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Abstract—With the popularization of wide band-gap power
modules in offshore wind power systems and water surface
photovoltaic power stations, packaging materials face challenges
of corrosion by salt, blended with high humidity. Copper-silver
(Cu-Ag) composite sintered paste was proposed by researchers as
a novel die-attach material for a lower cost and anti-
electromigration ability. However, the potential difference
between copper and silver forms galvanic corrosion in a high-
humidity environment, resulting in accelerated failure combined
with salt mist. To further promote the application of composite
sintered materials, a copper-silver double-sphere galvanic
corrosion model based on finite element simulation was proposed
in this paper. The relationship between corrosion rate and time of
different Cu-Ag particle size combinations under different

sintering degrees was predicted by initial exchange current density.

Through the electrochemical characterization of the sintered
samples, the optimal combination of materials was further
discussed. The accuracy of the model was also verified. The
conclusions obtained from both the experiments and simulation
work provide guidance for future anti-corrosion analysis, as well
as the reliability improvement of novel composite sintered
materials.

Keywords—die-attach material; power electronic packaging;
FEM simulation; galvanic corrosion

1. INTRODUCTION

With the increasing application of wide band-gap
semiconductor devices in multiple application fields, higher
requirements are put forward for the corresponding electronic
packaging materials[1-3]. As a representative commercial die-
attach material, sintered silver is suitable for high frequency,
high temperature, and high power applications[4]. However,
silver is prone to electrochemical migration under the harsh

service environment of high humidity, which has a negative
impact on the reliability of devices, especially for offshore wind
power systems and water surface photovoltaic power stations|[5,
6]. Hence, novel solutions such as copper-silver(Cu-Ag)
composite sintered paste have been introduced[7].

Cu-Ag composite joints, compared to pure silver joints, have
similar shear strength, better electromigration resistance, and
cheaper cost[8]. However, the potential difference between
copper and silver forms galvanic corrosion that leads to rapid
failures of devices, especially under high-humidity
environments[9]. At present, great efforts have been devoted to
improving the shear strength and electrical conductivity of such
sintered materials, while the research on electrochemical
corrosion has not received enough attention[7, 8]. Hence, an
investigation is needed to study the specific electrochemical
corrosion process of Cu-Ag composite sintered materials to
further improve the overall reliability of power modules, thus
promoting practical applications.

In this work, we proposed a galvanic corrosion model to
promote the electrochemical corrosion research of Cu-Ag
composite sintered materials. The model is a double-sphere
model established by finite element simulation in COMSOL
Multiphysics 5.6 software. Through the simulation calculation
of different copper-silver particle size groups in sodium chloride
solution (simulated seawater), the relationship between
corrosion rate and time of copper-silver, in combination with
different densification degrees, was investigated. Then, three
kinds of Cu-Ag particle size combinations were prepared by the
pressureless sintering process. The model was verified by the
experimental data of electrochemical tests of samples immersed
in sodium chloride (NaCl) solution for 28 days. At the same time,
combining the test results with the Arrhenius formula, the
explanation, and verification of the corrosion rate difference on
kinetic were further explored. Such work was intended to
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accelerate the development of new composite sintered materials
and provide a theoretical basis and guidance for the selection of
raw material particle size of high-reliable Cu-Ag composite
sintered materials.

II. SIMULATION MODEL DESCRIPTION

The relationship between the sintering degree and particle
size combination of copper-silver blend particles and the
corrosion rate was set and calculated by the finite element
method. During the sintering process, the two metal particles
start to contact and then form a sintering neck. Due to the
different particle size matching and densification degrees, the
potential difference of copper-silver contact formation and the
distribution of surface electric field and current density are
different. Therefore, the tolerance to corrosion also varies. To
study the effect of different contact conditions on the corrosion
rate of Cu-Ag composite sintered materials, a double-sphere
model was first established to simulate the contact of two metals
after sintering. Then, the corrosion module in COMSOL
Multiphysics 5.6 software was applied. The open circuit voltage
and exchange current density data measured in sodium chloride
solution of copper and silver sintered materials were introduced
respectively to establish the initial electric field distribution and
current density vector distribution. Finally, the variation of the
maximum corrosion rate of the material with time during the 10-
day corrosion process was further derived.

The geometric design of the sintering system and meshing
are shown in Figure 1, with the main parameters of the model
shown in Table 1. In the simulation, the right side was set as a
copper particle with a fixed diameter of 500 nm. The left side
was set to be a silver particle with a diameter of 300 nm, 500 nm,
and 800 nm respectively, to simulate the contact of different
particle sizes, as shown in Figure 2. In the simulation work, in
order to pay attention to the influence of particle size
combination and contact degree between particles on the
corrosion rate, the plastic deformation around the sintering neck
was ignored.

NaCl (aq)

Silver
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Figure 1. Schematic of the geometrical model.
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Figure 2. The schematic diagram of the sintering connection of different Cu-
Ag particle size combinations: the model of (a) Rqiner,>Reoppers (b)
Riitver, 7= Reopper; () Riitver, s5<Reopper

TABLE L. THE MAIN PARAMETERS OF THE MODEL
Parameter Value
Recopper 250 nm
Riitver,1 400 nm
Riitver.2 250 nm
Ritver3 150 nm
Electrical C(;I;illllg(t)i;/ity of NaCl 5S/m

The difference in sintering degree was simulated by
adjusting the distance between the two particle centers. The
radius of the two spheres was Rcopper and Rginer, respectively,
where the value of Rcopper Was fixed. The distance from the center
of the copper and silver particles to the contact surface was x and
», respectively. The diameter of the sintering neck was 2d, and
its geometric relationship can be expressed as Equation (1).

2 2
d2: Rsilver -yzchopper _x2 (1)
Since the size of the copper particle size was fixed, the value of
X/Reopper Was applied to uniformly represent the degree of
sintering. In addition, y can be expressed as:

v=yRu” (R’ =) @)

Equation (2) was utilized for geometric position calculation
when Ryiner was determined in the corresponding modeling
process.

III. SIMULATION RESULTS

A. Comparison of different degrees of sintering (x/Rcopper )

Different sintering processes (temperature, pressure, time)
lead to different degrees of sintering connection. Therefore,
different x/Rcopper values (0.94, 0.92, 0.90, 0.88) were set to
describe the sintering neck formed by different sintering degrees
in the simulation. The smaller the value of x/Rcopper, the better
the degree of densification of sintering.
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Figure 3 exhibited the results of the relationship between
maximum corrosion rate and time (<10 days) of three groups of
Cu-Ag sintered bodies with different particle size combinations.
The results showed that when the diameter of the silver particle
was 800 nm (Fig. 3(a)), the initial maximum corrosion rate was
about 10 nm/day, and the corrosion rate grew slightly with the
decline of the x/Rcopper Value. In addition, the prediction results
of different densification degrees illustrated that the corrosion
rate showed a significant upward trend with the immersion time.
When the diameter of the silver particle was consistent with that
of copper (Fig. 3(b)), the initial maximum corrosion rate was
5.76 nm/day, which was independent of the x/Rcopper Value.
However, with the corrosion time prolonged, the sample group
with higher sintering densification showed a relatively faster
corrosion rate. Interestingly, when the silver particle size was
smaller than copper (300 nm), as shown in Figure 3(c), the initial
maximum corrosion rate dropped to about 2.3 nm/day. The

corrosion rate decreased with the rose of the densification degree.

Meanwhile, the growth rate of the maximum corrosion rate was
almost consistent over time.

B. Comparison of different particle size combinations

According to the simulation results in the previous section,
the influence of different sintering degrees on the maximum
corrosion rate was less than that caused by particle size change.
Hence, to further explore the reasons for the maximum corrosion
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Figure 3. The results of the relationship between maximum corrosion rate and
time: () Ryiner, /=400 nm; (b) Riiper,2=250 nm; (¢) Ryiner,5=150 nm.

rate changes over time brought by different particle size
combinations, we fixed the sintering degree (x/Rcopper) as 0.92
and obtained the simulation results of the electrolyte potential
and current density vector distribution of the three groups of
particle size combinations at initial and after 10 days of
corrosion, as shown in Figure 4.

With the decrease in silver particle size, the corrosion degree
of copper on the right declined gradually. The potential
difference and current density on the surface were more
concentrated on smaller particles. Therefore, the smaller the
copper particles are relative to the silver particles, the greater the
change in the electric potential on the surface of the copper
particles and the greater the current density, leading to the
intensification of corrosion. It is worth mentioning that the
corrosion degree of Cu-Ag contact in group Ag300/Cu500 was
slighter compared to group Ag800/Cu500 and Ag500/Cu500.
According to the potential distribution diagram, it was
speculated that the relative potential of the sintered neck near the
contact position was the lowest. Hence, with the shrinkage of
silver particle size, the copper near the surface of the Cu-Ag
sintered neck exhibited anti-corrosion behavior due to the ability
of fewer electrons lost.

Overall, the difference in corrosion rate was caused by the
discrepancy in the potential distribution and current density
formed after the two particles come into contact. This
conclusion also explained the change in corrosion rate caused by
different sintering degrees (The phenomena in Figure 3): The
current lines mainly concentrated on the surface of smaller
particles, and with the increase of sintering degree, the current
density value was further enhanced. Since the smaller initial
particle size of silver particles in Ag300/CuS00 compared to
copper, the initial current density was concentrated on the
surface of silver rather than copper. Therefore, the corrosion rate
of copper showed a completely opposite trend with the change
of densification degree, compared with Ag800/Cu500 and
Ag500/Cu500 samples.
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(a) Ag800/Cu500

10 days

‘550 ! ! "es0

s 10 day

Figure 4. The simulation results of the electrolyte potential ( left column/ V')
and current density vector distribution ( right column / Asm? ) of the three
groups of particle size combinations at initial and after 10 days of corrosion: (a)
Riinver, =400 nmy; (b) Ryiner, =250 nmy; () Ryiner,5=150 nm.

IV. VALIDATION

To verify the above simulation results, three groups of
copper-silver composite sintering pastes were configured
corresponding to the simulation parameter settings. The sintered
samples were first prepared under a pressure-less sintering
process, then immersed in imitated seawater environment for 28
days for actual corrosion tests. Finally, the sample
characterization test data were analyzed to further discuss the
accuracy of the model and the mechanism of corrosion reaction.
The detailed experimental verification process was as follows:

A. Materials and samples

Commercialized copper powder (mean diameter 500 nm)
and silver powders (mean diameter 800nm, 500nm, and 300nm,
respectively) were selected for the preparation of Cu-Ag
composite sintered pastes, as shown in Figure 5.

Each paste consists of silver powder (43wt%), copper
powder (43wt%), and solvent (14wt%). The solvent included
polyethylene glycol and terpineol. After homogenization, the
sintered samples were fabricated through stencil printing and
pressure-less sintering in the oven, as shown in Figure 6. The
sintering temperature was 250°C and the time was 90 minutes.
Flexible polyimide (PI, thickness 0.15mm) was selected as the
substrate to facilitate the stripping of the sintered samples.

| e
O @le's
s ( Qo

(

_f‘r‘/". ) oy ChpS
Figure 5. SEM photos of copper and silver particles: (a) Copper powder with

an average diameter of 500 nm; Silver powder with average diameters of (b)
800 nm, (c) 500 nm, and (d) 300 nm.

(a) .
Cger SI?Q, Py Pnlﬂ \‘75\”:-»»«:

Solvent particles particles
Pressure-less Bl taciical
Sintering lectrochemical
.
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dispersion measurement
‘ ; Scapdfyy>.
~> ke
Sl printing 4 S
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(b)

Figure 6. (a) Schematic diagram of sample preparation; (b) Photos of the
prepared pastes
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The scanning electron microscope (SEM, Zeiss) photos of
sintered samples were presented in Figure 7, which proved the
contact between Cu-Ag particles in each group of samples after
sintering.

After preparing the sintered samples, three groups of
composite sintered materials were immersed in 3.5wt% NaCl
solution to simulate corrosion in a seawater environment. To
observe significant corrosion differences, the samples were
etched at room temperature for a total of 28 days. X-Ray
Diffraction (XRD, BRUKER) using Cu K, radiation (A=0.15418
nm) was utilized to characterize the corrosion products. The
results were shown in Figure 8, indicating that the main
corrosion products were copper oxides. The phases of silver
oxide and silver chloride were not found, indicating that copper
corrodes first in NaCl solution when Cu and Ag were in contact.

Figure 7. SEM photos of sintered samples before corrosion: (a) Ag800/Cu500;
(b) Ag500/Cu500; (c) Ag300/Cu500.

— Ag300/Cu500
¢ Cu
* * Ag
¥ Cu0O/Cu0,

Intensity (a.u.)

20 (degree)

Figure 8. The result of XRD of sample Ag300/Cu500 after soaking in NaCl
solution for 28 days

B. Electrochemical measurement

To characterize the changes of samples before and after
immersing in 3.5wt% NaCl solution for 4 weeks, polarization

curve measurements and electrochemical impedance
spectroscopy  (EIS) were operated on the EC-Lab
electrochemical ~ workstation (Biologic VSP-3e). The

polarization curves were tested from -0.4 V to 0.3 V (vs. SSCE),
under a scan rate of 120 mV/min. The frequency range of the

EIS test was scanned from 10! to 10° Hz with a disturbance
amplitude of 5 mV.

a) Polarization curve measurements: Figure 9 displayed the
polarization curves of the sintered samples in NaCl solution
before and after being exposed for 28 days. The corresponding
values calculated from the polarization curves are listed in Table
2, including anodic and cathodic Tafel slope (fa and pc),
corrosion potentials (Ec.-), and corrosion current densities (Zcor).
It is obliviously that the E.,.-of the three samples at initial states
were almost identical, while the /.. increased with the increase
of the diameter of silver in the sintered body, which was exactly
consistent with the trend of potential distribution and current
density in the simulation results. After 4 weeks, the Eco»
reduction of sample Ag800/Cu500 was much larger than that

(@)

| 0 Day

Lg(|Current|//mA)

Ag 800/Cu 500
——Ag 500/Cu 500
——Ag 300/Cu 500

—0.10 —0.05 0.00 0.05 0.10 0.15 0.20
Potential(V)/ SSCE

Lg(|Current//mA)

---Ag 800/Cu 500
~-=--Ag 500/Cu 500
—-=--Ag 300/Cu 500

L

1
—0.15 —0.10 —0.05 0.00 0.05 0.10 0.15 020
Potential (V)/ SSCE

Figure 9. The polarization curves of the sintered samples in NaCl solution
before and after corrosion for 28 days
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TABLE II. THE CHARACTERISTIC PARAMETERS OBTAINED BY POLARIZATION CURVES IN FIGURE 9.

Sl Corrosion time B, Leorr, a 8. Leorne Ey Ecorr Leorr

(days) (mA) (mA) \2 (\%} (mA)
Ag800/Cu500 0 0.073873 0.62783 -0.071251 0.63437 0.035000 0.035376 0.63103
Ag800/Cu500 28 0.066347 0.53234 -0.061018 0.57947 -0.061700 -0.059004 0.55442
Ag500/Cu500 0 0.076994 0.55134 -0.073863 0.54842 0.034100 0.033900 0.54991
Ag500/Cu500 28 0.090394 0.18217 -0.054284 0.11981 -0.033200 -0.04712 0.15567
Ag300/Cu500 0 0.074650 0.38827 -0.087021 0.40193 0.033900 0.035289 0.39556
Ag300/Cu500 28 0.097286 0.36771 -0.053284 0.35824 -0.016200 -0.015302 0.36157

of sample Ag300/Cu500, revealing that the sample with
smaller silver particles had a significant advantage in corrosion
resistance, corresponding with the predicted trend of the finite
element simulation in Section [II. It is worth mentioning that
the /.. showed a downward trend after corrosion, and the /..
of sample AgS500/Cu500 decreased most obviously. We
speculated that this phenomenon is due to the accumulation of
corrosion products (oxides of copper) with low conductivity on

the surface, conducted the decrease of corrosion rate in kinetics.

b) Variable temperature EIS measurements: To further
illustrate the difference in the corrosion resistance of the three
kinds of Cu-Ag composite sintered samples, we studied the EIS
curves of the initial samples at a series of temperatures of 303,

(a) s

® Ag800/Cu500
® Ag500/Cu500
Ag300/Cu500

0 : . : T
3.0 3.1 3.2 33
1000 T (K™
(b) 15
1.22051
12
~ 09
>
<
=i 0.61975
03772
03

00

Ag800/CuS00 Ag500/Cus00 Ag300/CuS00

Figure 10. (a) Arrhenius plots of R, values and (b) the activation energy for 3
kinds of Cu-Ag composite sintered samples.

313, 323, and 333 K by measuring the energy barrier (E,). Then
based on the Arrhenius equation, the E, of each sample was
obtained by fitting the R, values, as shown in Figure 10(a). The
E, values of the three samples are given in Figure 10(b). The
Ag300/Cu500 sample has the highest E, value (1.22 eV,
compared to 0.62 eV for Ag500/Cu500 and 0.38 eV for
Ag800/Cu500), indicating that it has the best corrosion
resistance under the same test conditions, which are also
consistent with the simulation results.

According to the actual experimental results, the simulation
results in this work are in agreement with the initial stage of
corrosion, and the prediction of corrosion resistance is also
accurate. However, with the extension of time, the deviation still
existed in the prediction of corrosion current. Therefore, the
simulation model still needs to be further improved, such as
considering the influence of corrosion product generated on the
surface on the corrosion rate. Further work will be combined
with a detailed analysis of corrosion products to optimize the
model.

V. CONCLUSIONS

In this work, a two-sphere galvanic corrosion model of Cu-
Ag composite sintered materials based on FEM was introduced.
Through adjusting the contact degree and particle size
combination between the Cu and Ag particles, the maximum
corrosion rates of the two particles under different sintering
conditions were obtained. Different corrosion rates were
analyzed with the simulated potential distribution and the
current density vector distribution. The pressureless sintered
samples prepared in the laboratory were corroded in 3.5wt%
NaCl solution and characterized by SEM, XRD, and
electrochemical workstation. The model was verified with the
actual measured data.

The results demonstrated that the E., was consistent for all
samples at the beginning. It has been found that the .o
decreased with the decrease of silver particle size at the early
stage of corrosion, which agreed with the simulation results.
After 4 weeks of exposure to 3.5wt% NaCl solution, the
reduction of E.,. in accordance with the particle size of silver,
indicating that the Ag300/Cu500 combination is more resistant
to corrosion in such an environment. It was also consistent with
the trend of the simulation results. However, the corrosion
current density decreased with the corrosion time. Such a
phenomenon was contrary to the trend of the simulations and
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was probably caused by the accumulation of corrosion products
such as copper oxide on the surface.

In summary, the models based on copper-silver blend
particles have potential applications in sintered material
analysis for corrosion, which provided information with
different degrees of sintering densification. These are of great
significance to the development of new products and the
improvement of the reliability of power semiconductor
packaging.
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