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Abstract
A Ag2O-Cu composite filler was adopted as a sintering material between Cu finishes under compres-
sion to achieve the high-speed bonding of dies in an air atmosphere via a cost-effective paste and 
finish process. The commercial Cu particles had an average size of 2 μm, and the synthesized Ag2O 
particles were in the submicrometer range with an average size of 210 nm. The Ag2O particles in the 
paste started decomposing at ∼150 °C, and the liquid-type reductant in the paste effectively reduced 
the oxide layers on the Cu particles as well as the upper and lower Cu finishes during bonding. There-
fore, the in situ-generated active Ag and fresh Cu surfaces enabled significantly rapid sinter bonding 
under 5 MPa compression. Only 30 s of bonding at 300 °C was required to achieve an excellent shear 
strength of 27.8 MPa in the created bond-line, while 90 s of bonding produced a near-full-density 
structure with a strength of 41.9 MPa despite solid-state sintering when the 3:7 (Cu particles:Ag2O 
particles) mixing ratio was used. Well-dispersed Ag2O particles did not create a non-sintered interface 
or form large voids upon outgassing during decomposition. The out-diffused Cu was reoxidized after 
sintering with Ag, forming irregularly dispersed Cu2O shells that remained in the microstructure of the 
full-density bond-line.
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1  Introduction

The wide-scale applications of wide-bandgap semiconduc-
tors (e.g., SiC), including in heat-generating devices and 
high-power light emitting diodes (LEDs), have led to the 
advent of sinter bonding in die-attach technology, replac-
ing soldering [1–6]. In these applications, the temperature is 
significantly elevated in the formed bond-line during opera-
tion, with a possibility of inducing serious reliability issues 
for the bond-line that comprises a low-melting-point metal, 
such as solder [7–9].

Ag is an ideal bond-line metal owing to its high melting 
point (961 °C) and excellent thermal conductivity (406 W/
m∙K) [10]. Additionally, owing to its excellent sintering 
capabilities and oxidation resistance in air, Ag is highly 
preferred as a filler metal in pastes [11, 12]. Moreover, 
the sinterability between Ag particles has been improved 
by adopting nano-sized particles [5, 13–15]. Two research 
directions have been proposed to enhance the effectiveness 
of sinter bonding: compressionless sintering for multiple 
die-attach adhesives in a chamber [1–3, 5] and compres-
sion-assisted increase in the bonding speed for individual 
die-attach adhesives [1, 4–6, 13–16]. The main scope of this 
study falls under the latter direction.

Compression-assisted solid-state sintering using Ag 
nanoparticles generally requires long bonding times. Ide 
et al. reported a high-speed bonding approach, realized 
via 5 MPa-compression sinter bonding for 5 min at 300 °C 
using Ag nanoparticles (average size: 11 nm), achieving a 
high shear strength of ~ 40  MPa [13]; however, shorten-
ing the bonding period remains imperative. In this regard, 
Lee et al. recently suggested the usage of submicron Ag2O 
particle fillers instead of pure Ag, which drastically reduces 
the bonding time [17]. Atom-scale active Ag, that was in 
situ generated through bonding via Ag2O decomposition 
during heating [17–23], presented much better sinterability 
than pure Ag nanoparticles. As a result, a moderate shear 
strength of 21.4 MPa was obtained after a significantly short 
bonding time of 30 s at 200 °C [17]. However, there are still 
issues to be resolved, including the high cost of the 100% 
Ag2O particle filler, the requirement for the fabrication of 
upper and lower Ag finishes by additional electroplating, 
and the development of non-sintered interfaces (e.g., long 
cracks) caused by decomposition-derived outgassing [17].

Here, high-speed die attachment was achieved via sinter 
bonding by using a composite-particle paste containing low-
coat microscale Cu particles and Ag2O particles between the 
Cu finishes. Two effective solvent-type reductants were used 
to enable paste mixing because the surfaces of the added Cu 
particles and Cu finishes were covered with oxide layers. 
The die-attach temperature was adjusted to 300 °C, where 

according to previous reports [24, 25], the bonding between 
the Cu particles and Cu finish becomes the strongest.

2  Materials and methods

The Ag2O filler particles for the sinter-bonding paste were 
synthesized by exchanging a polyethylene glycol vehicle 
in a reported method [26] with deionized (DI) water [17]; 
the Cu particles (CUSP20, JoinM) were purchased. The two 
types of particles were mixed at a weight ratio of 4:6 or 
3:7 (Cu:Ag2O) for 3 min in ethanol (95%, Korea Alcohol 
Industrial Co.) via ultrasonication after stirring at 200 rpm. 
Subsequently, the suspension was dried for 12 h at 25 °C in 
a low-vacuum chamber after decanting.

Using a spatula, approximately 30 wt% of the mixed 
particles was combined with the mixed reductants to create 
the paste. The mixed reductants were prepared at a weight 
ratio of 6:4 with glycerol (C3H8O3, 99%, Daejung Chemical 
& Metals Co.) and a polyol-based solvent (EW-10, Epsilon 
Epowder). The thermal behavior of the paste was examined 
via thermogravimetric and differential thermal analysis (TG-
DTA, DTG-60, Shimadzu) at a heating rate of 20 °C∙min− 1.

Die bonding was performed using a dummy Cu die and 
substrate; the dimensions of the die and substrate were 3 × 3 
and 10 × 10 mm, respectively. The paste was stencil-printed 
onto the substrate by squeezing through a stencil mask with a 
3 × 3 × 0.1 mm slit. Subsequently, the die was aligned on the 
printed pattern. The sandwich-structured sample was placed 
on a self-produced heating chuck and rapidly heated in air to 
300 °C at 30 °C∙s− 1. The sample was compressed at 5 MPa 
immediately after the start of heating for die bonding. The 
bonding time was measured promptly after the compression 
on the upper-side center of the die using a 14-mm diameter 
collet. The mechanical strength of the formed bond-line was 
measured as shearing strength by using a Dage-4000 bond 
tester system (Nordson DAGE). The strength was defined 
as the maximum stress value measured during shearing at 
200 μm∙s− 1. The initial position of the shearing tip was at a 
height of 200 μm from the substrate surface.

The morphologies of the used particles, cross-section 
microstructures of the bond-lines, and fracture surfaces 
after shearing were analyzed through high-resolution scan-
ning electron microscopy (HR-SEM, SU8010, Hitachi). 
The cross-section microstructures and fracture surfaces 
were observed via back-scattered electron (BSE) imaging 
to clearly distinguish the Ag and Cu phases. The fine micro-
structures of both the added Cu particles and neighboring 
bond-lines were examined through transmission electron 
microscopy (TEM, JEM-ARM200F) conducted using a 
cold field-emission electron gun (JEOL Ltd.) operated at an 
acceleration voltage of 200 kV.
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3  Results and Discussion

Figure  1(a) shows the morphologies of the synthesized 
Ag2O particles. Despite their submicrometer size, irregular 
necked shapes were formed and local agglomeration was 
observed; moreover, the particle surfaces were considerably 
smooth. Figure  1(b) shows the commercial Cu particles 
with a ~ 2 μm average size. Despite having slightly irregular 
morphologies, their shapes were pseudo-spherical and their 
surfaces were rough.

Figure  2 shows the TG-DTA results for the fabricated 
3:7 paste. Until 257  °C, accelerated weight loss occurred 
because of the vaporization of the reductant in the paste. 
The main exothermic peak was also observed at 255  °C 
owing to sintering between the particles. Additionally, 
weak endothermic peaks and an exothermic peak were 
observed at 146, 187, and 160 °C, respectively. Consider-
ing that the temperatures were within the weight loss range 
till up to 257  °C, the endothermic peaks were attributed 
to the vaporization of the reductant, while the exothermic 
peak was assigned to the redox reactions occurring in the 
paste, including the decomposition of Ag2O [17]. The pure 
Ag2O particles underwent weight loss by decomposing 
from temperatures exceeding 400 °C [18, 27, 28], while the 
solvent-containing paste underwent thermodynamic decom-
position at much lower temperatures (with the formation of 
an endothermic peak) owing to the presence of carbons and 
hydrogens in the solvent [20, 29]. In a previous study [17], 
the paste containing Ag2O particles and ethylene glycol 

exhibited an endothermic peak at 164  °C. Therefore, the 
different temperatures observed in the TGA results can be 
attributed to the changed paste formulation.

The shear strength as a function of the mixing ratio and 
bonding time, corresponding to sinter bonding at 300 °C at 
a compressive pressure of 5  MPa, is illustrated in Fig.  3. 
For a 4:6 mixing ratio, an extremely short bonding time of 
30 s led to an insufficient shear strength of 10.6 MPa. The 
strength gradually increased as the bonding time increased 
to 180 s, where it reached its maximum value and remained 
there until 300 s. Meanwhile, the 3:7 paste bonded for 30 s 
reached a high strength of 27.8 MPa, which surpassed that of 
the joint soldered using a high-melting-point alloy (Pb-5Sn) 
[30] and that requiring attachment of power device chips 
[31]. The shear strength value further increased to 45.5 MPa 
as the bonding time increased to 150 s, and eventually sat-
urated. The majority of the reported maximum strengths 
upon sinter bonding using Cu particles were < 40 MPa [5]. 
In view of this, the 3:7 paste demonstrated outstandingly 
fast sinter-bondability between low-cost Cu finishes.

Figure  4 displays the cross-sectional bond-line micro-
structures (including that of the Cu finish interface) obtained 
via the BSE mode, following compression-assisted sinter 
bonding at 300  °C, 5  MPa, and different bonding times 
(entire bond-lines are also presented as insets). Figure 4(a) 
displays the bond-line formed in the 4:6 paste after 30  s 
of bonding, in which the in situ-generated Ag upon Ag2O 
decomposition, Ag nanoparticles formed upon Ag atom 
agglomeration, and sintered Ag nanoparticles can be col-
lectively observed. The Ag atoms generated in situ during 

Fig. 2  (a) TG-DTA results of the 
prepared Cu-Ag2O 3:7 paste and 
(b) enlarged curves of the dotted 
region in (a)

 

Fig. 1  (a) Ag2O and (b) Cu par-
ticles used in this study
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The bond-lines sinter-bonded for 60 and 90  s presented a 
porous structure with enhanced density and an improved 
sintering degree, even at the upper and lower interfaces. 
In contrast, an increase in the bonding time to 180 s under 
continuous compression induced significant microstruc-
tural changes in the density of the bond-line, including the 
interface regions. These microstructural characteristics rea-
sonably explain the attained shear strength peak value. An 
increase in the bonding time to 300 s did not induce a notice-
able microstructural change, which corresponded well with 
the saturation behavior of the shear strength. Therefore, 
it was inferred that with the increasing bonding time, the 
microstructural density of the bond-line formed at 300 °C 
and at 5 MPa rapidly increased until reaching full density, at 
which the shear strength was also maximized.

Figure 4(b) shows the magnified BSE bond-line images 
(including the Cu finish interface) with respect to the bond-
ing time when the 3:7 paste was used. Although a porous 

heating rapidly transformed to Ag nanoparticles, between 
which sintering occurred under compression. Some Ag 
nanoparticles were sintered with the upper and lower Cu 
finishes, where the surface oxide layers were removed by 
the mixed reductant [24, 25], which enabled the measure-
ment of the shear strength. However, a porous structure 
with numerous voids was formed, because of outgassing 
and insufficient sintering. The Ag2O particles surrounded by 
carbon and hydrogen atoms in the reductants were reduced 
according to Eq.  (1) [20, 29]. Therefore, the formed CO2 
and H2O escaped from the bond-line, preventing the sinter-
ing between Ag particles. Nevertheless, the outgassing did 
not result in the formation of significant voids in the bond-
line, because the amount of gas per volume was reduced 
when Cu particles were added as opposed to when Ag2O 
particles alone were used in the paste [17].

5Ag2O+C2H4(OH)2 → 10Ag + 2CO2+3H2O� (1)

Fig. 3  Shear strength measured under different particle mixing ratios and bonding times during sinter bonding at 300 °C in air under 5 MPa 
compression
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between the Ag particles, which led to a higher measured 
shear strength value. Consequently, the enhancement in the 
microstructure can effectively explain the higher strength. 
Bonding for 60 s using the 3:7 paste further increased the 

structure was observed over a short bonding time of 30 s, the 
microstructural density and sintering degree in the regions 
near the interface surpassed those of the 60 s-sintered bond-
line in Fig. 4(a). This stemmed from the enhanced sintering 

Fig. 4  Cross-section BSE images 
of the bond-lines with different 
bonding times under sinter-
bonding at 300 °C and 5 MPa 
compression in air using (a) 4:6 
and (b) 3:7 pastes
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The atomic ratios of copper and oxygen atoms indicated that 
the oxide phase was Cu2O. Furthermore, fast Fourier trans-
form (FFT) analysis in the local region of the shell inte-
rior proved again that the shell comprised a polycrystalline 
Cu2O phase (Fig. 8). Thus, the Cu2O shell was inferred to 
have been formed by the oxidation of Cu, which was out-
diffused across the in situ-produced sintered Ag particles on 
the reduced Cu surface under compression at 300 °C [32]. 
Additionally, because of the out-diffusion of Cu, micro-
scopic holes were observed near the unevenly thick sintered 
Ag layer in the leopard-spot-based TEM image [32]. Tiny 
voids were also observed at the Cu2O shell/outer Ag inter-
face, stemming from the imperfect solid-state sintering; 
however, these voids had zero impact on the shear strength, 
as they were much smaller than the interparticle void formed 
during solid-state sintering [4, 6, 13].

The optical and SEM images of the die fracture surface, 
caused by the shear tests, are displayed as a function of the 
particle mixing ratio and bonding time in Fig. 9. All fracture 
modes in the 6:4 paste were determined as mixed mode (▲ 
mark). Although the highest fracture degree occurred within 
the bond-line, partial fracturing was observed at the upper 
Cu finish/bond-line interface (Fig. 9(a)). The BSE images 
of the fracture surface at the bond-line region near the inter-
face are summarized in Fig.  9(b). Considering that Ag is 
the main phase governing the sinter-bonding properties, we 
specifically observed the cover area of the remaining Ag in 
the BSE image. The cover area of the bright grey Ag phase 
showed an upward trend with the increasing bonding time. 
Particularly, the 180 s-sintered sample with the full-density 
bond-line exhibited partially elongated fracture surfaces, as 
well as an abruptly increased cover area.

The 60  s-sintered sample with the 3:7 paste also 
showed mixed-mode fracturing (Fig.  9(c)). In contrast, 
the 180–300 s-sintered samples exhibited a cohesive frac-
turing mode (● mark), indicating that fracturing occurred 
entirely within the bond-line. Furthermore, these samples 
showed a more uniformly distributed elongated Ag frac-
ture surface, whereas local fracturing was observed on the 
60 s-sintered sample (Fig. 9(d)). Also, the observed fracture 

bond-line density. Accordingly, the 90 s-sintered bond-line 
approached a full-density state, while the 180  s-sintered 
bond-line exhibited a definite full-density state. Com-
pared with the 180  s-sintered bond-line of the 4:6 paste 
in Fig.  5(a), the number of tiny voids between Ag grains 
in the 4:6 paste in Fig. 5(b) decreased, while the average 
Ag grain size was large, implying a more intense sinter-
ing state. These differences in the similar full-density state 
of the pastes contributed to the enhanced shear strength. 
Meanwhile, a 300 s-sintered bond-line resulted in a similar 
microstructure with full density, explaining the stagnation 
behavior of the shear strength. These results indicated that 
the high Ag2O content of the 3:7 paste effectively elevated 
the densification speed of a bond-line structure.

To quantitatively confirm the densification degree in 
the bond-line of the 3:7 paste, the porosity of the bond-
lines was measured relative to bonding time (Fig. 6). The 
pores in a cross-section image at ×1500 magnification were 
indexed using a self-production image analysis software 
(insets in Fig. 6), and the porosity was quantitatively calcu-
lated. According to the results, although the porosity of the 
30 s-sintered bond-line was 4.52%, that of its 60 s-sintered 
equivalent decreased to 3.58%. The porosity eventually 
decreased to the near-full density state of only 0.09% after 
90 s of sintering. For reference, the achieved porosity dur-
ing compressive sinter bonding using Cu particles has been 
reported to vary in the range of several % to 10% [5].

Interestingly, the periphery of Cu particles in the full-
density structures exhibited distinctive leopard-like spots, 
as shown in Fig. 7(a). Hence, energy dispersive spectrom-
etry (EDS) elemental mapping images of the spots were 
obtained and analyzed through TEM. The brightest grey 
regions coincided with only the Ag detection map, implying 
the presence of pure Ag phases. Meanwhile, the darkest grey 
shell corresponded to the Cu and O detection maps, while 
only Cu was detected in the blotchy core region. Therefore, 
the darkest grey shell was determined as a copper oxide 
phase, and the core region was confirmed as the polycrys-
talline Cu phase. The quantitative EDS measurement results 
in the P1 and P2 regions (summarized in Fig. 7(b)) further 
verified that the darkest grey shell was a copper oxide phase. 

Fig. 5  Enlarged cross-section 
BSE images of the bond-lines 
sintered for 180 s under 5 MPa 
compression at 300 °C in air 
using (a) 4:6 and (b) 3:7 pastes
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respectively. Further, the outgassing of the Ag2O particles 
in the paste during decomposition eliminated complica-
tions such as a non-sintered interface or the formation of 
long cracks and large voids. After sintering with Ag, the Cu 
particle surfaces were out-diffused and reoxidized, finally 
resulting in the irregular distribution of Cu2O shells with 
core Cu phases in the full-density bond-line. The formed 
Ag-Cu composite bond-line exhibited both excellent ther-
mal conductance and mechanical durability even at high 
temperatures (300 °C).

characteristics corresponded well with the shear strength 
values, with respect to the paste type and bonding time.

4  Conclusions

Rapidly formed bond-lines for mass-produced die attach-
ment was achieved by employing a composite paste con-
taining Ag2O and Cu particles, along with low-cost Cu paste 
and upper/lower Cu finishes, and sinter bonding at 300 °C 
under 5 MPa compression in air. The 210 nm Ag2O particles 
in the paste started to decompose at ∼150 °C, generating in 
situ active Ag nanoparticles for subsequent sintering. Fur-
thermore, the paste contained mixed reductants that effec-
tively eliminated the oxide surfaces on both the Cu particles 
and Cu finishes during bonding. The 3:7 paste (Cu:Ag2O) 
samples sintered for 30 and 90 s both presented bond-line 
microstructures with typical porosity and near-full den-
sity, and achieved a shear strength of 27.8 and 41.9 MPa, 

Fig. 6  Porosities measured in the bond-lines with different bonding times when the sinter-bonding was performed under 5 MPa compression at 
300 °C in air using the 3:7 paste
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Fig. 7  (a) High-magnification cross-section BSE images of the bond-line and EDS elemental mapping images from the TEM work, and (b) EDS 
measurement results at P1 and P2 regions in (a)
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Fig. 8  Low- and high-magnification TEM image and FFT result in the O detection region of Fig. 7
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