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Abstract

Intermetallic compounds (IMC) in soldered interconnections influence the reliability of PV modules. Thus, the microstructure
of solar cell interconnections and the growth of IMCs are to be investigated in this paper. Sn60Pb40 and Sn41Bi57Ag2 are
chosen as alloy coatings of copper interconnectors and semi-automatically soldered to screen-printed front Ag-busbars of industrial
mono-crystalline solar cells. The microstructure of the solder bonds is characterized with metallographic cross sections and confocal
laser microscopy, as well as scanning electron microscopy and electron dispersive x-ray spectroscopy. The cross section samples are
isothermally aged between 85 ◦C to 150 ◦C and for 15 hour to 155 hour to obtain the kinetic parameters of a diffusion-based growth
model of the IMCs. The model is used to estimate the IMC thickness after 3000 h at 85 ◦C, and after 600 thermal cycles as well as
after 25 years in the outdoor location Freiburg, Germany. It is found that extensive microstructural changes take place within the
solder bonds during thermal aging. Grain coarsening within the solder matrix, in particular for Sn41Bi57Ag2 solders, is observed,
which can lead to an entire Sn depletion of the solder matrix. Moreover, non-uniform Sn penetration and IMC growth at cavities and
lead-glass particles of the busbar are observed for both solders, which is discussed in terms of its effect on metallization adhesion.
Eventually, simulating the IMC growth for 3000 h at 85 ◦C forecasts a 3.7 µm thick Ag3Sn IMC at the busbar for the Sn41Bi57Ag2
solder compared to 2.6 µm for Sn60Pb40. The prognosis of the IMC thickness after 25 years in Freiburg yields an Ag3Sn thickness
of 1.3 µm for Sn41Bi57Ag2.
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1. Introduction

Photovoltaic modules are designed to survive 25 to 30 years of outdoor operation, and improving their lifetime
vastly decreases the levelized costs of electricity of photovoltaic systems [1]. Against this background, the quality
of series interconnection of crystalline silicon solar cells into strings, which is part of the PV module integration
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process, has a direct impact on the reliability of the PV module. Hence, understanding of solder bonds and their failure
mechanisms can improve the reliability of PV modules.

The existence and growth of intermetallic compounds (IMC) within solder bonds influences the lifetime of the
interconnections. After the joining process, IMCs exist within the solder matrix and, in most cases, at the interfaces to
the solar cell metallization and the copper core of the ribbon as uniform and thin layers. They are an indication for a
proper mechanical and electrical bond [2]. However, IMCs grow due to solid state aging at elevated temperatures or
even storage at room temperature. Owing to their brittleness and the large mismatch of coefficients of thermal expansion
(CTE) of the involved materials in the joint (CTESi ≈ 2.6 × 10−6 K−1 and CTECu ≈ 17 × 10−6 K−1) cracks can easily
be induced and propagated when the bond is exposed to thermal cycles or mechanical load [3, 4, 5, 6, 7].

In this paper we describe the microstructural changes of PV module solder bonds observed during thermal aging.
Interconnector ribbons with a standard lead-based Sn60Pb40 solder coating along with a low melting point solder
Sn41Bi57Ag2, which is under consideration for the interconnection of temperature sensitive high-efficiency solar cells,
is used in the experimental investigation [8].

The growth kinetics of IMCs in PV module solder bonds is modeled. The model’s Arrhenius parameters are
obtained by systematic aging studies at varying temperatures. The model is then used to simulate the IMC growth
during accelerated aging tests and during outdoor operation of a PV module in the location Freiburg, Germany.

The work presented here extends and deepens previous investigations of IMCs in solar cell interconnections
[9, 10, 11]. Particularly, a direct comparison of the bismuth-based solder coating to standard lead-based solder and
modeling of the phase growth with non-isothermal temperature profiles are new aspects presented in this work.

Nomenclature

CTE coefficient of thermal expansion
D (T ) Diffusion coefficient
D0 Pre-exponential factor
IMC Intermetallic compound
kB Boltzmann constant
MAE Mean absolute error
NA Avogadro constant
Q Activation energy
R Gas constant
T Absolute temperature
t Aging time
x2 (t,T ) Mean square diffusion distance
x (t,T ) Intermetallic layer thickness
x0 Initial intermetallic layer thickness

2. Materials and methods

2.1. Experimental

Since the eventual goal of this investigation is to describe and model the kinetics of the IMC growth within PV
module solder bonds, the experimental part requires systematic isothermal aging of soldered interconnections at various
temperatures, and measurement of the IMC layer thickness at defined time steps. Therefore, the front busbars of
industrial, mono-crystalline solar cells are interconnected using Cu ribbons with the solder coatings Sn60Pb40 and
Sn41Bi57Ag2. For the interconnection process a semi-automatic contact soldering station is used, that is depicted in
Fig. 1a. The most important material properties and processing conditions are summarized in Table 1.

Then, the interconnected solar cells are cut, embedded, mechanically ground and polished to obtain metallographic
cross sections [12]. The samples are divided into four groups which are isothermally aged at temperatures between
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Fig. 1. (a) Semi-automatic soldering station with solar cell and ribbon on heating chuck. (b) Confocal laser microscope image and measuring lines
for IMC thickness determination.

Table 1. Solder coatings and processing conditions

Solder coating Sn60Pb40 Sn41Bi57Ag2

Ribbon dimensions [mm2] 0.2 × 1.5 0.18 × 1.5

Coating thickness [µm] 15 – 25 15 – 25

Melting temperature [◦C] 183 139

Set heating chuck temperature [◦C] 175 135

Set soldering temperature [◦C] 250 200

Soldering time [s] 1.2 1.2

Down-holding time [s] 4 4

85 ◦C to 150 ◦C respectively depending on the melting temperature of the solder. The temperatures are chosen to allow
the extraction of the activation energy of the IMC growth process and to obtain measurable IMCs on a short time scale1.
Aging of the cross section samples allows the investigation of nearly the same position before and after the test. The
cross section samples need to be polished prior to the metallographic inspection after thermal aging. The time steps,
after which the solder bonds are characterized, are 15 h, 85 h and 155 h and for selected samples 500 h as well as 750 h.

The IMC thickness is measured with confocal laser microscopy. 30 parallel measurement lines are defined across
the intermetallic layer and distributed over the whole cross section. The measurement process is illustrated in Fig. 1b,
where a cross section of a solder bond with indicated measurement lines is shown.

2.2. Simulation

The growth of the intermetallic layers is governed by the time which the atoms need to diffuse through the already
existing intermetallic layer and to rearrange the atomic structure [14]. A layer growth that is solely driven by diffusion
is assumed in this work. The increasing extent of the intermetallic layer and, in turn, the increasing amount of time for
atoms to diffuse through it leads to a slowdown of further growth, which gives the growth kinetics its typical parabolic
shape over time.

Starting from a solution of Fick’s second law and a random walk treatment, the mean square diffusion distance
x2 (t,T ) after time t and at the absolute temperature T is [15]:

x2 (t,T ) = 2D (T ) t (1)

1Therefore, the choice of aging temperatures is neither related to the PV module temperature under outdoor conditions, which, assuming proper
operation, is limited to approximately 80 ◦C nor accelerated aging test according to IEC 61215 [13].
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D (T ) is the diffusion coefficient and its temperature dependency is described by the Arrhenius relationship.

D (T ) = D0 exp
(
−

Q
RT

)
(2)

with D0 being the pre-exponential factor, Q the activation energy, and R the gas constant.
Providing an initial intermetallic layer thickness x0 and combining equations 1 and 2, the intermetallic layer

thickness x (t,T ) is expressed with equation 3.

x (t,T ) =

√
2D0 exp

(
−

Q
RT

)
t + x0 (3)

If the natural logarithm is taken on both sides of equation 3, a linear relationship between 1/T and ln [x (t,T ) − x0]
exists, such that Q is obtained using the slope of equation 4.

ln [x (t,T ) − x0] =
ln (2D0t)

2
−

Q
2R

1
T

(4)

In order to determine the activation energy, thermal aging experiments need to be done at three or more different
temperatures. For each time step with different temperatures a straight line in the form of equation 4 is derived. Since Q
is assumed constant over the course of the growth reaction a weighted average is taken over all slopes. Furthermore,
D0 is calculated by non-linear fitting of the experimental layer thickness x (t,T ) to equation 3 with Q, T and x0 as
constant parameters. The calculation of x (t,T ) for non-constant temperature progressions, such as under thermal
cycling conditions, requires a numerical algorithm that is implemented in Matlab.

3. Results

3.1. Microstructural changes and intermetallic phase growth

A Sn60Pb40 solder bond in the initial conditions after the soldering process is shown in Fig. 2a. The solder matrix
is characterized by a uniform distribution of Sn-rich and Pb-rich grains. The diameter of those ranges from 0.5 µm to
10 µm, which is mainly dependent on the cooldown process, whereas a rapid cooldown leads to a finer grain structure.
The grain structure then again influences the mechanical properties of the solder bond [16]. With that, Pb has certain
technical advantages in solder compositions [7]. Among others, its inherent ductility absorbs (thermo-)mechanical
stress more easily.

During the pre-tinning and the soldering process, the copper core and respectively the busbar metallization is
partially dissolved into the molten solder. The high concentration of foreign atoms in the liquid solder at the interface
leads to the formation of intermetallic compounds according to the phase diagrams of the respective alloy systems
[2, 6, 17, 18]. At the interface from the Sn60Pb40 matrix to the Cu core of the ribbon a 0.3 µm Cu6Sn5 intermetallic
phase is formed, that is characterized by a scallop-type morphology [19, 20]. Moreover, at the interface to the Ag
busbar, an Ag3Sn intermetallic layer of 0.7 µm thickness is formed during the soldering process [21]. It is usually
uniform, but excessive soldering conditions can result in plate-like protrusions into the solder matrix [7].

As can be seen in Fig. 2b, which shows the same solder bond after 155 h at 130 ◦C thermal aging, the microstructure
of the joint is subject to ripening processes. The solder matrix coarsens to grain sizes of 10 µm to 30 µm. Additionally,
the formation of a Cu3Sn phase in between the Cu6Sn5 and the Cu core is observed as well as a further growth of the
already existing IMCs. After this aging step, the Cu6Sn5 phase measures up to a thickness of 1 µm to 1.5 µm, whereas
the Ag3Sn phase reaches 4 µm to 6 µm. It is observed that Sn penetrates the busbar locally and approaches the wafer
surface.

The cross section of the Sn60Pb40 solder joint aged for 750 h is shown in Fig. 2c. The ongoing coarsening process
of the solder matrix leads to a separation of Sn and Pb phases into very few individual, large grains. Occasionally, fine
cracks within phases are observed, which can lower the fatigue resistance of the solder joint and may be responsible for
a gradual series resistance increase of the interconnection. At the contacted areas, the IMC growth eventually results in
the entire consumption of the underlying metallization by the Ag3Sn phase. Possible consequences are discussed in
section 4. The Cu6Sn5 phase reaches a thickness of 1.5 µm to 2.5 µm, the Cu3Sn phase is 1 µm to 2 µm.
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Fig. 2. Microstructural changes during thermal aging of solar cell interconnections.

The initial Sn41Bi57Ag2 bond (Fig. 2d) is characterized by a similarly fine initial distribution of Bi and Sn crystals
in the solder matrix. The Ag-addition in the solder is to refine the microstructure and to improve the mechanical strength
of the solder [22]. The Ag-content is primarily bonded as Ag3Sn compounds attached to the interface to the copper core
of the ribbon. These Ag3Sn particles have a diameter of 1 µm to 2 µm. The initial Cu6Sn5 intermetallic phase is slightly
thicker as compared to the Sn60Pb40 solder joint with 0.6 µm. Furthermore, the initial Ag3Sn layer is between 0.8 µm
to 0.9 µm, which marginally exceeds the initial Ag3Sn thickness of the Sn60Pb40 solder bond. However, already in the
initial condition Sn penetrates deeply into the busbar.

Following thermal aging for 155 h at 130 ◦C, which is a comparably high homologous temperature for Sn41Bi57Ag2,
the solder matrix rapidly coarsens to large Bi-rich and Sn-rich phases (Fig. 2e). However, within the Sn phase a
uniform distribution of fine Bi grains with a diameter of below 1 µm is observed. The intermetallic layer growth at the
interfaces to the substrates proceeds faster as compared to the Sn60Pb40 solder. Already after 155 h aging time the
whole contacted busbar is transformed into Ag3Sn. The Cu6Sn5 phase is at 2 µm to 3 µm, and the Cu3Sn phase reaches
≈1 µm.

When the Sn41Bi57Ag2 solder bond is thermally aged for 750 h at 130 ◦C, the solder matrix is entirely depleted of
Sn and the Bi phase remains isolated between the ribbon and busbar (see Fig. 2f). Moreover, cracks and cavities are
formed in the Bi-layer, which is due to the brittle nature of the metal. These cracks and cavities will very likely reduce
the ability of the joint to resist thermomechanical stress and are expected to lead to a significant module degradation.
Furthermore, it is observed that the Cu6Sn5 phase grows excessively to a thickness of 8 µm to 12 µm.

The thickness of the IMCs is measured after each aging step. The results of the measurements are shown in Fig. 3
as symbols. This data is converted to Arrhenius plots to extract the activation energy of the growth process. As an
example, the Arrhenius plot for the growth of Ag3Sn using a Sn41Bi57Ag2 solder is shown in Fig. 4.

The kinetic parameters of the IMC growth are given in Table 2, and may be used with equation 3 to estimate the
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Fig. 3. Experimentally determined IMC growth (symbols) and simulated IMC growth (lines). The Cu6Sn5 and Cu3Sn IMCs are consolidated in the
analysis of Sn41Bi57Ag2 solder joints because in samples with low solder depot Cu3Sn grows in expense of Cu6Sn5, that can occasionally lead to a
thickness reduction of Cu6Sn5 as reported in reference [5]. This circumstance would lead to larger deviations in the determination of the kinetic
parameters. The combination of both phases allows a simplified analysis of the effective IMC growth. Please note that samples with Sn43Bi57Ag2
are thermally aged from 85 ◦C to 130 ◦C due to the limitation of the low melting point whereas Sn60Pb40 is aged from 100 ◦C to 150 ◦C.

2 . 5 0 2 . 6 3 2 . 7 5
- 1 6
- 1 5
- 1 4
- 1 3
- 1 2
- 1 1
- 1 0

T e m p e r a t u r e  [ ° C ]
1 3 01 1 51 0 0

 1 5 h
 8 5 h
 1 5 5 h

ln(
x -

 x 0)

T e m p e r a t u r e  [ 1 × 1 0 - 3 / K ]

8 5

Fig. 4. Arrhenius plot of the growth of Ag3Sn using Sn41Bi57Ag2 solder.
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Fig. 5. (a) SEM image of the interface from copper core to Sn41Bi57Ag2 with Cu6Sn5 and Cu3Sn intermetallic layers after thermal aging at 100 ◦C
for 155 h (b) EDX line scan across this Cu-solder-interface. (c) SEM image of the interface from Sn41Bi57Ag2 to busbar after thermal aging at
100 ◦C for 85 h. (d) EDX line scan across the same solder-busbar-interface. The red rectangle highlights a cavity in the busbar with accumulated Sn.

phase growth for arbitrary isothermal conditions2. The lines in Fig. 3 represent simulated phase growth with the
methods described in this paper. The mean absolute error (MAE) is used as a measure to describe the predictability of
the simulation [23]. It is between 0.1 µm to 1.8 µm indicating a good fit between experiment and calculation.

3.2. EDX analysis of the interfaces
A SEM detail of the Cu-solder-interface using Sn41Bi57Ag2 thermally aged for 155 h at 100 ◦C is shown in Fig. 5a.

Supplementary, Fig. 5b depicts the quantitative EDX line scan across this interface. At the region of the Cu6Sn5-IMC
an elemental content of 45 at.% to 60 at.% Cu and, proportionately 40 at.% to 55 at.% Sn is found, which is close to
the predicted ratio of 55 at.% Cu and 45 at.% Sn. The Cu3Sn phase is more difficult to resolve as no particular plateau
is observed in the available data due to limitations of the measurement.

Correspondingly, a SEM detail of the solder-busbar-interface is shown in Fig. 5c. A cavity in the busbar is
highlighted with a red rectangle. Additionally, in Fig. 5d the EDX line scan is shown across this interface. As expected,
the region of the uniform Ag3Sn layer directly at the interface to the solder has the elemental content of 70 at.% to
75 at.% Ag and 25 at.% to 30 at.% Sn, which is predicted by the Ag-Sn phase diagram [18]. It is important to note that,

2The activation energy Q may alternatively be expressed in electron volts (eV) if the relation between gas constant R, Boltzmann constant kB
and Avogadro constant NA is considered, which has the form R = kB · NA. Hence, if the activation energy in J mol−1 is divided by NA in mol−1 the
resulting energy can be expressed in eV.
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Table 2. Kinetic parameters of the intermetallic phase growth. The weighted average of the activation energy of the three time series (15 h, 85 h and
155 h) as well as the weighted average of the pre-exponential factor as determined by non-linear fitting is given. The error values attached to the
activation energy show the (average) standard error of the linear fits in the Arrhenius plots. The error values attached to the pre-exponential factor is
the standard error from the non-linear fit.

Solder coating IMC Q [kJ mol−1] D0 [m2 s−1] x0 [µm]

Sn60Pb40 Ag3Sn 129.7 ± 3.9 1.44 ± 0.04 0.70

Sn60Pb40 Cu6Sn5 85.7 ± 4.6 4.25 × 10−8 ± 0.15 × 10−8 0.32

Sn60Pb40 Cu3Sn 99.4 ± 6.2 2.20 × 10−6 ± 0.16 × 10−6 0.00

Sn41Bi57Ag2 Ag3Sn 153.2 ± 7.3 8.60 × 103 ± 1.07 × 103 0.83

Sn41Bi57Ag2 Cu6Sn5 + Cu3Sn 147.7 ± 31.5 88.5 ± 15.6 0.52

besides the continuous Ag3Sn-layer, non-uniform and locally distributed Sn agglomerations are found, in particular,
around cavities such as highlighted in Fig. 5c. These are interpreted as ζ-(Ag), but also (Ag) with upto 11.5 at.% Sn in
solid solution is conceivable [18].

3.3. Modeling of intermetallic phase growth

The kinetic parameters allow to prognosticate the intermetallic layer thickness in accelerated aging tests or outdoor
conditions using the respective temperature profiles as an input. It is of interest to estimate the phase growth during the
PV module reliability tests damp heat, which is done at a constant 85 ◦C, and thermal cycling of −40 ◦C to 85 ◦C at a
cycle time of ≈2.8 h [13]. Note that any possible influence other than temperature is not included in the estimation.

The phase growth over the number of cycles during thermal cycling is shown in Fig. 6a. It is estimated that a rather
limited phase growth as compared to isothermal aging at elevated temperatures occurs, which is due to the limited
amount of time that the solder bond is at elevated temperatures. In the worst case, the Ag3Sn layer thickness is 1.5 µm
for Sn41Bi57Ag2. Differently from that, the IMC growth reaches 3.7 µm in case of Ag3Sn with Sn41Bi57Ag2 and
2.6 µm in case of Ag3Sn with Sn60Pb40 respectively after 3000 h at 85 ◦C (see Fig. 6b).

Furthermore, it is useful to make a prognosis of the IMC growth at realistic outdoor conditions. For this purpose,
temperature data of a PV module installed in Freiburg, Germany over the course of one year (June, 01 2012 –
May, 15 2013) is considered (Fig. 7a). This one year curve is iterated 25 times in order to estimate the temperature
progression for 25 years.

The simulation for the course of the first year is shown in Fig. 7b. It is apparent that the Ag3Sn-layer grows 0.1 µm
during summer and, as expected, stops to grow during winter. In spring of the following year phase growth proceeds
due to the increasing temperature. This form of sequential increase and stagnation of layer thickness is evident over the
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course of 25 years as a step-wise growth curve shown in Fig. 7c. It is noteworthy that the predicted IMC thickness
is rather thin with 1.3 µm for Ag3Sn in Sn41Bi57Ag2 solder joints and 1.2 µm for Ag3Sn in Sn60Pb40 solder bonds,
which is well achieved within 1000 h at 85 ◦C. The reason for the limited predicted phase growth during outdoor
exposure is the low module temperature that rarely exceeds 60 ◦C. IMCs will grow more in desert regions with a
higher module temperature. Moreover, no significant differences between the IMC growth kinetics of Sn60Pb40 and
Sn41Bi57Ag2 is prognosticated under these conditions. The final differences in the phase thickness are only due to the
initial differences in IMC thickness.

4. Discussion

During thermal aging of solder bonds extended microstructural changes are observed in the solder matrix and at the
interfaces to the busbar and the copper ribbon. Grain coarsening generally leads to a reduction in bond strength of solder
joints and is a major reliability problem in electronics. Especially when intermetallics are still thin, embrittlement due
to grain coarsening can be the dominant failure mode [24, 25, 26]. Investigations of field aged PV modules reveal that
fatigue cracking within coarsened solder joints is commonly observed after prolonged outdoor exposure [27, 28, 29, 30].

In section 3.1 it is presented that grain coarsening is accelerated in Sn41Bi57Ag2 solder bonds as compared to
Sn60Pb40. In particular if the solder layer is thin, the solder matrix can be entirely depleted of Sn after a short to
medium thermal aging duration with only a layer of Bi remaining. Since Bi is a brittle material, it is very likely that
fatigue resistance is reduced for these solder bonds as has already been shown with the comparable solder Sn42Bi58
[31]. On the basis of our observations, we expect higher risks for PV module reliability when Sn41Bi57Ag2 is used.
Further work, in terms of reliability testing, outdoor performance monitoring of Sn41Bi57Ag2 joints is necessary before
it can replace Sn60Pb40.

Additionally, the phenomenon of Sn penetration into the busbar during the soldering process as well as during thermal
aging, regardless of using Sn60Pb40 or Sn41Bi57Ag2, are deemed as risks for the reliability of the interconnection.
Sn agglomeration and IMC formation in the busbar seem to be localized around cavities and lead-glass particles. We
assume this to be caused by a higher diffusivity of Sn atoms from the solder along the cavities, lead-glass particles and
defects in the busbar as compared to the diffusivity of Sn in solid Ag.

Previous research already indicates the reduction of mechanical strength of solar cell interconnections due to Sn
penetrating into the busbar [9]. From our experience, the failed interface during a 90◦ or 180◦ peel test after thermal
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aging is predominately the busbar metallization to the wafer while the glass frit remains on the wafer surface. The effect
of adhesion loss of the metallization is known in hybrid thick-film technology for several decades [32, 33]. Crossland
and Hailes discuss that the reduction in mechanical strength between metallization and substrate is due to the swelling
of the metallization once Sn penetrates into it and forms intermetallic compounds [33]. Loasby et. al. concretize that
diffusion swelling instead of intermetallic phase formation is believed to be the primary cause of adhesion failure of the
glass frit as part of the metallization [34]. Furthermore, Taylor et. al. explain that swelling cannot be the sole reason for
adhesion loss since two- to threefold volume increase in the metallization can be observed without the loss of adhesion
[35]. Instead, a reduction reaction of bismuth oxide, which is part of the binder component of the paste used in their
study, into bismuth metal by diffused Sn atoms is assumed to destroy the oxide bonding of the metallization. This
reference only offers a brief explanation of the adhesion failure since in solar cell screen-printing pastes lead oxide is
typically involved and not bismuth oxide. However, a comparable degradation mechanism cannot be ruled out.

Ensuing from the discussion, the phenomenon of Sn penetration has a detrimental effect on metallization adhesion
properties. It is still largely unclear to what extent this loss of adhesion influences the performance of PV modules during
accelerated aging tests and outdoor exposure. Further research in this field should be directed to understanding the
impact of intermetallic compounds within solder bonds on the reliability of PV modules and specifically to investigating
the effect of adhesion loss of the metallization due to Sn penetration.

Approaches to prevent extensive intermetallic phase growth and/or the loss of adhesion are already presented in
literature. The use of alternative solder materials on the side of the interconnection technology is claimed to reduce
phase growth and maintain peel strength during thermal aging [9, 11]. Additionally, developments in paste chemistry
on the side of the metallization technology are an option [36].

It must be clarified that our observations of microstructural changes are solely based on studies under isothermal
aging conditions. Since the growth process of intermetallic compound layers mainly depends on temperature, this
experimental approach is usually sufficient. Other environmental factors such as humidity are not expected to impact
our quantitative analysis of IMC growth.

However, microstructural changes under isothermal conditions should be clearly distinguished between changes
in solder joints which occur during module testing according to IEC tests or during outdoor exposure. The IEC test
sequence includes 200 thermal cycles from −40 ◦C to 85 ◦C and damp heat exposure for 1000 h at 85 ◦C combined with
85 % RH [13]. Under these test conditions, it is expected that the changes in the solder microstructure are dominated by
crack growth between grains in the solder matrix and at the interface from solder to ribbon and to cell metallization. This
is caused by the CTE-mismatch and following build-up of thermomechanical stress between Si-wafer and Cu-ribbon.
The solder layer only possesses a limited capability to compensate for the thermomechanical stress. Moreover, the
ingress of water vapor into the PV module leads to the release of acetic acid from the ethylen-vinyl acetate encapsulant.
This, furthermore, determines a corrosion and ablation of the cell metallization. Since these topics are beyond the scope
of this paper, the reader is referred to other published research dealing more specifically with those degradation modes
[29, 30, 37, 38, 39].

The simulation of the IMC growth is based on a purely thermally-driven diffusion process, and we find good
agreement between calculation and experimental data for short term thermal aging up to 750 h at elevated temperatures
above 85 ◦C with a maximum MAE of 1.8 µm (see Figure 3). However, our simulation of IMC growth under outdoor
conditions and under extended IEC tests still lacks a cross-check with experimental data and should be considered as a
prognosis based on a thermally-driven process, that strictly obeys the Arrhenius relationship with one single activation
energy.

5. Conclusion

The formation of thin and uniform intermetallic layers at the interface to the Cu ribbon and the Ag busbar is part
of the pre-tinning and soldering process, respectively and an indication for a proper metallurgical bond. Initially, a
0.3 µm to 0.6 µm Cu6Sn5 intermetallic layer of scallop-shape morphology is found at the interface to the Cu ribbon
when Sn60Pb40 or Sn41Bi57Ag2 solder alloys are used. At the interface to the Ag busbar a 0.7 µm to 0.9 µm Ag3Sn
layer is observed, and local Sn penetration especially at cavities and around lead-glass particles is found.

The microstructure of solder joints changes drastically during thermal aging. Grain coarsening, further Sn pene-
tration into the busbar and intermetallic phase growth at the soldered areas of the busbar and ribbon take place, that
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have an impact on the reliability of the solder joint. The operation of Sn41Bi57Ag2 solder at a higher homologous
temperature compared to Sn60Pb40 leads to an accelerated phase growth and grain coarsening. It is observed that the
solder matrix is entirely depleted of Sn and a sole Bi layer is remaining after mid to long term thermal aging. This
likely reduces the fatigue resistance of Sn41Bi57Ag2 solder joints due to the brittle nature of bismuth.

The intermetallic phase growth is modeled using the mean square diffusion distance and the Arrhenius relationship,
and enables the development of customized accelerated aging tests. It is predicted that a constant temperature of 85 ◦C
for 3000 h, as present in PV module damp heat tests, leads to an Ag3Sn phase thickness of 3.7 µm with Sn41Bi57Ag2
solder and 2.6 µm with Sn60Pb40. The thermal budget of 600 thermal cycles is calculated to result in only 1.5 µm Ag3Sn
for Sn41Bi57Ag2 and 1.2 µm Ag3Sn for Sn60Pb40, respectively. Our model for the thermally-driven intermetallic
phase growth over 25 years in the outdoor location Freiburg, Germany predicts 1.3 µm Ag3Sn for Sn41Bi57Ag2 and
1.2 µm Ag3Sn for Sn60Pb40.
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