and CusSn IMCs commonly form in the sintered joints [42-44].
Such a process leads to the complete formation of a liquid phase of the low-melting-
temperature metal and IMC transformation. However, the sintered metals may remain,
which can degrade the bonding strength of the solder joints. To obtain the desired bonding
strength and fully sintered features, it is crucial to explore the sintering parameters and
material compositions.

The Cu-SnAgCu sintered joints can be adopted as the die attach layer for high-power
device packaging. Currently, pastes of Ag particles are commonly used for this layer [45-48].
Sputtered (111)-oriented Ag films are also under investigation [49-52]. Cu-Sn powders/pastes
may also serve as die attach materials because the Cu-5Sn reaction rate is very fast and its
thermal conductivity is good. However, studies on the application of sintered Cu-SnAgCu
as a die attach layer and its bonding reliability are limited. In this study, fully sintered joints
were fabricated, and the effects of the Cu/Sn powder fraction and sintering time on the
microstructures and bonding strength of the sintered joints were then investigated. The
reliability was also correlated with the formation of voids and IMCs using high-temperature
storage (HTS) and thermal cycling tests (TCTs). This study offers a full understanding of the
bonding behaviors of different Cu powder fractions and sintering durations, which is essential
for the optimization of the fabrication process and assuring the good reliability of electronic
interconnects for packaging applications.

2. Materials and Methods

Ag-coated Cu (CuggAgso) and Sn-Ag-Cu solder (Sngg5Ag30Cup5) powders with
diameters of 0.8~3.5 um and 2~11 um, respectively, were mixed with specified weight
fractions (50/50 and 40/60). During sinter bonding, the complete formation of the liquid
phase of the low-melting-temperature metal and IMC transformation are achieved. With
a high ratio of Cu powders, Cu powders may abundantly remain, which significantly
degrades the bonding strength of the solder joints. Therefore, the weight fractions of Cu
powders (50/50 and 40/60) were selected to explore the effects of sintering duration and
powder fraction on the microstructure and reliability of the sintered joints. In electronic
packaging, the sintering time is typically a few minutes at temperatures ranging from 200 °C
to 250 °C. Such a sintering duration can establish atomic-level bonds during liquid—solid
diffusion processes. Thus, in this study, the sintering temperature of 250 °C was maintained
for 5 or 10 min. They were then blended at a weight fraction of 85/15 to form a solder paste
for wetting. The TLPS pastes were then spread on various dies using a stainless steel sheet
and heated in an oven for 30 min. This pre-baking step served to volatilize and remove
the flux from the pastes. The schematics of the TLPS joints and sintering profile are shown
in Figure 1. The top dies consisted of a Cu under bump metallization (UBM), which was
sputtered on the Si substrates for connecting the dies with the solder, as shown in Figure 1a.
The samples were then hot-pressed to bond with Cu plates with a pressure of 12.68 MPa.
The sintering temperature was increased to 250 °C with a heat rate of 3.75 °C/min and
maintained at that temperature for a certain time (5 min or 10 min). After the sintering, the
samples were then cooled down to room temperature with a cooling rate of 1.5 °C/min.

The reliability of the sintered joints was assessed by HTS and TCTs. The HTS tests were
conducted at 150 °C for 1000 h, whereas the TCTs were performed at a temperature range
of —40 to 125 °C for 1000 cycles. The heating and cooling rates were 15 °C/min. In addition,
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the bonding strength of the samples before and after the HTS and TCTs was characterized
by shear tests. These tests aimed to provide insights into the reliability performance and
potential microstructural changes in the sintered joints under various environmental factors
that exist in electronic devices. The joints were then cross-sectioned and analyzed by an
optical microscope (OM). Scanning electron microscopy (SEM, JSM-7800F, JEOL Ltd., Tokyo,
Japan) and energy-dispersive X-ray (EDX, JSM-7800F, JEOL Ltd., Tokyo, Japan) analyses
were also performed to characterize the microstructures of the initial powders and IMC
compositions of the sintered joints.

5o0r 10 min

—» Die
5 UBM
—» Cu plate

»
»

Time (min)

Figure 1. Schematic of the (a) TLPS joints and (b) sintering profile. The sintering temperature (250 °C)
was held for 5 or 10 min.

3. Results and Discussion

The microstructures of two initial powders were analyzed using SEM and EDX. The SEM
images and EDX spectra of the Ag-coated Cu (Cugs 0Age0) and Sngs 5Ag30Cug 5 powders are
shown in Figures 2 and 3, respectively. The size of the Ag-coated Cu powders ranged from 0.5
to 2.1 pm, whereas the Sn96.5Ag3.0Cu0.5 powders were spherical with a size range of ~0.2 to
5.2 um. The former type of powder (Figure 2a) was more uniform than the latter (Figure 3a).
Additionally, the EDX mappings show the uniform distributions of the elements in the powders
and the high purity of the powders. As shown in Figure 2c,d, the Cu powders were dominant
and uniformly embedded with Ag. The Sngg 5Ag30Cug 5 powders mostly consisted of spherical
Sn with some small amounts of Ag and Cu, as shown in Figure 3c—e. These powders were
then mixed with different weight fractions and sintered to form TLPS joints.

 Eemons | uw) |
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Figure 2. (a) SEM image and EDX analysis of the Ag-coated Cu (Cugy Age o) powders. (b) Typical
EDX spectrum taken from the white spot labeled as “X” in (a). Elemental mappings of (c) Ag, (d) Cu.
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Figure 3. (a) SEM image and EDX analysis of the Sngg 5Ag30Cug 5 powders. (b) Typical EDX spectrum
taken from the white spot labeled as “X” in (a). Elemental mappings of (c) Sn, (d) Ag, and (e) Cu.

The SEM images of the upper and lower locations of the sintered joints with their
elemental compositions are shown in Figures 4 and 5. Most of the Cu powders reacted
with the SnAgCu solders. Two main IMCs (CugSns and CusSn) and voids were detected in
the sintered joints. We also found the significant IMC transformation of CugSns to CuzSn
as the sintering time was extended. The cross-sectional OM images of the sintered joints
are shown in Figure 6. Voids and IMCs can be clearly observed. The ratios of the voids
and IMCs observed in the cross-sections were acquired using image processing software
that the OM was equipped with. It can be seen that the voids are randomly distributed
in the sintered joints. The voids formed in the joints (Figure 6a,b) sintered for 5 min with
Cu powder fractions of 50% and 40% accounted for 1.72% and 1.13%, respectively. As
the sintering time was prolonged to 10 min, the ratio of the voids in the 50%-Cu-fraction
joints significantly decreased to 0.64% (Figure 6c). However, no obvious difference in the
void ratio was found in the joints sintered with 40% Cu powders (Figure 6d). Additionally,
the CugSns and CusSn IMCs could be clearly observed in the OM images (Figure 7). The
CugSns and CuzSn IMCs are denoted by the light and dark grays, respectively. We also
detected some remaining Cu powder (orange) in the joints after the sintering (Figure 7a,c).
The remaining Cu powders in the joints indicated the incomplete sintering of the powders
with a 50% Cu fraction. However, no Cu powders were found in the 40%-Cu-fraction joints.

The CugSns IMC accounted for 45.90% of the 50%-Cu-fraction joints sintered for 5 min
(Figure 6a). This proportion markedly increased to 73.22% as the weight fraction of the Cu
powders was reduced to 40% (Figure 6b). The ratio of the CugSns IMC slightly decreased as
the sintering time was prolonged to 10 min (Figure 6¢,d). Generally, the interaction between
Cu and Sn, forming the IMCs, increases with the increase in the reaction time [53,54];
however, the opposite trend was found here. This could be attributed to the effect of the
Cu/Sn fraction during sintering. The variations in the initial Cu/Sn amounts could result in
different formation mechanisms of the IMCs, hindering the increase in CugSns, but, rather,
benefitting the increase in CusSn [55-57]. After the sintering reaction, almost all of the Sn
atoms reacted with Cu to form CugSns and CusSn. Yet, the supply of Cu could have been
from the unreacted Cu powders or from the Cu substrate, according to the reaction below:
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CugSns + 9Cu — 5CuszSn 1
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Figure 4. (a) SEM image and EDX analysis of the IMCs taken at the lower region of the joints sintered
for 5 min from the 40%-Cu-fraction powders. (b—d) Typical EDX spectra showing the elemental
composition in the white-dotted regions labeled as (s1, s2, and s4).

Elemenls (At.%) “

Elements (At%) | S5 |
Cu 75.81

Figure 5. (a) SEM image and EDX analysis of the IMCs taken at the lower region of the joints sintered
for 5 min from the 50% Cu fraction powders. (b—f) Typical EDX spectra showing the elemental
composition in the white-dotted regions labeled as (s1, s4, s5, s7, and s11).
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Figure 6. Cross-sectional OM images of the solder joints sintered with (a,c) 50 wt% and (b,d) 40 wt% Cu
powders for 5 and 10 min. The remaining Cu powders and CugSns and CuzSn IMCs are represented by
the orange and light and dark grays, respectively.

Void: 2.13%

CuSns (67.28%) |

Figure 7. Cross-sectional OM images of the sintered joints after 500 h of HTS tests. The joints were
sintered with (a,c) 50 wt% and (b,d) 40 wt% Cu powders for 5 and 10 min.

The CugSns IMCs prefer to transform into CuzSn IMCs after the SnAgCu solders are
consumed completely and the supply of Cu is still abundant.

The reliability evaluations on the sintered joints were performed using HTS and
TCT tests. The cross-sectional OM images of the sintered joints after the reliability tests
are shown in Figures 7-10. No Cu powders were found in the joints after 500 h or 1000 h
of HTS tests (Figures 7 and 8). This indicated that the remaining Cu powders completely
interacted with the solders and fully transformed to IMCs after the HTS tests. The thermal
energy of such a high temperature could facilitate Cu/Sn diffusion and fulfill the sintering
process, resulting in the complete transformation of the IMC. However, some Cu powders
still remained in the 50%-Cu-fraction joints when subjected to thermal cycling, as shown in
Figures 9a and 10a. The energy of the thermal cycling was insufficient to fully transform
the remaining Cu powders in the 50%-Cu-fraction joints.

Additionally, it can be seen that an IMC layer formed at the solder-Cu substrate
interface during solid state aging (Figures 7-10). The CusSns IMCs near the interface
preferred to transform into CuzSn IMCs, according to the reaction (1). The abundant supply
of Cu could be from the Cu substrate. The systematic study of the IMC transformation at
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the solder-Cu substrate interface could be an interesting topic in the future. The ratios of
the CugSns IMC at some specific periods of the reliability tests are shown in Figure 11. It
can be seen that the CugSns ratio significantly decreased under HTS and TCTs, whereas the
Cu3Sn ratio showed the opposite trend (Figure 11a,b). This indicated that the CugSns IMC
significantly transformed into the CuzSn IMC during the reliability tests. However, the IMC
ratios in the joints sintered for a longer time (10 min) remained almost unchanged during
the HTS and TCTs (Figure 11c,d). The CugSns IMC almost reached its equilibrium state.
The results suggest that the longer sintering time stabilized the sintered joints, making
them less susceptible to microstructural and mechanical changes under thermal stress.

Void: 3.38% 5 min

Void: 3.15% 10 min Void: 1.53% 10 min

Figure 8. Cross-sectional OM images of the sintered joints after 1000 h of HTS tests. The joints were
sintered with (a,c) 50 wt% and (b,d) 40 wt% Cu powders for 5 and 10 min.

Void: 0.34% 5 min

o B SO ~. '
i W.*A M..Ma-..m..;.’. A

Figure 9. Cross-sectional OM images of the sintered joints after 500 thermal cycles. The joints were
sintered with (a,c) 50 wt% and (b,d) 40 wt% Cu powders for 5 and 10 min.

The void ratios in the sintered joints after HTS and TCTs are shown in Figure 12. It
can be seen that the void ratio in the 50%-Cu-fraction joints significantly decreased (1.73 to
0.64%) as the sintering time was prolonged from 5 to 10 min (Figure 12a,c). However, the
void ratio in the 40%-Cu-fraction joints did not obviously change with the sintering time
(Figure 12b,d). Regarding the joints fabricated from the powders with a 50% fraction of Cu,
the void ratio generally increased with increased HTS duration and thermal cycling cycles
(Figure 12a,c). However, no obvious changes in the void ratios of the 40%-Cu-fraction joints
were found. The results indicate that the formation of voids in the low-Cu-fraction joints
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was relatively stable and not affected by the thermal stressing. As aforementioned (Figure 6),
some Cu powders remained in the 50%-Cu-fraction joints whereas no Cu powders were
found in the 40%-Cu-fraction joints. The changes in the void ratios could be attributed to
the presence of the remaining Cu powders subjected to thermal stressing.

Void: 7.56%

SR

&_'.-,..""

Figure 10. Cross-sectional OM images of the sintered joints after 1000 thermal cycles. The joints were
sintered with (a,c) 50 wt% and (b,d) 40 wt% Cu powders for 5 and 10 min.
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Figure 11. Ratios of CugSns IMC formed in the sintered joints before and after HTS and TCTs. The
joints were sintered with (a,c) 50 wt% and (b,d) 40 wt% Cu powders for 5 and 10 min.

It is noted that the molar volumes of the reactant elements (Cu and Sn) and the formed
IMCs (CuzSn and CugSns) are 7.1, 16.1, 34.8, and 117.7 cm3/mol, respectively. The specific vol-
ume shrinkage after the Cu-Sn soldering reactions (6Cu + 55n — CugSns; 3Cu + Sn — CuzSn)
could be estimated as 4.4% and 7.1%, respectively. This indicates that the shrinkage of the
joints with a higher amount of the resultant CuzSn IMC was larger than that with the CugSns.
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Additionally, according to Equation (1), one mole of CugSns (117.7 cm?) reacts with nine moles
of Cu (63.9 cm?) to form five moles of CuzSn (174.0 cm?) when the Cu powders are abundant.
This leads to volume shrinkage (4.1%). During the HTS and TCTs, the IMC transformation
from CugSns to CuszSn could result in the formation of a porous-type CusSn IMC [57] and
thus lead to the obvious increase in the void ratios of the 50%-Cu-fraction joints, as shown in
Figures 11a,c and 12a,c.

Shear tests were also performed to evaluate the bonding strength of the sintered joints
before and after the reliability tests. The shearing strength of the sintered joints before and
after the HTS and TCTs are shown in Figure 13. We found that the shear strength of the
50%-Cu-fraction joints increased with increasing sintering time (Figure 13a,c), whereas an
opposite trend were observed in the 40%-Cu-fraction joints (Figure 13b,d). This could be
attributed to the differences in the IMC and void ratios of the sintered joints. The void ratios
in the 50%-Cu-fraction joints significantly decreased (Figure 6a,c) as the sintering time was
extended, favoring the bonding strength of the joints. Note that the IMCs formed in the
sintered joints are naturally brittle. Thus, excessive IMC formation could negatively weaken
the joint strength over prolonged sintering (Figure 6b,d). Additionally, we found that the
shear strength of the joints generally increased with increasing thermal stress (Figure 13).
As shown in Figure 11, the ratio of the CugSns IMC decreased during the reliability tests
due to the transformation to the CuzSn IMC. It has been reported that the mechanical
strength of the CuzSn IMC is typically higher than that of its CugSns counterpart [42,58,59].
Thus, a larger ratio of the CuzSn IMC could be attributed to the higher shear strength of
the sintered joints. Additionally, we found some cracks at the edges of the joints that were
sintered using 50 wt% (Figure 14a) and 40 wt% (Figure 14b) Cu powders for 5 and 10 min,
respectively, after subjecting them to 1000 thermal cycles. No cracks were observed in the
other joints. This indicated the weak strength of those joints under thermal cycling, as
shown in Figure 6b,d. In addition, the shear strength of the joints was compared with that
of the sintered joints reported in recent studies [60-69]. Clearly, the joints showed a high
shear strength and good reliability, showing their potential for packaging applications.

10 10
(@) HTS (b) HTS
" TCT 7.56 e TCT
9 2
o 2 e
= s
; 4 .'g 4
S 187 = 213
> : 3.38 .
2 2 1.13 082
1.73 0.34 0.49 0,67
0 . . . 0 . =
0 500 1000 0 500 1000
" TCT cycles/HTS duration (h) I TCT cycles/HTS duration (h)
(c) HTS (d) HTS
TCT TCT
8 8
3 3
o ° o °
o 3.8 g
T 4 2.92 T 4
S . S 2.0 i
2 2 2
0.64 e o
1.64
o ) ) ) o ) . 153
0 500 1000 0 500 1000
TCT cycles/HTS duration (h) TCT cycles/HTS duration (h)

Figure 12. Void ratios of the sintered joints before and after HTS and TCTs. The joints were sintered
with (a,c) 50 wt% and (b,d) 40 wt% Cu powders for 5 and 10 min.
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Figure 13. Shearing strength of the sintered joints before and after HTS and TCTs. The joints were
sintered with (a,c) 50 wt% and (b,d) 40 wt% Cu powders for 5 and 10 min.

Figure 14. Cross-sectional OM images showing fractures at the edges of the joints sintered with
(a) 50 wt% and (b) 40 wt% Cu powders for 5 and 10 min, respectively, after subjecting to 1000
thermal cycles.

4. Conclusions

In summary, the effects of the Cu powder fraction and sintering time on the void and
IMC ratios of the sintered joints are analyzed. Some findings are drawn from the current
study as follows:

During the sintering process, Sn reacted with Cu powders and transformed into two
main (CugSns and CuzSn) IMCs. The ratio of CugSns formed decreased as the sintering
time was extended. It significantly increased with decreasing Cu powder fraction. The
changes in the initial Cu/Sn supply could cause the different formation mechanisms of the
IMCs, suppressing the growth of the CugSns IMC, but, rather, facilitating CusSn growth.

Some remaining Cu powders were also found in the high-Cu-fraction joints, which
indicated incomplete sintering. We found that the void ratio of the high-Cu-fraction
joints markedly decreased with increasing sintering time. However, the void ratio in the
low-Cu-fraction counterparts remained unchanged.

HTS and TCTs were also performed to evaluate the reliability of the joints. The
void ratio of the high-Cu-fraction joints increased with increasing thermal stressing time,
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whereas the low-Cu-fraction ones were stable. The shear strength of all the sintered
joints increased with increasing thermal treatment, which could be attributed to IMC
transformation between CugSns and CuzSn.

Author Contributions: Conceptualization, Y.-T.L. and C.C.; methodology Y.-T.L. and C.C.; software,
Y.-T.L,; validation, D.-P.T. and C.C.; formal analysis, Y.-T.L., D.-P.T. and C.C.; investigation, Y.-T.L. and
D.-P.T.; resources, C.C.; data curation, Y.-T.L.; writing—original draft preparation, D.-P.T. and C.C.;
writing—review and editing, D.-P.T. and C.C.; supervision, C.C.; project administration, C.C.; funding
acquisition, C.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the “Center for the Advanced Semiconductor
Technology Research” from The Featured Areas Research Center Program within the framework of
the Higher Education Sprout Project by the Ministry of Education (MOE) in Taiwan. And was also
supported in part by the National Science and Technology Council, Taiwan, under Grant No. NSTC
111-2634-F-A49-008.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Bultitude, J.; McConnell, J.; Shearer, C. High temperature capacitors and transient liquid phase interconnects for Pb-solder
replacement. J. Mater. Sci. Mater. Electron. 2015, 26, 9236-9242. [CrossRef]

2. Fujino, M.; Narusawa, H.; Kuramochi, Y.; Higurashi, E.; Suga, T.; Shiratori, T.; Mizukoshi, M. Transient liquid-phase sintering
using silver and tin powder mixture for die bonding. Jpn. J. Appl. Phys. 2016, 55, 04EC14. [CrossRef]

3. Guo, Q.; Sun, S.; Zhang, Z.; Chen, H.; Li, M. Microstructure evolution and mechanical strength evaluation in Ag/Sn/Cu TLP
bonding interconnection during aging test. Microelectron. Reliab. 2018, 80, 144-148. [CrossRef]

4. German, RM.; Suri, P; Park, S.J. Liquid phase sintering. ]. Mater. Sci. 2009, 44, 1-39. [CrossRef]

5. Xie, G,; Li, S.; Louzguine-Luzgin, D.V.; Cao, Z.; Yoshikawa, N.; Sato, M.; Inoue, A. Effect of Sn on microwave-induced heating
and sintering of Ni-based metallic glassy alloy powders. Intermetallics 2009, 17, 274-277. [CrossRef]

6. Lis, A.; Leinenbach, C. Effect of process and service conditions on TLP-bonded components with (Ag, Ni-) Sn interlayer
combinations. J. Electron. Mater. 2015, 44, 4576-4588. [CrossRef]

7. Shao, H.; Wu, A.; Bao, Y.; Zhao, Y. Elimination of pores in Ag-Sn TLP bonds by the introduction of dissimilar intermetallic phases.
J. Mater. Sci. 2017, 52, 3508-3519. [CrossRef]

8. Lee, J.-B.; Hwang, H.-Y.; Rhee, M.-W. Reliability investigation of Cu/In TLP bonding. ]. Electron. Mater. 2015, 44, 435-441.
[CrossRef]

9.  Shao, H.; Wu, A,; Bao, Y.; Zhao, Y.; Zou, G,; Liu, L. Thermal reliability investigation of Ag-Sn TLP bonds for high-temperature
power electronics application. Microelectron. Reliab. 2018, 91, 38—45. [CrossRef]

10. Kim, M.I; Lee, J.-H. Die sinter bonding in air using Cu@Ag particulate preform and rapid formation of near-full density bondline.
J. Mater. Res. Technol. 2021, 14, 1724-1738. [CrossRef]

11.  Sharif, A.; Gan, C.L.; Chen, Z. Transient liquid phase Ag-based solder technology for high-temperature packaging applications.
J. Alloys Compd. 2014, 587, 365-368. [CrossRef]

12. Shao, H.; Wu, A,; Bao, Y.; Zhao, Y.; Zou, G.; Liu, L. Microstructure evolution and mechanical properties of Cu/Sn/Ag TLP-bonded
joint during thermal aging. Mater. Charact. 2018, 144, 469-478. [CrossRef]

13. Hsiao, C.-H.; Kung, W.-T.; Song, J.-M.; Chang, ].-Y.; Chang, T.-C. Development of Cu-Ag pastes for high temperature sustainable
bonding. Mater. Sci. Eng. A 2017, 684, 500-509. [CrossRef]

14. Sun, L.; Chen, M.-H.; Zhang, L. Microstructure evolution and grain orientation of IMC in Cu-Sn TLP bonding solder joints.
J. Alloys Compd. 2019, 786, 677—687. [CrossRef]

15. Peng, X.; Wang, Y.; Wang, W.; Ye, Z.; Yang, J.; Huang, J. Kinetics of Cu6Sn5 and Cu35n intermetallic compounds growth and
isothermal solidification during Cu-Sn transient liquid phase sintering process. J. Alloys Compd. 2023, 949, 169631. [CrossRef]

16. Mohd Said, R.; Mohd Salleh, M.; Saud, N.; Ramli, M.; Yasuda, H.; Nogita, K. Microstructure and growth kinetic study in Sn-Cu
transient liquid phase sintering solder paste. . Mater. Sci. Mater. Electron. 2020, 31, 11077-11094. [CrossRef]

17. Mo, L.; Chen, Z.; Wu, E; Liu, C. Microstructural and mechanical analysis on Cu-5n intermetallic micro-joints under isothermal
condition. Intermetallics 2015, 66, 13-21. [CrossRef]

18. Wang, S.; Ji, H.; Li, M.; Wang, C. Fabrication of interconnects using pressureless low temperature sintered Ag nanoparticles.
Mater. Lett. 2012, 85, 61-63. [CrossRef]

19. Paknejad, S.A.; Mansourian, A.; Greenberg, J.; Khtatba, K.; Van Parijs, L.; Mannan, S.H. Microstructural evolution of sintered
silver at elevated temperatures. Microelectron. Reliab. 2016, 63, 125-133. [CrossRef]

20. Yang, E; Zhu, W,; Wu, W,; Ji, H.; Hang, C.; Li, M. Microstructural evolution and degradation mechanism of SiC—Cu chip

attachment using sintered nano-Ag paste during high-temperature ageing. J. Alloys Compd. 2020, 846, 156442. [CrossRef]


https://doi.org/10.1007/s10854-015-3779-4
https://doi.org/10.7567/jjap.55.04ec14
https://doi.org/10.1016/j.microrel.2017.12.001
https://doi.org/10.1007/s10853-008-3008-0
https://doi.org/10.1016/j.intermet.2008.08.016
https://doi.org/10.1007/s11664-015-3982-3
https://doi.org/10.1007/s10853-016-0645-6
https://doi.org/10.1007/s11664-014-3373-1
https://doi.org/10.1016/j.microrel.2018.08.004
https://doi.org/10.1016/j.jmrt.2021.07.059
https://doi.org/10.1016/j.jallcom.2013.10.204
https://doi.org/10.1016/j.matchar.2018.07.041
https://doi.org/10.1016/j.msea.2016.12.084
https://doi.org/10.1016/j.jallcom.2019.01.384
https://doi.org/10.1016/j.jallcom.2023.169631
https://doi.org/10.1007/s10854-020-03657-4
https://doi.org/10.1016/j.intermet.2015.06.019
https://doi.org/10.1016/j.matlet.2012.06.089
https://doi.org/10.1016/j.microrel.2016.06.007
https://doi.org/10.1016/j.jallcom.2020.156442

Materials 2024, 17, 2004 12 of 13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Yu, F; Cui, J.; Zhou, Z.; Fang, K.; Johnson, R.W.; Hamilton, M.C. Reliability of Ag sintering for power semiconductor die attach in
high-temperature applications. IEEE Trans. Power Electron. 2016, 32, 7083-7095. [CrossRef]

Li, J.; Johnson, C.M.; Buttay, C.; Sabbah, W.; Azzopardji, S. Bonding strength of multiple SiC die attachment prepared by sintering
of Ag nanoparticles. |. Mater. Process. Technol. 2015, 215, 299-308. [CrossRef]

Li, S;; Wang, X.; Liu, Z.; Mao, F; Jiu, Y.; Luo, J.; Shangguan, L.; Jin, X.; Wu, G.; Zhang, S. Research status of evolution of
microstructure and properties of Sn-based lead-free composite solder alloys. J. Nanomater. 2020, 2020, 8843166. [CrossRef]
Ramli, M.; Saud, N.; Salleh, M.M.; Derman, M.N.; Said, R.M. Effect of TiO, additions on Sn-0.7 Cu-0.05 Ni lead-free composite
solder. Microelectron. Reliab. 2016, 65, 255-264. [CrossRef]

Zhang, H.; Minter, J.; Lee, N.-C. A brief review on high-temperature, Pb-free die-attach materials. J. Electron. Mater. 2019,
48,201-210. [CrossRef]

Bhogaraju, S.K.; Conti, F; Kotadia, H.R.; Keim, S.; Tetzlaff, U.; Elger, G. Novel approach to copper sintering using surface
enhanced brass micro flakes for microelectronics packaging. J. Alloys Compd. 2020, 844, 156043. [CrossRef]

Liu, X.; Nishikawa, H. Low-pressure Cu-Cu bonding using in-situ surface-modified microscale Cu particles for power device
packaging. Scr. Mater. 2016, 120, 80-84. [CrossRef]

Nguyen, Y.N.; Kim, S.; Bae, S.H.; Son, I. Enhancement of bonding strength in BiTe-based thermoelectric modules by electroless
nickel, electroless palladium, and immersion gold surface modification. Appl. Surf. Sci. 2021, 545, 149005. [CrossRef]

Yan, H.; Liang, P; Mei, Y.; Feng, Z. Brief review of silver sinter-bonding processing for packaging high-temperature power devices.
Chin. |. Electr. Eng. 2020, 6, 25-34. [CrossRef]

Tang, W.; Long, X,; Liu, Y,; Du, C.; Yao, Y.; Zhou, C.; Wu, Y.; Jia, F. Effect of electric current on constitutive behaviour and
microstructure of SAC305 solder joint. In Proceedings of the 2018 IEEE 20th Electronics Packaging Technology Conference (EPTC),
Singapore, 4-7 December 2018; pp. 717-721.

Joo, H.-S,; Lee, C.-J.; Min, K.D.; Hwang, B.-U.; Jung, S.-B. Mechanical properties and microstructural evolution of solder alloys
fabricated using laser-assisted bonding. J. Mater. Sci. Mater. Electron. 2020, 31, 22926-22932. [CrossRef]

Kousar, S.; Hansen, K.; Keller, T.F. Laser-Assisted Micro-Solder Bumping for Copper and Nickel-Gold Pad Finish. Materials 2022,
15,7349. [CrossRef] [PubMed]

Liu, G.D.; Wang, C.; Swingler, J. Laser-Assisted Sintering of Silver Nanoparticle Paste for Bonding of Silicon to DBC for
High-Temperature Electronics Packaging. IEEE Trans. Compon. Packag. Manuf. Technol. 2020, 11, 522-529. [CrossRef]

Jung, K.-H.; Min, K.D.; Lee, C.-].; Jeong, H.; Kim, J.-H.; Jung, S.-B. Ultrafast photonic soldering with Sn-58Bi using intense pulsed
light energy. Adv. Eng. Mater. 2020, 22, 2000179. [CrossRef]

Li, Y.; Wong, C. Recent advances of conductive adhesives as a lead-free alternative in electronic packaging: Materials, processing,
reliability and applications. Mater. Sci. Eng. R: Rep. 2006, 51, 1-35. [CrossRef]

Tu, K.-N.; Gusak, A.M,; Li, M. Physics and materials challenges for lead-free solders. J. Appl. Phys. 2003, 93, 1335-1353. [CrossRef]
Tu, K.-N.; Thompson, R. Kinetics of interfacial reaction in bimetallic CuSn thin films. Acta Metall. 1982, 30, 947-952. [CrossRef]
Tu, K.-N. Cu/5n interfacial reactions: Thin-film case versus bulk case. Mater. Chem. Phys. 1996, 46, 217-223. [CrossRef]

Ha, H.-B.; Lee, B.H.; Qaiser, N.; Seo, Y.; Kim, J.; Koo, ].M.; Hwang, B. Highly reliable anisotropic interconnection system fabricated
using Cu/Sn-Soldered microdumbbell arrays and polyimide films for application to flexible electronics. Intermetallics 2022,
144, 107535. [CrossRef]

Chen, W.-Y,; Yu, C.-Y,; Duh, J.-G. Improving the shear strength of Sn—Ag—-Cu-Ni/Cu-Zn solder joints via modifying the
microstructure and phase stability of Cu-Sn intermetallic compounds. Intermetallics 2014, 54, 181-186. [CrossRef]

Wang, C.-H.; Shen, H.-T. Effects of Ni addition on the interfacial reactions between Sn—-Cu solders and Ni substrate. Intermetallics
2010, 18, 616-622. [CrossRef]

Ding, C.; Wang, J.; Liu, T;; Qin, H.; Yang, D.; Zhang, G. The Mechanical Properties and Elastic Anisotropy of n’-CugSns and CuzSn
Intermetallic Compounds. Crystals 2021, 11, 1562. [CrossRef]

Shang, M.; Dong, C.; Yao, J.; Wang, C.; Ma, H.; Ma, H.; Wang, Y. Competitive growth of Cu3Sn and Cu6Sn5 at Sn/Cu interface
during various multi-reflow processes. |. Mater. Sci. Mater. Electron. 2021, 32, 22771-22779. [CrossRef]

Lee, B.-S.; Hyun, S.-K; Yoon, J.-W. Cu-Sn and Ni-5Sn transient liquid phase bonding for die-attach technology applications in
high-temperature power electronics packaging. |. Mater. Sci. Mater. Electron. 2017, 28, 7827-7833. [CrossRef]

Zhang, Z.; Chen, C,; Yang, Y.; Zhang, H.; Kim, D.; Sugahara, T.; Nagao, S.; Suganuma, K. Low-temperature and pressureless
sinter joining of Cu with micron/submicron Ag particle paste in air. J. Alloys Compd. 2019, 780, 435—442. [CrossRef]

Jiu, J.; Zhang, H.; Koga, S.; Nagao, S.; Izumi, Y.; Suganuma, K. Simultaneous synthesis of nano and micro-Ag particles and their
application as a die-attachment material. . Mater. Sci. Mater. Electron. 2015, 26, 7183-7191. [CrossRef]

Jiu, J.; Zhang, H.; Nagao, S.; Sugahara, T.; Kagami, N.; Suzuki, Y.; Akai, Y.; Suganuma, K. Die-attaching silver paste based on a
novel solvent for high-power semiconductor devices. . Mater. Sci. 2016, 51, 3422-3430. [CrossRef]

Chen, C.; Gao, Y.; Liu, Z.-Q.; Suganuma, K. 3D pyramid-shape Ag plating assisted interface connection growth of sinter
micron-sized Ag paste. Scr. Mater. 2020, 179, 36-39. [CrossRef]

Chuang, T.-H.; Chen, Y.-T,; Lai, Y.-C.; Yang, Z.-H. Effects of Sputtering Bias on the Material Characteristics of Ag Nanotwinned
Films. IEEE Trans. Compon. Packag. Manuf. Technol. 2023, 13, 750-756. [CrossRef]

Chuang, T.-H.; Chen, Y.-H.; Wu, P-C. Mechanism of the Evaporation of Ag Nano-Twinned Films on Si Wafers with Assistance of
Ton Beam Bombardment. Int. J. Miner. Metall. Mater. 2022, 8, 08-15. [CrossRef]


https://doi.org/10.1109/tpel.2016.2631128
https://doi.org/10.1016/j.jmatprotec.2014.08.002
https://doi.org/10.1155/2020/8843166
https://doi.org/10.1016/j.microrel.2016.08.011
https://doi.org/10.1007/s11664-018-6707-6
https://doi.org/10.1016/j.jallcom.2020.156043
https://doi.org/10.1016/j.scriptamat.2016.04.018
https://doi.org/10.1016/j.apsusc.2021.149005
https://doi.org/10.23919/cjee.2020.000016
https://doi.org/10.1007/s10854-020-04819-0
https://doi.org/10.3390/ma15207349
https://www.ncbi.nlm.nih.gov/pubmed/36295411
https://doi.org/10.1109/tcpmt.2020.3046917
https://doi.org/10.1002/adem.202000179
https://doi.org/10.1016/j.mser.2006.01.001
https://doi.org/10.1063/1.1517165
https://doi.org/10.1016/0001-6160(82)90201-2
https://doi.org/10.1016/s0254-0584(97)80016-8
https://doi.org/10.1016/j.intermet.2022.107535
https://doi.org/10.1016/j.intermet.2014.05.023
https://doi.org/10.1016/j.intermet.2009.10.018
https://doi.org/10.3390/cryst11121562
https://doi.org/10.1007/s10854-021-06711-x
https://doi.org/10.1007/s10854-017-6479-4
https://doi.org/10.1016/j.jallcom.2018.11.251
https://doi.org/10.1007/s10854-015-3343-2
https://doi.org/10.1007/s10853-015-9659-8
https://doi.org/10.1016/j.scriptamat.2019.12.040
https://doi.org/10.1109/tcpmt.2023.3277513
https://doi.org/10.11159/ijmmme.2022.002

Materials 2024, 17, 2004 13 of 13

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Chuang, T.-H.; Wu, P--C.; Lin, Y.-C. Lattice buffer effect of Ti film on the epitaxial growth of Ag nanotwins on Si substrates with
various orientations. Mater. Charact. 2020, 167, 110509. [CrossRef]

Lai, Y.-C.; Wu, P-C.; Chuang, T.-H. Characterization of interfacial structure for low-temperature direct bonding of Si substrates
sputtered with Ag nanotwinned films. Mater. Charact. 2021, 175, 111060. [CrossRef]

Abdelhadi, O.M.; Ladani, L. IMC growth of Sn-3.5 Ag/Cu system: Combined chemical reaction and diffusion mechanisms.
J. Alloys Compd. 2012, 537, 87-99. [CrossRef]

Suh, J.; Tu, K.-N.; Lutsenko, G.; Gusak, A. Size distribution and morphology of Cu65Sn5 scallops in wetting reaction between
molten solder and copper. Acta Mater. 2008, 56, 1075-1083. [CrossRef]

Hsiao, H.-Y,; Liu, C.-M,; Lin, H-W.; Liu, T.-C.; Lu, C.-L.; Huang, Y.-S.; Chen, C.; Tu, K.N. Unidirectional growth of microbumps
on (111)-oriented and nanotwinned copper. Science 2012, 336, 1007-1010. [CrossRef]

Chiu, W.-L,; Liu, C.-M.; Haung, Y.-S.; Chen, C. Formation of nearly void-free Cu35Sn intermetallic joints using nanotwinned Cu
metallization. Appl. Phys. Lett. 2014, 104, 171902. [CrossRef]

Lin, ]J.-A; Lin, C.-K,; Liu, C.-M,; Huang, Y.-S.; Chen, C.; Chu, D.T.; Tu, K.-N. Formation mechanism of porous CuzSn intermetallic
compounds by high current stressing at high temperatures in low-bump-height solder joints. Crystals 2016, 6, 12. [CrossRef]
Liu, L.; Chen, Z.; Liu, C.; Wu, Y.; An, B. Micro-mechanical and fracture characteristics of Cu65n5 and Cu3Sn intermetallic
compounds under micro-cantilever bending. Intermetallics 2016, 76, 10-17. [CrossRef]

Yin, Z.; Sun, F; Guo, M. Investigation of Elevated Temperature Mechanical Properties of Intermetallic Compounds in the Cu-5Sn
System Using Nanoindentation. J. Electron. Packag. 2020, 142, 021004. [CrossRef]

Yoon, J.-W.; Back, J.-H. Effect of sintering conditions on the mechanical strength of Cu-sintered joints for high-power applications.
Materials 2018, 11, 2105. [CrossRef]

Yang, H.; Zhu, W. Study on the main influencing factors of shear strength of nano-silver joints. |. Mater. Res. Technol. 2020,
9, 4133-4138. [CrossRef]

Zhang, Z.; Chen, C.; Suetake, A.; Hsieh, M.-C.; Iwaki, A.; Suganuma, K. Pressureless and low-temperature sinter-joining on bare
Si, SiC and GaN by a Ag flake paste. Scr. Mater. 2021, 198, 113833. [CrossRef]

Tan, Y,; Li, X.; Chen, G.; Gao, Q.; Lu, G.-Q.; Chen, X. Effects of thermal aging on long-term reliability and failure modes of
nano-silver sintered lap-shear joint. Int. . Adhes. Adhes. 2020, 97, 102488. [CrossRef]

Wang, W.; Zou, G.; Jia, Q.; Zhang, H.; Feng, B.; Deng, Z.; Liu, L. Mechanical properties and microstructure of low temperature
sintered joints using organic-free silver nanostructured film for die attachment of SiC power electronics. Mater. Sci. Eng. A 2020,
793, 139894. [CrossRef]

Wang, X; Yang, Z.; Wang, B.; Chen, W.; Zhang, G.; Zhang, J.; Fan, ].; Liu, P. Effect of epoxy resin addition on properties and
corrosion behavior of sintered joints in power modules serviced offshore. |. Mater. Res. Technol. 2023, 25, 6593-6612. [CrossRef]
Son, J.; Yu, D.-Y,; Kim, Y.-C.; Kim, S.-I,; Byun, D.; Bang, J. Thermal reliability of Cu sintering joints for high-temperature die attach.
Microelectron. Reliab. 2023, 147, 115002. [CrossRef]

Dai, D; Li, J.; Qian, J.; Wang, Z.; Zheng, K.; Yu, J.; Chen, X. The formation of Cu-Cu joints by low temperature sintering Cu NPs
with copper formate layer and its oxidation enhancement. Mater. Lett. 2023, 339, 134087. [CrossRef]

Wang, C.; Li, G,; Xu, L,; Li, J.; Zhang, D.; Zhao, T.; Sun, R.; Zhu, P. Low temperature sintered silver nanoflake paste for power
device packaging and its anisotropic sintering mechanism. ACS Appl. Electron. Mater. 2021, 3, 5365-5373. [CrossRef]

Yang, M.; Zhao, X.; Huo, Y.; Tu, K.-N.; Liu, Y. Comparison between bulk and particle solder alloy on the performance of
low-melting solder joints. J. Mater. Res. Technol. 2023, 24, 71-80. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.matchar.2020.110509
https://doi.org/10.1016/j.matchar.2021.111060
https://doi.org/10.1016/j.jallcom.2012.04.068
https://doi.org/10.1016/j.actamat.2007.11.009
https://doi.org/10.1126/science.1216511
https://doi.org/10.1063/1.4874608
https://doi.org/10.3390/cryst6010012
https://doi.org/10.1016/j.intermet.2016.06.004
https://doi.org/10.1115/1.4045980
https://doi.org/10.3390/ma11112105
https://doi.org/10.1016/j.jmrt.2020.02.040
https://doi.org/10.1016/j.scriptamat.2021.113833
https://doi.org/10.1016/j.ijadhadh.2019.102488
https://doi.org/10.1016/j.msea.2020.139894
https://doi.org/10.1016/j.jmrt.2023.07.098
https://doi.org/10.1016/j.microrel.2023.115002
https://doi.org/10.1016/j.matlet.2023.134087
https://doi.org/10.1021/acsaelm.1c00857
https://doi.org/10.1016/j.jmrt.2023.02.227

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

