EPJ Photovoltaics 16, 9 (2025)
© D.C. Joseph et al., Published by EDP Sciences, 2025
https://doi.org/10.1051 /epjpv/2024052

—-l" i i

Available online at:
WWW.epj-pv.org

Special Issue on ‘EU PVSEC 2024: State of the Art and Developments in Photovoltaics’,
edited by Robert Kenny and Gabriele Eder

ORIGINAL ARTICLE OPEN g ACCESS

Investigation of temperature homogeneity during infrared
soldering of silicon solar cells using the finite element method

Daniel Christopher Joseph* , Angela De Rose, Dirk Eberlein, Onur Parlayan, Benjamin Griibel,
Andreas J. Beinert(®, and Holger Neuhaus

Fraunhofer Institute for Solar Energy Systems ISE, Freiburg, Germany
Received: 26 July 2024 / Accepted: 12 December 2024

Abstract. Soldering copper wires to the electrodes of solar cells is a crucial stage in the fabrication of silicon
photovoltaic modules. Photovoltaic industries use infrared radiation for soldering because of its high
throughput. However, this soldering process could result in an inhomogeneous temperature distribution across
the solar cells. Accurately measuring the solar cell temperature during the soldering process within the stringer
poses a significant challenge, hindering process optimization to reduce the inhomogeneity. In this study, a finite
element model of the infrared soldering process is developed, enabling the computation of the solar cell
temperature based on specified electrical power, the duration of radiation from the infrared emitters and the
hotplate temperature. This model is versatile and capable of computing the temperature for different solar cell
types and sizes by using their radiative and thermal properties, while also considering the shading effects of the
down-holder used. The model is validated for different radiation intensities using thermocouples at different
positions on the solar cells during the infrared soldering process. The maximum difference between the simulated
and measured temperatures is found to be (8 £4) K in the peak zone. Thus, a novel and robust finite element
model is developed to determine the accurate solar cell temperature during the infrared soldering process.

Keywords: Finite element method / infrared soldering / photovoltaic modules / radiative heat transfer /
interconnection / solar cells

solar cells. By controlling the electrical power of the
emitters and the duration of radiation, the desired
temperature on the solar cell can be achieved. The heat
is transferred to the joint and leads to the melting of the
pre-positioned solder-coated copper wire [1].

Despite its advantages, the IR soldering process results
in an inhomogeneous temperature distribution on the solar
cells due to the uneven heat distribution and shading

1 Introduction

In the rapidly evolving landscape of photovoltaic (PV)
technology, where solar cell types and solder alloys
continue to advance, constantly updating the soldering
process becomes a challenge. The soldering process is
crucial not only for establishing electrical connectivity but
also for determining the mechanical stability of PV

modules [1]. Silicon solar cells experience thermomechan-
ical stress during the soldering process, especially during
the cooling phase [2]. Therefore, precise temperature
management of the solar cells during this process is
essential to reduce the thermomechanical stress and ensure
the reliability of PV modules [3,4]. Stringers are the
primary tools used in the photovoltaic industry to perform
industrial soldering processes employing infrared (IR)
radiation [5]. IR soldering enables rapid, non-contact
heating through a reflow soldering process. This process on
industrial stringers involves several hotplates beneath the
transport band and IR emitters that radiate heat to the
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effects of, e.g., the ribbon hold-down device system (down-
holder). This inhomogeneity leads to issues such as solar
cell overheating, badly or non-contacted joints and
increased thermomechanical stress. Addressing this inho-
mogeneity is crucial for optimizing the soldering process for
reliable production of soldered strings to reduce the failure
of joints within the PV module. During the IR soldering
process, the solar cells typically exhibit a higher tempera-
ture at their centers compared to their edges, leading to the
solidification of the solder at different times [6]. This is
crucial for solar cells where the maximum temperature
should be low, as heating the edges above the melting
temperature of the solder alloy leads to overheating the
center of the solar cells. Further, understanding this
inhomogeneous temperature distribution is essential for
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accurately calculating the thermomechanical stress during
the IR soldering process. This insight is crucial for
optimizing the process to minimize temperature inhomo-
geneity, thereby ensuring homogeneous interconnections
and high-quality solder joints. However, measuring the
exact solar cell temperature during the soldering process
within the stringer presents a complex challenge. There-
fore, optimizing the IR soldering process to reduce
temperature inhomogeneity for different solder alloys
and solar cell types remains a tedious task. Previous
researches have computed the thermomechanical stress
caused by the soldering process in the PV industry using
either a homogeneous temperature distribution on solar
cells and interconnections or two different temperature
profiles for the solar cells and the interconnections,
respectively [2,7-9].

The aim of this study is to develop a finite element
method (FEM) model functioning as a digital model of the
industrial IR soldering process used in PV. This model is
designed to compute the temperature distribution on
industrial silicon solar cells during the IR soldering process,
employing radiative heat transfer. The obtained tempera-
ture values are dependent on process parameters: power to
the IR emitters Pir, the duration of radiation g and the
temperature of the hotplates Typ, as well as factoring in
the shading and reflection effects of the down-holder. The
model aims to enhance the accuracy of temperature
predictions during the IR soldering process, thereby
contributing to the optimization of the soldering proce-
dure. This model is validated with the solar cell tempera-
ture measured at different positions using both passivated
emitter and rear cells (PERC) and silicon heterojunction
(SHJ) half-cells during the IR soldering process in the
stringer. Thus, this model is versatile and capable of
computing the temperature for various other solar cell sizes
and solar cell types, such as TopCon, using their radiative
and thermal properties. Consequently, this FEM model not
only computes solar cell temperatures but also serves as a
tool to identify optimal process parameters and optimize
the material and geometry of the down-holder to reduce
solar cell temperature inhomogeneity.

2 Materials and methods
2.1 Radiative heat transfer

Radiative heat transfer, also known as thermal radiation, is
the transfer of heat in the form of electromagnetic radiation
through a medium or vacuum. These radiations occur in
the infrared, visible, and ultraviolet parts of the spectrum.
Any object with a temperature above absolute zero emits
electromagnetic radiation, and this radiation is propagated
where it interacts with other objects causing heating. The
rate of these incident radiations per unit area is called
thermal irradiance. The incident radiation may be
absorbed, reflected, or transmitted by the object and can
be described as [10]:

at+p+t=1 (1)
where o is absorptivity, p is reflectivity and 7 is
transmissivity. The absorptivity, «, is equal to the
emissivity, ¢, and for black bodies, a =¢=1.

Thermal radiation in simplest form, is defined by
Stefan-Boltzmann law, which states that the total emissive
power Eradiated from an object is directly proportional to
the fourth power of its absolute temperature T [11]:

E =oeT? (2)
where ¢ is the emissivity of the object with a value 0 <g <1
(1 being a black body), o is called the Stefan-Boltzmann
constant with a value o = 5.670373x10"*W/(m” K*).

The total emissive power for hot object radiating energy
to cooler surroundings is given by [11]:
E =o0¢(Ty — T1) (3)
with T, being the temperature of the hot object and T; is
the temperature of the cooler surrounding.

Max Plank described the spectral emissive power of a
blackbody Ey;, (T) [12], as a function of surface tempera-
ture 7, and wavelength A [12]:

27hcl

n2k5{exp ;LZST] — 1}
2nC
- b = 5L,(T)
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here, n is the refractive index of the radiating surface,
h=6.62606876 x 1031 J.s, is the Planck’s constant, Kj,—
1.3806503 x10~**J/K, ¢ is the speed of light. C} and C,
are the radiation constants with C; = hc% and Ch = heo/ kg
and I, is the radiation intensity. For a gray body with
emissivity ¢, equation (4) is written as:

Ew(T) =

(4)

E;,(T) = neln(T). (5)

Stefan-Boltzmann law for total emissive power for a
black body can also be obtained by integrating the Planck’s
Equation (1) across all wavelengths:

Ey(T) = / E(T)dr = oT* . (6)
0

The radiative power over a spectral band is defined by
[12]:

Ao (e
/Exb (T)dr= FEPMTHAZT/EM) (TYdr=FEP;,7—,7-Ev(T)
0

Al

(7)
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Fig. 1. a) Position of the hotplates and the IR zones in an industrial stringer. b) 2D view of an IR zone with 4 IR emitters in the stringer

(front view).

where FEP,, 7,7 is the fractional emissive power (FEP)
in the wavelength interval A; and A,. It is expressed as:

Ao

B (T)dA
MM
/ Ey(T)dr

0

The radiative heat transfer rate between the surface of
body 1 and the surface of body 2 can be written as [10]:

Q5 _
dt

FEP, 11 = (8)

O’((‘Il.141.511,2.1"‘11 — 82.A2.F2,1.T§) (9)

where () is the amount of radiative heat and F;_, is the
view factor, which is the proportional value of the radiation
leaving the surface of body 1 and arriving the surface of
body 2. The factor is described as:

1 // cosfcosfy.dA;dAs
Fi o= 1 5
1 T

T

(10)
Ap Ay

here A, and A, are the surface area of surfaces 1 and 2
respectively, B and B, are angles between normal vectors
to the given surfaces, and r is the distance connecting the
points on the surfaces.

2.2 Infrared soldering

Infrared soldering utilizes infrared radiation emitted by IR
emitters that operate in the region with a wavelength range
of 0.5 to 3 um, which spans from visible to the infrared
region and peak radiation between 1 and 1.5 wm, which is
predominantly in short-wave infrared radiation (SWIR)
region [13]. In the context of industrial soldering on
stringers, this method involves the use of several hotplates
positioned below a transport band, combined with IR
emitters from above that emit direct infrared radiation
onto the solar cells. The solar cells and the interconnecting
wires are held in position by the down-holder during the IR
soldering process. This configuration ensures the efficient
and controlled heating necessary for the soldering process.

Figure 1a sketches schematically the hotplates and two
IR heating zones used in a stringer. The temperature ramp-
up above the melting point of the solder alloy occurs in the
IR zones. The hotplates before the IR heating zones are
used to pre-heat the solar cells and the interconnections,
while the hotplates after the IR heating zones are used to
control the cooling of the soldered solar cells. Each IR zone

contains several IR emitters that radiate infrared radiation
to heat the solar cells and solder-coated copper wire
(ribbon). An IR emitter in the industrial stringer comprises
a quartz halogen tube with an internal tungsten filament.
Figure 1b shows a sketch of an IR zone with 4 IR emitters in
an industrial stringer along with its reflector. The IR
emitters have an efficiency of 90-95 % and exhibit a rapid
response to changes in heating [14,15].

The tungsten filament within the emitter is heated by
the Joule heating effect, where the amount of heat
generated is proportional to the filament’s resistance, the
duration of electricity flow, and the square of the electric
current passing through the filament [16]. Thus, the
temperature of the tungsten filament can be regulated
using the electric power supplied to the filament (Prr) and
the duration of current flow (#gr). By controlling the
filament’s temperature, the emissive power can be adjusted
to achieve the desired heating of the solar cells. These
parameters, P and fr, along with the hotplate tempera-
ture Typ, are used to control the solar cell temperatures
and will be referred to as process parameters.

The temperature profile of the IR soldering process can
be divided into three stages, as illustrated in Figure 2. This
figure exemplarily shows the temperature profile for
soldering with Sn60Pb40 solder alloy, which has a solidus
temperature of 183 °C and a liquidus temperature of 190 °C.
The first stage is the pre-heating phase, where the solar
cells are heated up by hotplates. During this stage, the
temperature of the solar cells gradually increases, depend-
ing on the process speed. The second stage is the IR heating
phase, where the solar cells are predominantly heated by
the IR emitters. In this region, the temperature is ramped
up above the liquidus temperature (190°C) of the solder
alloy, allowing the solder to establish contact between
the copper wire and the silver electrode of the solar cell. The
final stage is the cooling phase, where the solar cells
are cooled to ambient temperature. During this phase, the
solder alloy solidifies below 183°C, forming an electrical
and mechanical bond between the solar cells and the copper
wire.

2.3 FEM model

The objective of predicting solar cell temperature during the
IR soldering process in an industrial stringer is achieved
using finite element method (FEM) modeling in COMSOL
Multiphysics 6.2. The FEM model consists of a sub-model
and a global model. The sub-model encompasses the IR
emitters, featuring a simplified representation of the
tungsten filament. This sub-model is used to compute
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Fig. 2. Typical thermal profile during IR soldering with
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Fig. 3. Hotplates and IR zone position considered for the FEM
model.

the temperature of the tungsten filament (7%) through
thermoelectric simulation, incorporating process parameters
Prr and #R. A detailed description of this model is provided in
Appendix 1. In the global model, the temperature values Ty
from the sub-model are utilized to calculate the radiation
emitted from the IR emitters. Using these radiation values,
the solar cell temperature (7¢) is computed through heat
transfer in solids and surface-to-surface radiation physics.
This process models the radiative heat transfer between the
IR emitters and the solar cells with ribbons. The global model
of the industrial IR soldering process includes four hotplates,
with the IR zone consisting of four IR emitters positioned
above hotplate 3, as shown in Figure 3. The normalized
spectral emissive power of these IR emitters is illustrated in
Figure 4, which serves as input for the FEM model, providing
the fractional emissive power at different wavelength ranges
as described in Table 1.

In this work, we use M6 PERC and SHJ half solar cells
(83mm x 166 mm) with six busbars (BB) and a down-
holder with six metal strips. To reduce computational
effort, a symmetry plane is applied perpendicular to the
longer side of the solar cell, as illustrated in Figure 5a. The
ribbon comprises a 0.32 mm diameter round copper wire
attached to the solar cell with Sn60Pb40 solder alloy, as
depicted in Figure 5b. The shaded region on the solar cell
due to the down-holder during the IR soldering process is
shown in Figure 5c. The material properties used for the
simulation are summarized in Table 2. For validation,
PERC and SHJ half-cells are measured. The emissivity of
these solar cells in a temperature range of 140-145 °C from
in-situ measurement using an infrared camera and an
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Fig. 4. Spectral power vs. wavelength of the IR emitters [17].

Table 1. Fractional emissive power of the IR emitters
used in the FEM model.

Wavelength range [um|  Fractional emissive power [—|

(0.0, 0.5) 0.0
(0.5, 1.3) 0.2
(1.3, 3.0) 0.7
(3.0, 8.0) 0.1
(8.0, Inf) 0.0

infrared thermometeris 0.75 and 0.7 for PERC and SHJ solar
cells, respectively, which is used in the FEM model as well. In
this model, the silicon solar cell and the quartz tube are
treated as semi-transparent surfaces, the reflector as an
opaque surface, and the filament, Sn60Pb40 solder alloy,
copper wire and down-holder as diffuse surfaces. For opaque
and diffuse surfaces, the transmissivity t in Equation (1) is
zero, and reflectivity is calculated as p=1 —e.

The mesh consists of brick elements for the solar cell,
down-holder and reflector. Prism elements are used for the
round copper wire, Sn60Pb40 solder alloy, tungsten
filament and quartz tube. The elements are chosen
according to the topology of the components and are
suitable for high aspect ratio, which results in lesser no. of
elements. All the components are meshed coarsely, and the
elements utilize quadratic shape functions, with a mini-
mum of two elements used through the thickness. A mesh
sensitivity study was performed to verify that the results
are independent of the mesh quality as seen in Table 3.

This model does not consider the pre-heating of the
solar cell at hotplates 1 and 2. Instead, the experimentally
measured maximum temperature of the solar cell before the
start of IR heating is used as the initial temperature, Ty, for
the entire solar cell as it enters the IR heating zone.
Additionally, solar cell metallization is not included in the
model as it is not exposed to direct IR radiation, and back-
side interconnections are neglected in this study.
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Fig. 5. a) Symmetric geometry of the silicon solar cell with solder-coated copper wire (ribbon) and the down-holder. b) Geometry of
the copper wire, solder alloy and the silicon solar cell. ¢) Shaded region on a solar cell due to the down-holder during the IR soldering
process.

Table 2. Material properties of the involved components used for the simulation.

Material Thermal Specific heat Emissivity, Reflectivity, Transmissivity,
conductivity, k capacity, C, € 0 T
[W/m*K] [J/kg*K] = = =

Silicon solar cell 130 700" 0.70 — 0.75" 0.13" 0.12"

Sn60Pb40 solder 50" 150" 0.30 [18] 1—¢ -

Copper wire 400* 385 0.15 [18] 1—c¢ -

Down-holder 238" 900" 0.30" 1—¢ -

Tungsten filament k(T) [19] Cy(T) [19] ¢(T) [20] 1—¢ -

Aluminum reflector 238% 900* 1—0p 0.92* -

Quartz glass 1.4% 730* 0.08" 0.04" 0.88"

* Measured.
* Provided by manufacturer.

Table 3. Mesh sensitivity analysis.

Mesh element size [mm] No. of degrees of freedom Computation time [s] Max. Temperature [°C]
1 189732 4317 247.9
2 111832 3345 247.7
3 89234 2994 247.6
4 77808 2817 247.6
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Fig. 6. Geometrical setup of the simulation during step 1 (a) and step 2 (b).

Table 4. Process parameters used in the simulation and experiment for different cases.

Parameters Case 1 Case 2 Case 3 Case 4
Solar cell type PERC SHJ PERC PERC
Initial solar cell temperature T, [°C| 121 117 119 104
Hot plate 3 temperature Typsz [°C] 160 160 160 140
Power IR emitter 1, Pr; [%)] 60 50 40 50
Power IR emitter 2, Prs [%)] 70 60 50 60
Power IR emitter 3, Prs (%] 70 60 50 60
Power IR emitter 4, Piry [%] 70 60 50 60
Radiation pulse 1 duration #g; [3] 1.2 1.2 1.2 1.2
Radiation pulse 2 duration #r» [s] 1.2 1.2 1.2 1.2
The solar cell is exposed to two radiation pulses in the

IR heating zone. During the first radiation pulse, the solar 260 | . |
cell is heated by the radiation from IR emitters 1 and 2 as it — Radiation | i Radiation =,
enters the IR heating zone. Subsequently, the solar cell ) puise 1 | | e |
moves under IR emitters 2, 3, and 4, where the second o 220 | ' '
radiation pulse heats them. The positions of the solar cell £ 200 ' : :
and the emitters during these steps are displayed in - : H ‘
Figure 6. In addition to radiative heat transfer between the B : ;
emitters and the solar cell, the solar cell also undergoes heat % 160 ' E '
transfer with hotplate 3. The heating from hotplate 3 is 2 ! ' '
modeled using a convective boundary condition. The 3™ . | ;
temperature from the FEM simulation is validated using 120 : i '
three K-type thermocouples fixed at different positions - ' : ;
using the down-holder, measuring the real-time solar cell 6 b5 1 i 3 i 5 g i
temperature during the entire IR soldering phase. Timet [s]

—=Case 1 Case 2 Case 3 Case 4

3 Results and discussion

3.1 Parametric variation

The FEM model is simulated for four different cases of
process parameters and also used experimentally to assess
its robustness and sensitivity. The first three cases involve
varying the power, Pir, supplied to the IR emitters, while
the fourth case involves reducing the temperature of
hotplate 3, Tips, by 20 °C. In all cases, the power of emitter
1 Pigy, is set to be 10% lower than the power of emitters 2, 3

Fig. 7. Temperature profile of the solar cell for all the cases from
simulation.

and 4, Piro= Pir3= Pir4 (denoted as Pigrs). This helps in
reducing the temperature gradient before the main heating
by IR emitters 2, 3 and 4. The duration of both radiation
pulses for all four cases is fixed at 1.2 s each. The initial solar
cell temperature, Tj, is determined from the maximum
temperature measured on the solar cell during the
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Fig. 8. Comparison of the solar cell temperature T¢ from simulation (red) and experiment (gray) during IR soldering of SHJ and
PERC M6 half-cells for different cases of process parameters. The gray area represents the min. /max. band of N = 5 repetitions, while

the dashed lines indicate the mean of the measured values.

validation process from the stringer before entering the IR
heating zone. These process parameter configurations for
the different cases are summarized in Table 4.

Figure 7 illustrates the solar cell temperature profile of
all the cases from the FEM simulation. For case 1, the
initial solar cell temperature before IR heating is recorded
as 121°C. From Os to 1.2s, the first radiation pulse is
emitted from IR emitters 1 and 2 (cf. Fig. 5a), elevating the
solar cell temperature to 180 °C. Over the next 0.8 s, as the
solar cell transitions to the next position inside the stringer,
the temperature continues to rise due to the IR radiation at
threshold levels between the radiation pulses. Between 2s
and 3.2 s, the second radiation pulse from IR emitters 2, 3
and 4 (cf. Fig. 5b) increases the temperature well above the
melting liquidus temperature of the Sn60Pb40 solder
(190°C), reaching a maximum of 245 °C. After this pulse, as
the solar cell moves out of the IR heating zone, the
temperature slightly increases to a maximum of 250 °C at
3.8 s before starting to decrease within the cooling phase.
A similar temperature ramp-up is also witnessed in the
other three cases.

3.2 Validation of FEM model

For validation of the simulation with experimental values,
the temperature of five solar cells (N=5) was measured for
each case using both M6 SHJ and PERC half-cells
contacted with thermocouples attached to the down-
holder in the stringer. The experiments are conducted on
an industrial stringer in the Module-TEC laboratory of
Fraunhofer ISE at high throughput with 1.2 s of soldering
time per solar cell. The difference in measured solar cell
temperature T between SHJ and PERC is insignificant for
all four cases (results not shown here), despite the different
optical parameters of the solar cells. Therefore, to
determine the robustness of the model, cases 1, 3 and 4
are simulated for the PERC half-cell with an emissivity of
£=0.75, and case 2 is simulated for the SHJ half-cell with
an emissivity of ¢ =0.70. Figure 8 compares the maximum
solar cell temperatures obtained from the FEM model at
the position z=36mm/y="7lmm, with the measured
values from the thermocouple positioned at the same
mentioned location in the main heating zone. The gray area



D.C. Joseph et al.: EPJ Photovoltaics 16, 9 (2025)

Case 1 : Prra =70 %; Tgps =160 °C

Case 2 : Piry = 60 %; Tygp3 =160 °C

Symmetry plane PERC _Sy_mmetry plane SHJ
80T R 78 o 80 o
2
60 60
E E
< 40 < 40 S
2 2 260 O
® ® —
" 20 20 250 K
o
240 S
0 0 E
0 20 40 60 80 0 20 40 60 80 230 )
x-axis[mm)] x-axis[mm)] g-
Case 3 : Py = 50 %; Typs = 160 °C Case 4 : Py = 60 %; Typs = 140 °C 220 g
Symmetry plane ~ PERC Symmetry plane PERC ;
- - g0 - 210
Q
200 P
60 60 5
Ea0 £ 40 180 &
® %
> >
20 20
0 0
0 20 40 60 80 0 20 40 60 80

x-axis[mm] x-axis[mm]

Fig. 9. Simulated temperature distribution on the solar cells at t = 3.8 s for different cases of process parameters measured at points 1,2 and 3.

Table 5. Comparison of measured and simulated solar cell temperature at 2y =8 mm / y; =42 mm, 25 =36 / yo =71 mm
and 23 =66 mm / y3=42mm for probe number 1 to 3, respectively.

Probe No. Simulated

temperature [°C|

Measured
temperature [°C|

Temperature
difference [K]

Case 1: Pipo = 70 %;
THP3 = 160 OC; PERC

1 211 217 6
2 247 246 1
3 213 219 6
Case 2: Pipo = 60 %;

Tuaps = 160°C; SHJ

1 200 208 8
2 229 228 1
3 211 214 3
Case 3: Prs = 50 %;

Tups = 160°C; PERC

1 191 192 1
2 216 218

3 196 199

Case 4: Pirs = 60 %;

Tups = 140°C; PERC

1 187 192 5
2 214 217 3

3 191 198 7
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in the charts represents a min./max. band of N=5
repetitions, while the dashed lines indicate the mean of
the measured values. The comparison shows that the FEM
model accurately predicts the temperature profile during
the IR soldering process for different sets of process
parameters. Further, case 1 has a maximum solar cell
temperature of Tc=249°C, as it has the highest power
Piro=70% of the IR emitters. For cases 2 and 3, as Pig»
decreases to 60% and 50%, respectively, we could see T¢
also decreasing to 233 °C and 219°C. Additionally, in case
4, when Typ is decreased from 160 °C to 140 °C compared to
the other cases, keeping Piro=60%, Tc decreases from
233°C to 218°C.

3.3 Temperature homogeneity

At the end of the second radiation pulse (3.8s), the
maximum solar cell temperature is reached for all four
cases. To compare the temperature homogeneity over the
whole solar cell, the FEM model is compared with
measurements of thermocouples at different positions on
the solar cells. The results are presented in Figure 9.
Correspondingly, the comparison of the measured temper-
ature using three thermocouples at positions z; =8 mm/
y1=42mm, 2,=36mm/y=7lmm and z3=066mm/
y3 =42 mm on the solar cells for all four cases is displayed
in Table 5. From the tables, we can see the FEM model is
able to compute the inhomogeneous temperature of the
solar cell accurately, with the maximum temperature
difference being (8 +4) K. The solar cell temperature T is
around 26-36 K lower at the edges of the solar cells
compared to the middle, depending on the parameter set.
The dominant reason for this effect is that the intensity of
the radiation reduces radially as the distance from the
center of the solar cell increases. Another reason is the
shading and reflection of the down-holder design, as it
further blocks the incident IR radiation at the edges of the
solar cell. By decreasing the power of the IR emitters Pir
from 70% to 50% for cases 1 to 3, the difference in
temperature inhomogeneity also decreases from A Tg = 36K
to ATc = 26 K. This shows that the inhomogeneity can also
be reduced by finding the appropriate minimum power for
Piro to heat the entire solar cell above the liquidus
temperature of the solder.

4 Conclusion

In summary, this study presents a novel FEM model
designed to determine the temperature distribution of solar
cells during the industrial IR soldering process. This model
was developed based on the characteristics of an industrial
IR soldering process, precisely considering all the critical
influences, such as shading of the down-holder and
reflection of radiation from the IR unit reflector, that
govern the maximum temperature reached by the solar cell
due to IR radiation. The model is validated by measuring
the temperature of the solar cells during the IR soldering

process at the stringer in three different positions using
thermocouples for four different cases of process param-
eters with SHJ and PERC half-cells. The maximum solar
cell temperature differences between the experiment and
FEM model are observed to be consistently less than
(8 £4) K in all cases, affirming the accuracy and reliability
of the model. Therefore, the FEM model can be utilized to
determine the temperature inhomogeneity during the IR
soldering process. The model can be easily transferred to
other solar cell types, such as TopCon. As such, this FEM
model emerges as a robust tool capable of precisely
predicting the temperature distribution during any
industrial IR soldering process. This work aims to develop
an alternative method for measuring temperature distri-
bution on solar cells, as experimental measurements proved
extremely challenging due to the moving down-holder and
solar cells. As follow-up work, this FEM model will be used
to perform a sensitivity study on the process parameters to
reduce temperature inhomogeneity by identifying the
optimal parameters for IR soldering across various solar
cell technologies. Additionally, this model will also be
utilized to optimize the material and geometry of the down-
holder and the design of the IR emitters, such as using fewer
emitters with increased length and arranging them in a
radial setup to reduce inhomogeneity. In further work, a
mechanical model will be developed and coupled to the
thermal model to compute the induced thermomechanical
stress due to the IR soldering process.
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Fig. A.1. Maximum filament temperature at different power Pig
supplied to the IR emitter.

Appendix A

The temperature of the tungsten filament (7%) within the
IR emitter during the IR soldering process is a critical
parameter for determining the emissive power radiating
from the IR emitter. A thermoelectric simulation model is
developed to compute the temperature of the tungsten
filament. The heating of the tungsten filament is a result of
the Joule heating effect, where the filament heats up when
electric current passes through it due to its resistance. The
filament is subjected to a maximum power of 1250 W at a
nominal operating voltage of 230 V. Notably, the voltage
applied to the filament is adjustable to achieve the desired
temperature. This simulation model calculates the tem-
perature of the tungsten filament under various power
values.

The tungsten filament is modeled as a cylindrical tube
with a diameter of 1 mm and a heating length of 230 mm.
Temperature-dependent material properties, such as
thermal conductivity, specific heat capacity at constant
pressure, linearized resistivity, and emissivity for the
tungsten filament, are obtained from [19,20].

The model was simulated in COMSOL Multiphysics
6.2. An electric potential difference of 22.5V is applied to
the two ends of the filament based on assumptions that
simplify the spherical coil into a cylindrical component [21].
Initially, a stationary analysis is performed by varying the
voltage from 10% to 100%, with 100% corresponding to
22.5V. The results, summarized in Figure A.l, indicate
that the filament reaches a maximum temperature of
approximately 2040°C at 100% power, matching the
manufacturer’s specified maximum temperature of
2036 °C.

Subsequently, a time-dependent analysis is conducted
to determine the temperature of the filament for each
radiation pulse at different power levels (Pr). Each
radiation pulse lasts for 1.2 seconds, followed by 0.8 seconds
of cooling. Four cases with P set at 40%, 50%, 60%, and
70% are computed, and the corresponding temperature
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Fig. A.2. Temperature profile of the filament for one radiation
pulse at different power supplied to the IR emitter.

profiles over time for all four cases are shown in Figure A.2.
These temperature values, based on the power percentage,
are used as input for the global model.
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