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Abstract

In this study, the characteristics of growing an intermetallic compound(IMC) layer at solder joint in photovoltaic (PV) rib-
bon solder joint were investigated through the thermal ageing test. Also, the growth rate of IMC in the ribbon solder joint,
which depend on the temperature and time, was predicted through the ageing test. That the ageing test were performed
under three different conditions: 90 °C, 120 °C and 150 °C. Also, we prepare the two type solder composition(60Sn40Pb,
62Sn2Ag36Pb) to analyze Ag addition effect in solder to forming IMC layer. Following testing, the IMC layer formed Ag;Sn
in Ag sintered layer by Sn diffusion phenomena at high temperature. The thickness of Ag;Sn in solder joint was measured by
cross-section images during the thermal ageing test. The Ag;Sn IMC layer was filled in sintered Ag layer in 70 h under the
harshest conditions of 150 °C and 750 h at 120 °C. The Ag,Sn thicknesses were calculated to activation energies forming
IMC layer in solder joints. The results, the Ag;Sn growth rates under the various temperatures were predicted for long-term
reliability of PV modules.
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been growing rapidly. Photovoltaic (PV) modules generally
consist of many solar cells that are connected to supply a
required terminal voltage and current rating. In the field,
solar arrays exhibit faults such as their power output being
less than the sum of the output power of the constituent solar
cells [19]. This drop in power has been attributed to solar
ribbon disconnects [4, 15, 17, 18, 20], thermal loading [25],
EVA yellowing [26, 27] and other defects. Among the poten-
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1 Introduction

The generation of power from renewable sources has been
expected to bridge the gap between global power demands
and the current supply of power. Direct conversion technolo-
gies based on solar photovoltaics possess several positive
attributes and appear to be very promising [1, 2, 5, 11, 21,
28, 30]. Photovoltaic industries and related research have
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tial source of defects, the intermetallic compound (IMC)
layer in solar ribbon solder joints has contributed to seri-
ous damage with regard to PV modules. Because the IMCs
exhibit low toughness and brittle mechanical behavior, solar
ribbon solder joints are weak to external forces. Damage
due to cracks and solar ribbon disconnection play a crucial
role with regard to the reliability and electrical performance
of PV modules. Also, the formed IMCs within solder joint
interfaces the affect increasing of series resistance, and the
increased series resistance could be degrade the electric per-
formance of PV modules [3, 14]. IMCs form in solder joints
due to diffusion processes when PV modules are exposed to
high temperatures. IMCs form within solder joints due to
interfacial reactions between the Cu/solder and solder/Ag
interface. During the packaging of microelectronics, studies
have investigated interfacial reactions between Cu pads/sol-
der [13, 32]. However, solar ribbon solder joints bonded onto
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sintered Ag possess porous structures and exhibit different
tendencies from microelectronic systems with regard to
interfacial mechanisms and composition. Within microelec-
tronics packaging, electrical connections between solder and
Ag electrodes are not recommended for long-term applica-
tions due to Ag leaching phenomena [16]. For these atomic
diffusions and forming IMCs layer, the various method have
being tested. PV ribbon solder joints should thus be evalu-
ated by various tests for long-term reliability. We focused on
solder properties about addition materials such as Ag. The
added Ag in SnPb solder could make the fine solder grain
size, it also cause the reinforcement mechanical properties
of solder joints.

In this study, solar ribbon solder joints were tested for
analyze Ag;Sn suppression effect by added of silver (Ag).
The solar ribbon joints were bonded by SnPb and SnAgPb
solders, and exposed to high temperatures, the formation
and growth of Ag;Sn via diffusion in the solder-sintered Ag
interface was investigated to analyze thermal degradation
within the PV module. Additionally, activation energies with
regard to the growth and formation of Ag;Sn were calculated
by measuring the growth gradient of Ag;Sn via temperature
test levels. The growth rates of Ag;Sn in various temperature
within solder joint were predicted for secure the long-term
reliability of PV module.

2 Experiments

Mini PV modules, which were used to construct a PV mod-
ule array, were manufactured to facilitate in dealing with
thermal aging as shown in Fig. 1. To manufacture the mini
PV modules, solar ribbons were bonded to the front elec-
trodes of mono-crystalline silicon wafers that were 238.95
in area; the wafers were indurated to yield the following
device layer structure: back sheet/ethylene vinyl acetate
(EVA)/wafer/EVA/glass through a lamination process. The
lamination process was performed at 150 °C, with 360 s
spent under vacuum, 30 s under pressure and 540 s of curing.
Two different compositions of solder were used for the tab-
bing process, which bonded the solar ribbon to the sintered
Ag front electrodes. One solder composition consisted of
60Sn40Pb, while the other was 62Sn2Ag36Pb, which were
supplemented with tin (Sn) and lead (Pb) leaching defects.
Recently, Pb will be regulating by restriction of the use of
Hazardous Substances in EEE(RoHS) in EU, it have been
still used widely in industries. In this study, the basic SnPb
systems were considered for analyze Ag addition effect. The
addition of 2% silver (Ag) to the Sn—Pb solder had the effect
of controlling the tin (Sn) and lead (Pb) leaching phenom-
enon in solder during thermal aging while also enhancing its
mechanical properties [7, 24]. Two different solder composi-
tions were selected as shown in Table 1.
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Fig. 1 Specimen shape

Table 1 Solar ribbon specification

Solder composition (wt%) Ribbon thick-  Melting
ness (mm) point
O
A-type 60Sn40Pb 0.2 188
B-type 62Sn2Ag36Pb 0.2 179

The general PV module ribbon solder joint is a sand-
wich structure consisting of the following layers: solder/
copper (Cu) core/solder/sintered silver (Ag)/silicon (Si)
wafer. A thermal aging test was performed to analyze ther-
mal degradation effects such as solid-state diffusion, coars-
ening and metallography changes with regard to the PV
ribbon solder joints. Thermal aging was performed by fol-
lowing the JESD22-A103C test method with various test
levels (A condition: 90 °C, B condition: 120 °C, G condi-
tion: 150 °C) within a 1000-h period. The thermal aging
testing conditions were selected to be higher than 85 °C
because the Ag;Sn intermetallic compounds (IMC) would
be activated and would grow rapidly at 85 °C or higher
[9, 22]. After thermal aging, the PV ribbon solder joint
was cut, mounted in epoxy resin, and polished to yield
clear cross-sectional images. These images were obtained
via optical microscopy and scanning electron microscopy
(SEM); the thickness of the Ag;Sn IMC was measured via
energy dispersive X-ray (EDX) spectrometry.
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Fig.2 The graph of growth of Ag;Sn

3 Results and discussion

In this study, Sn diffusion phenomena [8, 10] was veri-
fied; the Ag;Sn IMC was formed via Sn diffusion from
the solder and sintered Ag interface toward the inside of
the sintered Ag layer when the PV ribbon solder joint was
exposed to high temperatures. The Ag;Sn microstructure
exhibited spheroidized and needle-like structures [6, 12,
23], yielding implications with regard to strengthening
mechanisms as dislocations climbed over the Ag;Sn parti-
cles [29]. Joints with small spherical Ag;Sn particles were
stronger than those exhibiting needle-shapes. However, the
Ag;Sn layer would become weak due to thermal fatigue
and cracks from coarsening phenomena when grown at
the solder interface [31]. The growth of Ag;Sn should
thus be analyzed to ensure the reliability of PV modules
exposed to high temperatures. Figure 2 presents the growth
rate of Ag;Sn over time, according to the temperature
condition. The two solder compositions, 60Sn40Pb and
62Sn2Ag36Pb, exhibited a similar tendency with regard
to Ag;Sn growth. The Ag;Sn IMC layer was observed to
grow toward the sintered Ag until reaching a thickness of
18 um, which was the thickness of the sintered Ag layer,
over 70 h under the harshest test conditions (150 °C). At
120 °C, the Ag;Sn IMC layer was observed to grow toward
the sintered Ag (18um) in 750 h. Ag;Sn IMC growth was
slow at 90 °C, growing to 4.35 um in the SnPb solder joint
and 4.05 um in the SAP solder joint after 1000 h. Ag,;Sn
growth images at 120 °C can be seen in Figs. 3 and 4.

The Ag;Sn IMC growth rate was similar regardless of
solder composition (SnPb, SAP) for all test conditions
(90 °C, 120 °C, 150 °C). The results thus showed the addi-
tion of 2% silver (Ag) hardened the mechanical properties
of solder, but had no effect with regard to suppressing tin
(Sn) diffusion and controlling IMC growth at the solder
and sintered Ag interface.

The activation energy of Ag,Sn growth was subsequently
calculated using the IMC growth rate data, which was
obtained in this study. The results showed that the growth
of Ag,;Sn IMC was both time- and temperature-dependent.
The growth thickness was proportional to time, while the
growth rate depended on temperature. Also, the IMC layers
were believed to be sufficiently thick and it was assumed that
control over growth kinetics of the IMC layer thickness was
solely via diffusion [9, 24]. We substitute Eq. (1), which was
a modified Arrhenius equation. Y represents the diffusion
product, Y, is the initial diffusion product, and t is time:

Y=Y, + VDt (0

Y, is the initial thickness of Ag;Sn and D is the diffusion
coefficient to form Ag;Sn, which is time-dependent. Equa-
tion (2) was obtained by modifying Eq. (1) to be a function
of the diffusion coefficient (D):

D = Dye¥, @)

D, is a temperature-independent constant, Q is the activa-
tion energy for diffusion, R is a gas constant, and T is the
absolute temperature. To calculate Q, the natural logarithm
of Eq. (2) was taken to yield Eq. (3):

Q1
InD=1In D0E<T>. 3)
Equation (3) consists of In D as a dependent variable with
a linear form and 1/T as an independent variable. The activa-
tion energy could be calculated as a gradient from a recipro-
cal of the temperature and diffusion coefficient (D). In this
study, the activation energies for SnPb and SAP solder were
calculated to be 85.85 kJ/mol and 81.24 kJ/mol, respectively.
The activation energies were similar regardless of solder
composition because the addition of 2 wt% silver (Ag) did
not suppress the diffusion of tin (Sn) in solder (Fig. 5).
When the PV module was exposed to heat, the duration
at which the Ag;Sn layer was observed to grow until reach-
ing a thickness of 18 um in the sintered Ag of the PV rib-
bon solder joint, was predicted from the calculated activa-
tion energy value in this study. The experimental values of
the IMC growth rates at all temperatures (150 °C, 120 °C,
90 °C) were assumed to be linear for ease of analysis; trend
lines for each temperature were derived from the experi-
mental data with natural logarithm substitution. The pre-
diction value (time), which was the growth of Ag;Sn in
sintered Ag, was calculated from the trend lines shown in
Figs. 6 and 7. It was thus predicted that the time required for
Ag;Sn to fill the sintered Ag was 24 h (1 day) when expos-
ing the PV ribbon solder joint to a temperature of 180 °C,
238 h (10 days) at 135 °C, 1482 h (62 days) at 105 °C, and
42,754 (1781 days) hours at 60 °C for the SnPb solder joint.
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Fig.3 Micrographs showing
the microstructural evolution
of SnPb/sintered Ag metalliza-
tion with cross-sectional BSE
images and corresponding EDX
mapping images after aging at
120 °C
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Fig.4 Micrographs showing
the microstructural evolution

of SAP/sintered Ag metalliza-
tion with cross-sectional BSE
images and corresponding EDX
mapping images after aging at
120 °C
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Fig.5 Activation energy of Ag;Sn
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Fig.6 Prediction of Ag;Sn thickness at various temperatures for the
SnPb solder joint

With regard to the SAP solder joint, the time required for
the Ag;Sn layer to fill the sintered Ag was 24 h at 180 °C,
229 h (10 days) at 135 °C, 1531 h (64 days) at 105 °C, and
50,176 h (2090 days) at 60 °C.

4 Conclusion
In this study, thermal aging tests were performed over a
period of 1000 h at three different temperatures (150 °C,

120 °C, and 90 °C) to analyze the growth characteris-
tics of an Ag;Sn intermetallic compound (IMC) layer in

@ Springer KE;E
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Fig.7 Prediction of Ag;Sn thickness at various test temperatures for
the SAP solder joint

photovoltaic ribbon solder joints. The tested solder compo-
sitions were 60Sn40Pb and 62Sn2Ag36Pb. After testing,
activation energies were calculated from the thickness and
growth rates of the Ag;Sn IMC, with the following conclu-
sions being drawn:

1. The Ag;Sn IMC was formed via tin (Sn) diffusion from
the solder toward sintered silver (Ag) with a porous
structure, which filled the sintered Ag over time. The
Ag;Sn IMC was filled in 70 h under the harshest condi-
tions of 150 °C and 750 h at 120 °C. However, the IMC
grew until reaching 4.35 um in the SnPb solder joint and
4.05 um in the SAP solder joint at 90 °C.

2. The activation energies were calculated to be 85.85 kJ/
mol and 81.24 kJ/mol for SnPb and SAP solder, respec-
tively.

3. The addition of 2 wt% Ag yielded a hardening effect
with regard to the mechanical properties, but did not
affect suppression of the Ag;Sn IMC. The two different
solder joints exhibited similar tendencies during Sn dif-
fusion and Ag;Sn IMC growth.

4. The Ag;Sn growth rate within sintered Ag was steep at
higher temperature(above 120 °C), was gradual at lower
temperature below the 90 °C.

Future studies on degradation related to IMCs and ther-
mal effects should be performed. Also, the correlations
between Ag;Sn IMC and efficiency of PV module must be
investigated to ensure the reliability of PV ribbon solder
joints.
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