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ABSTRACT: The temperature sensitivity of new solar cell technologies forces to use solder alloys with lower melting 
temperatures for interconnection [1].Our study explores the dynamics of intermetallic phase growth and microhardness 
in Sn42Bi58 solder joints applied to low-temperature silver metallization on silicon heterojunction (SHJ) solar cells. 
Through rigorous experimentation and analysis, a comprehension of the influence of these factors on the mechanical 
and material properties of the solder joint is achieved. Microstructural changes in Sn42Bi58 solder compared to 
conventional tin-lead solder are investigated through microscopy of cross sections, revealing enlarged intermetallic 
particles and phase boundary growth. These changes, attributed to lower homologous temperature of the low-melting 
solder, are expected to negatively impact the mechanical strength of the solder joint. For the intermetallic phase Ag3Sn 
simulations predict a potential layer thickness of 20 µm after 25 years SHJ module operation. Our results show that the 
Ag3Sn phase has a significant impact to the microhardness. Following the aging process, the nano hardness of the low-
temperature Ag metallization experiences a twofold increase, shifting from 660 ± 53 N/mm² to 1367 ± 411 N/mm². 
This strengthening is primarily attributed to the prevailing influence of the Ag3Sn intermetallic phase. 
Keywords: Lead-free soldering, intermetallic compounds, microhardness, interconnection, long-term stability 

 
1 INTRODUCTION 

Research on low-temperature soldering is important to 
realize the industrialization of lead-free Photovoltaic-
modules (PV modules) and the interconnection of 
temperature sensitive high efficiency cell technologies 
(e.g., tandem solar cells). Both will be highly relevant for 
the PV industry in the near future. The progress in solar 
cell architecture to more efficient solar cells [2] leads to an 
adaptation of the conventional backend processes (i.e., 
metallization and interconnection) in PV module 
manufacturing as the maximum soldering temperature has 
to be reduced to avoid damaging the solar cells. In turns, 
this means switching to alternative solder alloys with a 
lower melting point than the current standard Sn60Pb40 
with Tm ≈ 183-190 °C. 

However, due to the fact that PV is still excluded from 
the current European RoHS (Restriction of Hazardous 
Substances) regulations [3], Pb-containing solder is still 
dominant due to its good performance and low price. For 
general low-temperature (LT) soldering processes as e.g., 
in microelectronics, several LT solder alloys could be 
used. For soldering in PV, the restrictions (i.e., material 
compatibility with solar cell, long-term stability, costs 
etc.) drastically reduce the possible choice of LT alloy. To 
lower the melting point and to decrease the soldering 
temperature, either one of the elements Sn, In, Bi or Ga 
has to be used [4]. In PV, the most well-known low-
melting solder alloy is the eutectic tin-bismuth alloy 
(Sn42Bi58). It has been under investigation by research 
and industry in the past decades [5–8]. 

SnBi solder has some advantages in terms of 
processability (relevant physical properties e.g., melting 
point) and human and environmental acceptability (e.g., 
toxicity). A comparison of the conventional tin-lead solder 
with the lead-free alternative regarding the most relevant 
criteria for low-temperature soldering is shown in 
Figure 1. The dominant solder alloy of current PV 
modules Sn60Pb40 contains 40 %wt lead, which sums up 
to about 8-10 g/m2 lead per full-size solar module [9, 10]. 
Lead is considered hazardous to health and environment 
and is included in the category of RoHS-restricted 
materials for electrical and electronic equipment [3]. In 
fact, it is only a question of time until this restriction will 
also cover PV products so that Sn60Pb40 has to be 

substituted by alternative Pb-free solder alloys. In general, 
Sn42Bi58 has no known harmful properties compared to 
Sn60Pb40 solder, making it friendlier to the environment 
and health. Compared to tin-lead solder, bismuth-based 
alloys have a lower electrical conductivity and a higher 
tendency for oxidation during soldering, which leads to 
reduced wettability. Sn42Bi58 is a promising and cost-
effective alternative solder alloy for the industry, but 
research in this area is not yet complete and more 
understanding is needed in terms of fundamentals and 
long-term behavior of the solder. 
 
 

Figure 1: Overview of important criteria (melting point, 
electrical conductivity according to IACS, toxicity, price 
and wetting behavior) for the application of the most 
prominent solder alloys in PV: Sn60Pb40 and the lead-free 
alternative Sn42Bi58. The further out the alloy is located 
on the respective axis, the more suitable it is for low-
temperature interconnection for Si solar cells. Data taken 
from [11–15]. 
 
2 THEORETICAL BACKROUND 
 
2.1 Solder joint of silicon solar cells 
 Solder joints of Si solar cells have an important task as 
they mechanically and electrically contact the cell’s 
electrodes for collection of the generated current. This is 
achieved by establishing a reliable connection between the 
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cell ribbon and the metallization of the solar cell (see 
Figure 2).  
 

 
Figure 2: Microscopic image (cross section) showing the 
solder joint with Sn60Pb40 solder and Cu-ribbon on LT 
Ag metallization of an SHJ solar cell. The formation of the 
intermetallic phase Ag3Sn (highlighted by black dashed 
line) implies successful wetting and solder joint formation.
 
 To achieve a large contacted area between solder and 
metallization, sufficient and continuous wetting of the 
busbars by the solder is necessary (see chapter 2.2). 
Additionally, the proportion of non-electrically conductive 
areas, such as cracks and voids (e.g., air inclusions), 
should be minimized. Considering that the module is 
subjected to various thermomechanical and mechanical 
stresses, the solder joint should exhibit stability against 
these loads.  
 The quality and design of solder joints have a 
significant impact on several aspects, including 
mechanical stress during string production, transport of the 
electric current of photoconversion and long-term stability 
of the photovoltaic module. Cases of coarsening of the 
solder and fatigue cracks in the solder joint have been 
reported for photovoltaic modules that have been exposed 
to outdoor conditions for an extended period of 
time  [16, 17]. 
 Therefore, fundamental understanding of solder joints 
as well as detailed analysis is evident to evaluate 
modifications such as the solder coating of the ribbons, in 
order to ensure the continued stability of the solder joints. 
 
2.2 Intermetallic compounds 
 As mentioned in chapter 2.1, contact formation 
between the cell ribbon and the busbar is essential for the 
power output of the PV module. This process is known as 
joining. According to DIN 8580, this involves the joining 
of two or more components or materials (here: cell ribbon 
and metallization) with a formless solid (here: solder) [18]. 
 In PV, mostly infrared soldering is used with solder-
coated Cu ribbons (see Figure 2). Due to the soldering 
temperatures during the process, atomic exchange 
processes lead to interatomic diffusion at the interfaces 
between Cu ribbon and solder and between solder and 
metallization, resulting in the formation of diffusion 
zones. As a result, solid solutions and/or intermetallic 
compounds/phases (IMC) can form at this interface. The 
formation of these phases depends on factors such as the 
mutual solubility of the materials, the crystal structures of 
the materials to be joined and the temperatures prevailing 
during the soldering and the subsequent cooling process. 

The existence of a diffusion zone is a prerequisite for 
forming a reliable electrical contact. 
 When joining Sn- and Ag-containing components, an 
IMC of Sn-Ag-phases is formed at the interface. 
According to the binary phase diagram (see Figure 3), this 
phase consists of 75 %at Ag and 25 %at Sn (Ag3Sn) and is 
stable at room temperature. On conventional Si solar cells, 
this phase can be found at the interface between the Ag 
metallization and the Sn-containing solder (see Figure 4).  
 

 
Figure 3: Binary tin-silver phase diagram. The 
intermetallic phase Ag3Sn is highlighted in orange. 
Adopted from [11]. 
 

 
Figure 4: Analysis to identify Ag3Sn in the solder joint, 
shown for a lead-free joint. Left: SEM image and EDX 
mapping of the solder joint. Right: EDX line scan across 
the interface solder/metallization. 
 
 With this intermetallic phase being part of the solder 
joint, the mechanical as well as electrical properties of the 
joint change. When the solder joint is in operation and 
exposed to various environmental influences (e.g., high 
outdoor temperatures and temperature changes), a change 
in the microstructure of the solder joints is expected, which 
consequently changes the properties of the solder joint. 
The thickness as well as hardness of the IMC is an 
important parameter for the quality of the whole solder 
joint. The growth behavior of various IMC under 
isothermal aging has already attracted much attention in 
other electronic fields [19, 20] as well as in PV [5, 21–24]. 
Studies have also shown that the failure mechanisms of 
solder joints are often associated with the presence and 
growth of intermetallic compounds at the substrate-solder 
interface [25–27]. IMCs often exhibit very high hardness 
and lower electrical conductivity due to their complex 
crystal structure, among other factors. As a result, an 
increase of the thickness of this layer would lead to 
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embrittlement of the solder joint and crack initiation or 
propagation. 
 The understanding of the microstructure of the solder 
joint and especially of the IMC as well as its effect on the 
stability of PV modules is currently not entirely developed 
and needs more investigations. 
 
2.3 Modelling the growth characteristics of IMCs 
 In the joint of the solar cell, there is a special solid-
state diffusion process between the Sn in the solder and the 
Ag in a metallization. Since it is not a pure metal-metal 
diffusion, describing this diffusion is complex. Therefore, 
for the subsequent calculations, a simple approximation 
with a known solution of Fick's law is chosen in the first 
step. This approach has already been used in other studies 
investigating intermetallic phase growth [23, 26, 28]. 
 The growth behavior of the intermetallic layer Ag3Sn 
during solid state aging can be described by the diffusion 
of Sn and Ag atoms to each other. As the thickness of the 
IMC layer increases over time, the flux of atoms during 
diffusion decreases. This behavior can be represented by 
the parabolic time law (Eq. 1). The equation can be 
interpreted as a special one-dimensional solution of the 
second Fick's law, where x2 is defined as the mean square 
diffusion distance of the atoms over the time t [29]. For all 
following calculations, it is assumed that the root of the 
mean square diffusion distance x2 is equal to the 
intermetallic layer thickness x. By transforming the 
equation, the obtained relationship for the thickness x of 
the intermetallic phase is achieved: 
 

𝑥ଶ = 2𝐷𝑡 Eq. 1 
  

𝑥 = √2𝐷𝑡 Eq. 2 
 
 The Arrhenius relationship, given in Eq. 3, describes 
the temperature-dependent behavior of the diffusion 
coefficient D in materials [29, 30]. It states that the 
diffusion coefficient is exponentially proportional to the 
reciprocal of temperature T, where an increase in 
temperature leads to an acceleration of diffusion 
processes: 
 

𝐷 = 𝐷଴𝑒ି
ொ

ோ்  Eq. 3 

 
 The equation involves the diffusion constant as a 
thermally independent constant D0, activation energy Q, 
the gas constant R and the absolute temperature T as 
components, expressing the temperature dependence of 
diffusion behavior. D0 and Q are material-specific 
constants, both depending on the considered diffusion 
mechanism and system. Combining Eqs. 2 and 3 leads to 
Eq. 4:  
 

𝑥 = ට2 𝐷଴𝑒ି
ொ

ோ்  𝑡 Eq. 4 

  
 To determine the activation energy Q, the Eq. 4 is 
linearized through the application of the natural logarithm, 
leading to the formulation of Eq. 5: 
   

ln(𝑥) =
1

2
ln(2𝐷଴𝑡) −

𝑄

2𝑅

1

𝑇
 Eq. 5 

       
By simplifying the function ln(x) with respect to 1/T, a 
linear relationship between Q and R is obtained, which is 

characterized by the slope labeled "a": 
 

𝑄 = −2𝑎𝑅 Eq. 6 
 
 There are two possible approaches for calculating the 
diffusion constant D0: For the first option, the relation ln x 
and 1/T is used as already done for the calculation of the 
activation energy (Eq. 6). 
 The second approach uses the Eq. 2 and the relation 
x ~ t1/2. The slope a* of this equation allows to calculate 
the diffusion coefficient, resulting in the diffusion constant 
using the Arrhenius relationship (Eq. 3):  
 

𝐷଴ =
𝐷

𝒆ି
ொ

ோ்

=
𝑎∗

ଶ

𝒆ି
ொ

ோ்

 Eq. 7 

 
 Since the first approach generates a large error, the 
second approach (Eq. 7) is used for the calculations in this 
work. 
 
 Utilizing these two quantities, it becomes possible to 
forecast the increase in layer thicknesses at various 
temperatures and durations as by Eq. 4. This equation can 
also be employed to infer aging parameters, including time 
and temperature, to achieve a specific layer thickness: 
 

𝑡 =
𝑥ଶ

2 ⋅ 𝐷଴ ⋅ 𝑒ି 
ொ

ோ்

 

 

Eq. 8 

𝑇 =
𝑄

𝑅
⋅

1

ln(𝐷଴𝑡) − 2 ln(𝑥)
 Eq. 9 

 
 These calculations allow to estimate the growth of the 
Ag3Sn intermetallic phase and to investigate the relevance 
of the influence of the phase on the module stability. The 
aim is to predict the changes of critical phases in the solder 
joint between Cu ribbon and solar cell over the lifetime of 
a PV module and to study its impact. 
 
3 MATERIALS AND METHODS 
 
3.1 Materials 
 Using a screen-printing process, the metallization is 
realized at Fraunhofer ISE PV-TEC laboratory in a five 
busbar (BB) layout on the front and rear side, with a 
constant BB width of 0.8 mm on industrial silicon 
heterojunction wafer (M6, n-type, Cz-Si, textured, 
bifacial). Table 1 lists the cell ribbons used for the 
interconnection of the SHJ solar cells. 
 
Table I: Compilation of the used cell ribbons with their 
respective geometric and material-specific properties. 
Leaded Solder (Reference) 
Cu ribbon (0.90 × 0.22 mm2) coated with 20-25 µm 
Sn60Pb40 (near-eutectic, Tm: 183-190 °C) 
Lead-Free Solder 
Cu ribbon (0.90 × 0.22 mm2) coated with 15-25 µm 
Sn42Bi58 (eutectic, Tm: 139 °C) 
 
3.2 Solar cell interconnection 

Soldering is realized on a manual laboratory setup to 
be more flexible for process parameter and material 
variations. We used manual soldering with a solder iron 
supported by heating plates for preheating of the solar 
cells, using the following set-temperatures: 
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- Sn60Pb40: Preheating 120 °C, Soldering 240 °C 
- Sn42Bi58: Preheating 100 °C, Soldering 180 °C 

Prior to soldering, a conventional no-clean flux with a low 
solid content is applied locally to the solar cell busbars to 
facilitate the reduction of oxides and support wetting. 

 
3.3 Metallography  

For the evaluation of the solder joint microstructure, 
metallographic cross sections are prepared out of the 
soldered SHJ solar cells. After laser cutting of small pieces 
along the soldered busbar, the samples are embedded into 
epoxy resin and polished perpendicular to the cross section 
of the Cu ribbon.  
 
3.4 Isothermal aging  

To comprehend the metallurgical behavior within the 
solder joints, we conduct isothermal aging experiments to 
assess how microstructural changes evolve concerning 
temperature and time. The aging process is conducted in an 
atmospheric air-drying oven, exposing prepared samples to 
aging at 65 °C, 85 °C, 105 °C and 125 °C for a total duration 
of 168 hours (7 days). Isothermal aging is performed 
similarly to the standard DIN EN 60068-2-2, a norm for a 
dry heat test method [31]. Optical microscopy images are 
captured in the initial state and at specific time intervals 
(24 h, 96 h, 168 h). 

 
3.5 Characterization of microstructure  

Both scanning electron microscopy (SEM) and energy 
diffractive X-ray (EDX) spectroscopy are employed to 
analyze the samples in their initial state and after 168 hours. 
These techniques provide comprehensive insights into 
diffusion zones and IMC formation at the joints' interfaces. 
 
 

Figure 5: Optical microscope image of a solder joint 
(cross section view) after hardness measurement using 
nanoindentation [32]. The hardness indentations of the 
Berkovich pyramid in the solder are clearly visible. Due to 
the higher hardness of the other solder joint components, 
the indents in the Cu ribbon, the Ag metallization and the 
Si wafer are hard to identify in the image.   

 
Resulting images will provide the basis for thickness 

measurements of the IMC for the calculation of the growth 
parameters given in chapter 2.3. In addition, an 
instrumented indentation test in the nano range according to 
DIN EN ISO 14577-1 [32] is employed to determine the 
microhardness in the solder joint. The hardness 
measurements were performed at Fraunhofer Institute for 
Mechanics of Materials (IWM). Multiple indentations are 

created per cross section sample using a standardized 
Berkovich diamond tip with an applied force of 2 mN and a 
dwell time of 10 s to ascertain the hardness values. To 
achieve this, a grid (50 × 70 µm) with 5 × 9 indentations was 
defined to cover each phase within the solder joint (see 
example in Figure 5).  

 
4 RESULTS AND DISCUSSION 
 
4.1 Evaluation of microstructural changes after isothermal 
aging 
 As grain coarsening and IMC growth primarily result 
from diffusion processes, which are significantly 
temperature-dependent, it's reasonable to investigate these 
phenomena exclusively through isothermal aging 
experiments. External factors like humidity are negligible 
and have no impact on the quantitative outcomes of our 
study. Specifically, comprehending the growth kinetics of 
IMCs and deriving practically applicable model 
parameters necessitates systematic aging experiments 
conducted at various isothermal temperature. 
 At each time interval and at specific aging 
temperatures, the thickness of the IMC layer is measured 
using an optical microscope. In Figure 6, the resulting IMC 
layer thickness x, determined by 20 measurements per 
cross section, is plotted against the square root of time t1/2. 
Note that the chosen approach from Eq. 2 correlates well 
with the results. A linear regression is necessary to read 
out the y-axis intercept c according to Eq. 7, the diffusion 
constants D0 for the Ag3Sn phase can then be calculated 
using "c".  

 
Figure 6: The plots represent the growth of the Ag3Sn 
phase in the bismuth-containing (top) and lead-
containing (bottom) solder joints and the linear fit of 
each temperature. The layer thickness x is plotted over 
the square root of time t1/2. Note that different scaling is 
applied to each diagram for clarity. 
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Figure 7: Microscopic images (cross sections) showing 
joints on SHJ solar cells with soldered ribbons (blue: lead-
free solder, red: leaded solder) in the initial state, at 65 °C, 
85 °C, 105 °C and 125 °C after 168 h aging in atmospheric 
air. After aging, the intermetallic phase Ag3Sn (in white) 
grows into the Ag metallization, which is a consequence 
of the diffusion of Sn from Sn42Bi58 and Sn60Pb40 
solder.  
 

 The analysis of the cross section by microscopy 
reveals a different microstructure and aging behavior of 
Bi-containing solder joints compared to conventional Pb-
containing solder joints (see Figure 7). For both, Sn 
diffusion into the Ag metallization is observed, forming 
the IMC Ag3Sn at the interface. Due to the lower melting 
point of SnBi and an increased atom mobility within the 
crystal lattice, the Sn diffusion is more pronounced within 
the SnBi solder joint [33–36]. The Sn atoms at the 
interface diffuse into the metallization to form the Ag3Sn 
phase. As a result, the Bi-rich phases remaining at the 
interface come together to form larger grains, similar to the 
process of Ostwald ripening [35].The closer the aging 
temperature to the melting point of the respective solder 
alloy, the stronger becomes the diffusion velocities in the 
crystal lattice due to the increasing homologous 
temperature.  
 The plots in Figure 8 show the natural logarithm of the 
Ag3Sn layer thickness x plotted against 1/T for the three 
different aging times. From the arithmetic mean of the 
three fits, the activation energy Q can be determined in 
accordance with Eq. 6. from whose slope a and intercept c 
(intersection with y-axis), the activation energy Q can be 
determined in analogy to Eq. 6. 
 

 

 
 
Figure 8: Arrhenius plots of Ag3Sn IMC growth in both
solder alloys for different aging times. The natural 
logarithm of IMC phase thickness ln(x-x0) is plotted over 
the inverse of the temperature 1/T.  
 

As explained in chapter 2.3, the diffusion constant D0 
is calculated using the slope a of the diagrams in Figure 6. 
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The mean value of all 4 temperature graphs is calculated 
and listed in Table II. 

 
Table II: Activation energies Q and diffusion coefficients 
D0 resulting from the slope and the ordinate intercept of 
the data plotted in Figure 7, using Equations 6 & 7.  

 
The calculated values for Q and D0 clearly illustrate 

why there is a stronger growth of the Ag3Sn phase in the 
Sn42Bi58 solder. With increasing temperature, a higher 
activation energy leads to a steeper rise in the diffusion 
coefficient D, considering the Arrhenius relationship from 
Eq. 3. Furthermore, from the comparison of the activation 
energy of the two solders, it can be interpreted that there is 
a correlation with the Sn content in the solder. The lead-
containing solder has a higher Sn content (60 %wt) in 
comparison to the bismuth-containing solder (42 %wt). 
Since only Sn contributes to the formation of the Ag3Sn 
phase, it is logical that a higher Sn content in the solder 
lowers the energy barrier for the formation of this 
intermetallic phase, as more Sn is available for diffusion 
[26]. However, the Sn60Pb40 solder still exhibits slower 
phase growth, as its homologous temperature (for 125 °C: 
Sn60Pb40 0.87-0.89 and Sn42Bi58 0.97) is higher than 
that of the lead-free, low-temperature solder. This factor 
also significantly influences the growth rate. Based on the 
measured layer thicknesses and the resulting calculated 
material properties, a trend towards almost 5-fold stronger 
growth of the intermetallic phase in the Sn42Bi58 solder 
on this low-temperature metallization can be observed. 

For both solder alloys, a growth of the Ag3Sn phase is 
observed, which is driven by the segregation of the base 
materials. This process is based on the effort to reduce the 
total energy in the system and to establish an equilibrium 
[37]. Looking into the alloy phase diagrams (not shown 
here), it is obvious that the respective elements have a very 
low solubility (for the temperature range used here) in each 
other, resulting in precipitates/phases which subsequently 
agglomerate into lager grains to reduce the surface energy. 
As a result, the increase of Bi-rich grains can lead to a 
reduction in fatigue strength, ending in a lower resilience 
to mechanical stress, during the lifetime of photovoltaic 
modules. Additionally, the dominance of grain coarsening 
as a failure mode in solder joints was a significant 
reliability issue in electronics [38, 39]]. This phenomenon 
was clearly associated with fatigue cracking in PV 
modules after extended outdoor exposure [16, 40–42].  
 
4.2 Modeling of Ag3Sn intermetallic phase growth  
 Utilizing these material attributes, it becomes feasible 
to predict the phase growth under the specified reliability 
test conditions, which are commonly employed for the 
certification of PV modules. An established and important 
test for heat exposure is the damp heat test according to 
IEC 61215:2021 [43]. For 1000 h, the specimens are aged 
in the simulation at a constant temperature of 85 °C under 
85 % relative humidity. Based on Eq. 4, the calculated 
results are shown in Figure 9, illustrating that the Ag3Sn 
phase in low-melting solders, such as Sn42Bi58, is 
expected to grow excessively up to 12 µm layer 
thickness x after 1000 h at 85 °C. Note that the influence 
of the humidity is neglected here. Based on the calculated 

material parameters, the leaded solder joint would reach a 
thickness of about 4 µm after 1000 h damp heat test, ~1/3 
of the phase thickness in the lead-free solder. It should be 
noted that in the simulations, there is no upper limit for the 
layer thickness of intermetallic phases. However, under 
real conditions, growth is constrained by the thickness of 
the metallization. Additionally, the depletion of Sn in the 
solder layer also leads to a slowdown of Sn diffusion 
towards the Ag metallization. 
 

 
Figure 9: Simulated phase growth of Ag3Sn over a 
duration of 1000 hours at 85 °C, reproducing the 
temperature conditions of the damp heat tests as defined in 
IEC 61215:2021 [43]. 
 
 Usually, manufacturers provide a 25-year warranty on 
their PV modules. Using the numerical simulations and the 
corresponding calculations, the growth of the Ag3Sn phase 
in LT metallization over 25 years was determined (see 
Figure 10). For this purpose, an annual average ambient 
temperature in Germany of 10.5 °C (2022) [44] and an 
initial layer thickness of x0 = 0.5 µm after interconnection 
are assumed. It turns out that the IMC reaches a layer 
thickness of ~ 11 µm for the low-melting solder (blue line 
in Figure 10). The thickness for the conventional tin-lead 
solder is ~ 7.8 µm. 
 

 
Figure 10: Simulated phase growth of Ag3Sn over a 
duration of 25 years at 10.5 °C with an initial layer 
thickness of x0 = 0.5 µm.  
 
 Nevertheless, the simulation misses validation by 
comparison with experimentally measured IMC growth 
after long-term exposure to humid heat, thermal cycling or 
extended outdoor conditions, which will be addressed in 
future work. The simulations help to understand and 
predict the behavior of intermetallic phase growth in LT 
Ag metallization, as it is used for SHJ or perovskite Si 
tandem solar cells. It is important to mention that the 

Solder alloy Q [kJ/mol] D0 [m2/s] 

Sn60Pb40 42.1 ± 4.8 (1.9 ± 0.2) ×10-12 

Sn42Bi58 63.5 ± 7.4 (3.3 ± 1.0) ×10-8 
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calculated characteristic values for the activation energy Q 
and diffusion constant D0 are valid for this joining system. 
Changes in the metallization paste lead to changes in the 
diffusion process, including the presence of more or less 
vacancies and diffusion paths, which would accelerate or 
slow down Sn diffusion. 
 
4.3 Effect of IMC growth on microhardness 

The clear Ag3Sn phase growth influences the 
microstructure of the solder joint. Beside electrical 
changes, this causes an increase in microhardness in 
particular regions. Figure 11 shows the Martens hardness 
HM plotted against the position within the solder joint for 
the initial state (top) and after isothermal aging at 125 °C 
for 168 h (bottom). Post aging, the hardness of the Ag 
metallization witnesses a 2-fold rise, increasing from 
660 ± 53 N/mm² to 1367 ± 411 N/mm², with the presence 
of the Ag3Sn intermetallic phase predominantly 
influencing this enhancement. Similarly, the hardness of 
the Ag3Sn phase in the lead-containing solder displays 
comparability at 1366 ± 237 N/mm² (not shown here). The 
hardness of the other components (Si wafer, pure Ag 
metallization, solder and Cu ribbon) is only slightly 
affected by the temperature exposure The hardness of the 
other components (Si wafer, pure Ag metallization, solder 
and Cu ribbon) is only slightly affected by the temperature 
exposure. 

 
Figure 11: Distribution of microhardness in the solder 
joint of the eutectic bismuth-tin solder measured by 
nanoindentation [32] in the initial state and after 168 h at 
a constant aging temperature of 125 °C in atmospheric air 
(10 measurements values per group). The effect of the 
observed high growth of the intermetallic phase Ag3Sn in 
Figure 5 is reflected here in the increase in hardness within 
the Ag metallization. 

However, the significant expansion of the IMC in the 
Bi solder joint indicates that due to the lower homologous 
temperature, the overall solder joint hardness grows 
progressively over time. During temperature cycling, these 
components with significantly higher hardness than the 
surrounding materials, can lead to thermal stress during 
temperature cycling. This thermal stress can result in 
solder joint cracking or detachment, especially if the 
thermal expansion coefficients of the materials are 
mismatched. The higher hardness of the IMC can be more 
prone to brittle fracture, especially if the solder joint 
experiences rapid temperature changes during day-night 
cycle or mechanical loading by e.g., snow. Brittle fractures 
can lead to solder joint failure [39, 45]. Consequently, the 
occurrence of a joint crack could lead to elevated series 
resistances and a subsequent reduction in current delivery.  
 
5 CONCLUSIONS AND OUTLOOK 
 
 In conclusion, this study explored intermetallic phase 
growth and microhardness in Sn42Bi58 solder joints on 
silicon heterojunction solar cells. Through rigorous 
experimentation and analysis, we gained a comprehensive 
understanding of how these factors affect solder joint 
mechanical and material properties. 
 Microstructural changes, observed through 
microscopy, revealed significant alterations in the 
Sn42Bi58 solder matrix compared to traditional tin-lead 
solder. These changes included thicker Ag3Sn 
intermetallic compound layers and increased grain 
boundary growth between phases, potentially 
compromising solder joint mechanical strength. 
Simulations, based on an upper limit scenario, indicated 
that this could lead to a layer thickness of approximately 
11 µm over 25 years at 10.5°C. These microstructural 
variations also influenced microhardness, with an 
observable increase from 660 N/mm² to 1367 N/mm², 
primarily due to the Ag3Sn phase. 
 Comparing these two solder compositions highlighted 
distinct kinetics and behaviors of intermetallic phases. The 
prevalence of the Ag3Sn phase in Sn42Bi58 solder joints 
on low-temperature Ag metallization emphasized its 
potential impact on joint mechanical properties. The 
interplay between intermetallic compounds and different 
solder materials offered insights for optimizing solder 
joint reliability and performance in various applications. 
 These findings provide a foundation for enhancing 
soldering processes and material selection across 
industries. Further exploration is needed to understand the 
effects of intermetallic layer growth, either alongside or 
compared to grain coarsening in the solder matrix. This 
exploration should include failure analysis of field-aged 
PV modules and correlating IMC growth with solder joint 
mechanical properties. 
 Moreover, comprehensive understanding of processes 
and materials, along with stringent control, is vital to 
establish meaningful correlations between simulation and 
experimentation. Our simulation results serve as 
comprehensive predictions within the given conditions. 
 This study underscores the importance of intermetallic 
phases in solder joint behavior, particularly their role in 
governing microhardness and, consequently, the overall 
structural integrity of solar cell assemblies. These insights 
offer valuable groundwork for enhancing photovoltaic 
module reliability and performance, contributing to 
advancements in solar energy technology. The study 
focused on Sn42Bi58 solder on low-temperature 
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metallization. Future research should investigate whether 
other low-temperature solders exhibit similar behavior. 
Our findings suggest that the growth of the brittle Ag3Sn 
phase depends on factors like solder homologous 
temperature, Sn content, element solubility, and 
metallization characteristics. Low-temperature solders 
with different properties may have different phase growth 
behaviors, emphasizing the complexity of solder joint 
behavior and the need for comprehensive analysis. 
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