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Abstract: With the assistance of Pt-catalyzed formic acid vapor, robust Ag-Cu bonding was realized
at an ultra-low temperature of 160 °C under 3 MPa for 30 min via the sintering of Ag nanoparticles in
situ generated from Ag,O microparticles. The Cu oxide layer at the interface after bonding can be
eliminated, which improves the bond strength and electrical conductivity of the joint. A metallic
bond contact between the sintered Ag and the Cu substrate is obtained without interfacial solid
solution and intermetallic phases, and the shear strength is comparable to previous bonding at a
higher temperature. The bonding mechanisms were figured out by comparing the bonding with and
without the Pt-catalyzed formic acid vapor. This ultra-low temperature Ag-Cu bonding method may
create more flexibilities in the structure design and material selection for power device integration.
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1. Introduction

Wide bandgap semiconductors such as SiC and GaN are becoming very promising for the
high-power and high-temperature devices, which meanwhile brings new requirements on the die
attach materials such as high service temperature, high thermal conductivity, and high reliability [1-5].
Owing to the excellent thermal conductivity and electrical conductivity of Ag, Ag nanoparticles
have been widely investigated as a new die attach material for high-power devices [6-11]. However,
the wide applications of Ag nanoparticles are largely limited by their high cost [12,13]. Owing to the
relative low cost, Cu nanoparticles have been considered as an alternate [14-16]. Nonetheless, Cu is
very easily to be oxidized, leading to the difficulties for storage and sintering [17,18]. Besides, the cost
of Cu nanoparticles is not yet as low as expected.

Another candidate is Ag,O microparticles, which are cheaper than Ag nanoparticles. The reduction
of Ag,O microparticles by reducing solvents can produce lots of Ag nanoparticles, which can be
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employed for the sintering bonding at a low temperature [13,19,20]. Ag,O microparticles have already
been applied for the bonding of Ag and Au. The joint for Ag-Ag and Au-Au bonding by using Ag,O
microparticles has been demonstrated to be very robust with a shear strength higher than 20 MPa at
approximately 250 °C under 2-2.5 MPa [19,20]. Besides, an epitaxial growth of each Ag nanoparticle,
aligning the orientation of the original surface, has been confirmed.

In power electronics packaging, Cu is one of the most commonly used materials for electrodes,
substrates, and lead frames [21]. Although the metallization of Cu by using Ag or Au can improve the
bondability, the bare Cu bonding is meaningful to reduce the cost and simplify the process. In fact,
the bonding of bare Cu using Ag micro/nanoparticles in air is also challenged by the problem of
interfacial oxidation, which weakens the bond strength and degrades the electrical characteristic of the
joint [22]. Some strategies have been proposed that use an inert or reductive gas atmosphere [23,24]
or coat the Cu surface by a single layer of graphene [25] to prevent the Cu surface from oxidation
during the sintering bonding. Compared to the Cu bonding by Ag micro/nanoparticles, the oxidation
problem in the bonding by Ag,O microparticles is more serious, because oxygen can also come
from the decomposition of Ag,O. To no one’s surprise, the Cu bonding using Ag,O microparticles
in previous researches always has a very low bond strength [26]. An interfacial Cu oxide layer
is usually observed [26-28]. Takata et al. [26] demonstrated that polyethylene glycol (PEG) when
used as the reducing solvent can suppress the interfacial oxidation during sintering bonding using
Ag,O microparticles, owing to the residual of PEG at the sintering temperature. However, a higher
bonding temperature (>300 °C), compared to other reducing solvents such as diethylene glycol
(DEG) or triethylene glycol (TEG), is required. A strong Cu bonding via the sintering of Ag,O
microparticles without an interfacial oxide layer has not yet been developed at a low temperature
(<300 °C). Since oxygen can also be generated by the decomposition of Ag,0O, an effective reductive gas
atmosphere is assumed to be necessary. Recently, we have demonstrated that a Pt-catalyzed formic acid
vapor is more effective for the reduction of Cu oxides compared to the normal formic acid vapor, thanks
to the generation of H radicals during catalyzation [29-36]. Its combination with Cu nanoparticles
sintering can realize a low-temperature Cu bonding with a large surface-oxidation tolerance [16,36].

In this work, we report a strong Ag-Cu bonding via the sintering of the Ag nanoparticles in
situ derived from Ag,O microparticles at an ultra-low temperature of 160 °C. This new ultra-low
temperature Ag-Cu bonding method sheds light on new opportunities in the structural design and
material selection for power device integration.

2. Experimental

Oxygen-free Cu cylinders with a diameter of 10 mm and a height of 4 mm are used as the Cu
specimens for bonding. SiC chips with a size of 6 mm X 6 mm X 0.35 mm cut from a 4-inch SiC wafer
were prepared as the dummy device. The bonding side of SiC chips was deposited with 100 nm Ti and
700 nm Ag by sputtering. Ag-Cu bonding was studied in this work, since Ag is widely used as the
electrodes for current devices. Before bonding, both the Cu surface and Ag surface were cleaned in
acetone, ethanol, and citric acid in an ultrasonic cleaner.

Commercial Ag,O microparticles (Shanghai Puwei Applied Materials Technology Co., Ltd.,
Shanghai, China) with a nominal size of approximately 1 um, as shown in Figure 1, were mixed
with ethylene glycol (EG) to form a paste that is suitable for coating, which consists of 40 wt. %
EG and 60 wt. % Ag,O. Thermogravimetric—differential thermal analysis (TG-DTA) was employed
to investigate the thermal characteristic of the Ag,O paste in a flowing N, gas at a heating rate of
10 °C/min. The TG-DTA of the Ag,O microparticles was also analyzed for comparison. To further
support the TG-DTA analysis, the microstructure change and decomposition transformation of the
Ag,0O paste after heating at 150 °C for 3 min were verified by scanning electron microscopy (SEM,
JEOL JSM-7800F, JEOL Ltd., Tokyo, Japan) and X-ray diffraction (XRD, Bruker D8-ADVANCE, Bruker
Corporation, Baltimore, MD, USA), respectively.
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Figure 1. SEM image of Ag,O microparticles.

The prepared Ag,O paste was coated on the copper substrate, followed by mounting the SiC chip.
The assembled sample is firstly preheated at 150 °C for 5 min and then bonded at 160 °C for 10 min,
20 min, and 30 min with a heating rate of 1 °C/s in a flowing N, gas with or without the Pt-catalyzed
formic acid vapor, respectively. Prior to the preheating, a pressure of 3 MPa is applied, followed by the
feed of Pt-catalyzed formic acid vapor. The H radicals in the Pt-catalyzed formic acid vapor and the
remaining formic acid vapor after catalyzation are expected to avoid or reduce the Cu oxides at the
interface. The bond strength was measured by a shear strength tester (TRY Precision MFM 1200, Rui
Yin (HK) Co., Limited, Hongkong, China) at a speed of 50 um/s. For every condition, 3-5 samples were
tested. The fracture surfaces after shear test were characterized by SEM and energy-dispersive X-ray
spectroscopy (EDS) to investigate the fracture behavior. To inspect the microstructure of the sintered
layer by SEM, the bonded samples were firstly mechanically cut and then polished by an ion beam.
To further investigate the bond interface between sintered Ag and Cu substrate, a focused ion beam
(FIB, NVision 40, Zeiss, Oberkochen, Germany) was employed to slice the bonding interface, which
was then observed using a scanning transmission electron microscope (STEM, JEOL 2010, JEOL Ltd.,
Tokyo, Japan) equipped with an EDS. For all of the cross-sectional interface observations, the central
part of the bonded sample was employed. In order to further confirm the effect of the Pt-catalyzed
formic acid vapor, two Cu specimens coated with Ag,O paste were heated at 160 °C for 30 min in a
flowing N, gas with or without the formic acid vapor, respectively. After removal of the sintered layer,
X-ray photoelectron spectroscopy (XPS, Thermo escalab 250XI, Thermo Fisher Scientific Inc., Waltham,
MA, USA) equipped with a monochromatic Al X-ray radiation source (1486.6 eV) was used to inspect
the surface chemical differences between the two Cu specimens. The adsorbed adventitious carbon (C
1s,284.8 eV) was used as a reference for the calibration of binding energy.

3. Results and Discussion

The TG-DTA results of the Ag,O paste and Ag,O microparticles were compared in Figure 2.
As shown in Figure 2a, a violently exothermic reaction between EG and Ag,O microparticles can
happen at a temperature as low as approximately 150 °C. As a comparison, the decomposition of
Ag>O microparticles is very slow at a low temperature unless the temperature is higher than 350 °C.
According to the weight loss presented in the TG curve, we can assume that all of the Ag,O has
transformed into Ag together with the removal of EG at approximately 150 °C. Figure 3 shows the
XRD results of the Ag,O paste sintered at 150 °C for 3 min in a flowing N, gas with or without the
formic acid vapor. It can be seen that both of the sintered Ag,O pastes have become Ag without the
residuals of AgyO. The microstructures of two kinds of sintered Ag,O paste were further investigated
by SEM, which is shown in Figure 4. Both of them have a typical structure of sintered Ag nanoparticles,
which indicates the in situ generation of Ag nanoparticles from Ag,O reduction. It seems the structure
sintered without the formic acid has more clear sintered Ag necks compared to that sintered with
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formic acid. One reasonable reason is that the Pt-catalyzed formic acid vapor is helpful for the Ag
sintering via reducing the oxygen concentration by its strong reductivity [29-35].
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Figure 2. Thermogravimetric-differential thermal analysis (TG/DTA) analysis results of (a) the Ag,O
powder and (b) the Ag,O paste with a heating rate of 10 °C/min in flowing N, gas.
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Figure 3. XRD patterns of the Ag,O paste sintered at 150 °C for 3 min in a flowing N, gas with or
without the Pt-catalyzed formic acid vapor. Ag,O was used as a reference.
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Figure 4. SEM images of the Ag,O paste sintered at 150 °C for 3 min in a flowing N gas (a) with and
(b) without the Pt-catalyzed formic acid vapor.

In accordance of the thermal characteristic of Ag,O paste, the bonding was determined to be
carried outat 160 °C. The shear strengths of the bonding with or without formic acid vapor are compared
in Figure 5. Several previous researches of Ag-Cu or Cu-Cu bonding via Ag,O microparticles, Ag
nanoparticles, or Ag hybrid particles (nano, submicro, and micro) in different atmospheres (air, Ny,
and 4% Hj/Nj) at a temperature higher than 250 °C are referred for comparison [23,24,26]. The bonding
with the formic acid vapor for 10 min can have an average shear strength as high as approximately
22.8 MPa, which is much higher than that of without the formic acid vapor (approximately 1.1 MPa)
and comparable to other bonding via Ag particles at high temperature [23,24]. The increase of bonding
time to 20 min brings a slight improvement of shear strength, and there is almost no changes when the
bonding time increases to 30 min (approximately 25.7 MPa). For the bonding without the formic acid
vapor, the prolonging of the bonding time can remarkably increase the bond strength, but the bonding
is still much weaker than that with the formic acid vapor. The further following analyses will focus on
the bonding for 30 min, since the bonding without the formic acid vapor can also produce a relatively
strong joint.

The fracture surfaces of the Cu substrate side from the samples bonded at 160 °C for 30 min were
characterized by SEM to understand the fracture behavior, as shown in Figure 6. Figure 6a,b shows the
fractures that happened in the sintered Ag layer. The fracture of the sample with the formic acid vapor,
as shown in Figure 6a, has clear ductile fracture traces. As a comparison, the fracture of the sample
bonded without the formic acid vapor, as shown in Figure 6b, has far fewer ductile fracture traces,
which agrees well with the shear strength result. Figure 6¢,d shows that the typical fractures happened
at the interface between the sintered Ag layer and the Cu substrate. The corresponding EDS mappings
are shown in Figure 6e,f. Obvious differences can be found between the samples bonded with and
without the formic acid vapor. For the sample bonded with the formic acid vapor, both unsintered Ag
nanoparticles and the sintered Ag with a ductile fracture can be observed on the Cu surface, as shown
in Figure 6¢. The sintered Ag with a ductile fracture reveals that there is a strong bonding between the
sintered Ag and the Cu substrate. On the contrary, for the sample bonded without the formic acid
vapor, a number of unsintered fine Ag nanoparticles can be found in Figure 6d. Besides, the Cu surface
without the formic acid vapor become much rougher than that with the formic acid vapor, which is
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probably caused by a serious oxidation of the Cu surface [37]. This indicates that the Cu surface oxides
can be reduced by the formic acid vapor during the sintering bonding, which should contribute to
improving the bond strength of the interface between the sintered Ag and the Cu substrate.
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Figure 5. Shear strength of the Ag-Cubonding at 160 °C under 3 MPa for 10 min, 20 min, and 30 min with
and without the formic acid vapor. The referred strength results of the joints bonded at temperatures
higher than 250 °C are from the literature [23,24,26].
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Figure 6. Fracture surfaces of the Cu substrate side from the samples bonded at 160 °C for 30 min.
(a,c): sample bonded with the formic acid vapor; (b,d): sample bonded without the formic acid vapor;
(a,b): fractures occurred in the sintered Ag layer; (c,d): fractures occurred at the interface between
the sintered Ag layer and the Cu substrate; (e,f) are the energy-dispersive X-ray spectroscopy (EDS)
mapping corresponding to (c,d), respectively. Red and green represent Cu and Ag, respectively.
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The interfacial microstructures of the samples bonded at 160 °C for 30 min with or without
the formic acid vapor were further inspected by cross-section observation, as shown in Figure 7.
Agreeing well with the results of shear strength and fracture observation, the sintered structure of the
sample bonded with the formic acid vapor is indeed much denser than that without the formic acid
vapor, which further demonstrates that the formic acid vapor is beneficial for the sintering of Ag,O
microparticles. In the sintered layer of the sample without the formic acid vapor, there are still lots
of visible nanoparticles, which indicates a poor sintering. Although this sintered layer seems much
more loose than that in Figure 4a, we consider them to be consistent. In the case of sintering-bonding
under pressure, where there should have been a slower out-diffusion of the oxygen-containing gas,
the oxygen content at the interfacial layer became much higher, leading to a poor sintering with a
loose structure.

Figure 7. Cross-sectional SEM images of the interfacial microstructure of the sample bonded at 160 °C
for 30 min (a) with and (b) without formic acid vapor.

Figure 8 shows the TEM images of a local interface between the sintered Ag and the Cu substrate
with and without the formic acid treatment. As shown in Figure 8a, the bonding with the formic acid
vapor achieved an interface of Ag-Cu without an interfacial oxide layer. Figure 8b,c are the fast Fourier
transform (FFT) images corresponding to the two square areas in Figure 8a. At this location, the (220)
lattice of the Ag is approximately parallel to the (111) lattice of the Cu. Besides, the interface has an
approximately 5 nm-wide intermediate distorted layer with many dislocations (mainly in the Ag side).
The origin of this interfacial distortion is considered to be the lattice mismatch between Ag and Cu
(Ag: 4.086 A versus Cu: 3.615 A). One may also doubt whether the distorted layer is caused by the
interdiffusion between Ag and Cu. The diffusion length d can be simply evaluated by d = V2Dt [38].
Here, D is the diffusion coefficient, which is given by the Arrhenius equation D = Dy exp(—Q /RT),
Dy is an oscillator factor, Q is the activation energy of diffusion, R is the gas constant, and T is the
temperature in Kelvin. The activation energy of diffusion for Ag into Cu is 46.6 kcal mol™!, whereas
that of Cu in Ag is 46.1 kcal mol~1; Dg”87C was 0.61 cm? s71, and Dy A8 was 1.23 ecm? s~ [39].
At 160 °C, D487 was 1.93 X 107 em? 57! and D"~48 was 6.97 X 107 em? s™1. The diffusion
lengths of Ag in Cu and Cu in Ag were estimated to be 8.34 x 107* and 1.58 x 1073 nm, respectively,
which are neglectable. Thus, an Ag-Cu metallic bond contact without an interfacial solid solution and
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an intermetallic compound at the interface can be confirmed, which is in conjunction with the lattice
structure and Ag-Cu phase diagram [40]. For the bonding without the formic acid treatment, CuO
formed adjacent to the sintered Ag, as shown in Figure 8d, which demonstrates the serious oxidation
of the Cu surface. Figure 8e,f are the FFT images corresponding to the two square areas in Figure 8d.
The distance of the (020) lattice of sintered Ag adjacent to the bonding interface has a variation and
is not exactly the same as the typical values, which may be due to the unperfect crystallization at a
restricted environment (CuO heterosurface and high oxygen concentration).

Figure 8. Scanning transmission electron microscope (STEM) image of a local interface between the
sintered Ag and the Cu substrate: (a) with and (d) without formic acid treatment. (b,c) are the fast
Fourier transform (FFT) images corresponding to the squared areas in (a), and (e f) are the FFT images
corresponding to the squared areas in (d). The bonding time is 30 min.

Figure 9 illustrates the analysis results of XPS. As shown in Figure 9a,b, respectively, the
deconvoluted spectra of Cu 2Pz, and Cu LMM further confirmed that the formation of CuO on the Cu
substrate was caused by the decomposition of Ag,O under N, environment. On the contrary, no CuO
was generated with the Pt-catalyzed formic acid, which further demonstrated the reduction ability
of the Pt-catalyzed formic acid vapor. The appearance of the Cu,O/Cu(OH), peak is caused by the
surface exposure to air during sample preparation.



Metals 2020, 10, 315 9of11

Cu(OH),—! !
With formic acid ]

Intensity (a.u.)
Intensity (a.u.)

Without formic acid

948 944 940 936 932 928 578 576 574 572 570 568 566
Binding Energy (eV) Binding Energy (eV)

Figure 9. XPS spectra of the Cu surfaces after removal of the sintered Ag layer: (a) Cu2ps, and (b)
Cu LMM.

4. Conclusions

In summary, we achieved a strong sintering bonding of Ag-Cu at an ultra-low temperature of
160 °C under 3 MPa via the Ag nanoparticles in situ derived from Ag,O microparticles with the
assistance of the Pt-catalyzed formic acid vapor. The bonding for 10 min can achieve an average shear
strength of approximately 22.8 MPa and it achieves an interface of a metallic bond of Ag-Cu free of Cu
oxide layer, solid-solution, and intermetallic phases. By comparison with the bonding without the
Pt-catalyzed formic acid vapor, the reduction ability of the Pt-catalyzed formic acid vapor is proved to
be helpful for the sintering of Ag,O microparticles and the removal of the interfacial Cu oxide layer
between the sintered Ag and the Cu substrate. This ultra-low temperature Ag-Cu bonding sheds light
on new opportunities for the structure design and material selection in power device packaging.
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