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SIMULATION OF SPOT SOLDERING PROCESS FOR CRYSTALLINE SILICON
SOLAR CELLS

In the paper the simulation of spot soldering process of interconnecting electrical conductive ribbon to
the crystalline solar cells. The approach for calculation of soldering system speed depending on system heat
power that provides low levels of overheating without solving of inverse heat conduction problem is suggested.
Soldering system speed and its initial delay depending on system heat power was obtained.
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€.0. BATAHOB, B.O. TPAMOB

XepcOHChKHII HALIOHATBHUH TEXHIYHUI YHIBEpCHUTETa

MOJIEJTIOBAHHS ITPOLIECY TOYKOBOI MANKHN KPUCTAJIIYHUX KPEMHIMOBUX
COHAYHUX EJIEMEHTIB

B pobomi mnposedeno mamemamuune MOOeNOBAHHA NPOYeCy MOUKOB0I NAUKU 3 €OHYBANLHUX
CIMPYMONPOGIOHUX WUH OO0 MOHOKPUCMANIYHUX KDEMHIEGUX COHAYHUX eleMeHmis. 3anpononosano nioxio
DPO3DAXYHKY WBUOKOCMI NPOX0OY NAATbHOI cucmemu 8 3aNedCHOCMI 6i0 ii nomysicHocmi Oisi 3MeHUleHHs
seuyUHYU nepeepigy cucmemu 6e3 po38’A3aHHA 360pOMHOI mennoeoi 3adaui. Busnaueni weuokocmi npoxody
nAsALHOI cucmemu ma ii NOYAMKOBA 3AMPUMKA 8 3ANEHCHOCII 810 NOMYHCHOCTI CUCEMU.

Knrouosi cnosa: consaunuil enemenm, namuka, MoOeno8anHs.

E.A. BAT'AHOB, B.A. TPAMOB

XepCOHCKHI HAllMOHANIbHBIA TEXHUYECKUH YHIBEPCUTET

MO/JIEJJMPOBAHUE IMPOIIECCA TOYEYHOM MAWKA KPUCTAJIMYECKUX KPEMHUEBBIX
COJIHEYHBIX 9JIEMEHTOB

B pabome nposedeno mamemamuneckoe mooenuposanue npoyecca modeyHou nauku cOeOuHUme IbHbxX
MOKONPOBOOAWUX WUH K MOHOKPUCIALIUYECKUM KPEMHUEBbIM COJIHEUHbIM djemenman. [Ipednodcern nooxoo
pacuema cKoOpoCmu npoxo0a NAsibHO CUCTNEMbL 8 3AGUCUMOCTU ON €€ MOWHOCTUL OJisl YMEHbUEHUS GeIUYUNbL
nepezpesa CONHeUH020 dliemenma 6e3 peulenuss 0opamHol menniogou sadayu. Onpedenensbl CKOPOCmU NPoxXood
NASILHOU CUCTEMbL U ee HAYAbHASL 3A0EPAHCKA 8 3AGUCUMOCTNU O MOWHOCIU CUCTHEMDbL.

Kniouegvie cnosa: conneunnlil dnemenn, natxka, MoOeIuposanue.

Formulation of the problem

Crystalline silicon solar module is the critical component of photovoltaic generation system. In the
process of crystalline silicon solar module production, the crystalline silicon solar cells (SCs) are interconnected
into complete string. The cells in each string are electrically connected in series by interconnecting a tin-coated
copper ribbon between the front of one cell and the back of the adjacent cell. The ribbon is bonded to the bus bar
of the cells typically through soldering [1, 2]. This process in the assembly of SCs in PV modules has the
advantage of yielding products, which possess high reliability at minimal production cost [3].

However, during the soldering operation, the cell and the ribbon are heated up to a high temperature
near 200°C depending on solder type [4]. Differences in the thermal and mechanical properties of the silicon
used in SC and metal ribbon cause the thermal deformation and the residual stress around the bonding area when
the system is cooling down [5-8]. With time, it results in cracks occurrence and reduce of power output [5, 6].

Analysis of last investigations and publications

The standard soldering process provides heating and interconnection of SCs along its full length. Such

operation leads to high levels of shear stress after cooling down [9]. One of possible ways of stress decreasing is
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the use of spot soldering with a local heating of the ribbon-cell interface [9]. Two spot soldering techniques are
suitable for SCs connection. There are soldering by a soldering iron tips and by a laser. The last one is more
perspective due to possibility of accurate power control of the laser beam, high speed of laser soldering system
and absence of the appliance of mechanical stress [10].

At this case, a controlled heating time and temperature are needed at the solder joint to form a high-
quality intermetallic layer. In [10] it was shown that during laser soldering process the occurrence of cracks
increases with increasing of peak temperature. It is coincide with results of [9] where claimed that precise
control of time of soldering and decrease of temperature reduce the possibility of forming micro-cracks in the
SCs.

The values of temperature peaks are dependent on two main parameters that are the speed of the
soldering system and its heat power. To control the temperature during the soldering and predict appropriate
process parameters the simulation is usually used [10, 11 — 13].

However, the direct calculations of temperature field dependence on several intensities and/or speeds
have taken place only. There are no results and approaches to calculate power and speed dependences on time,
which provides minimal temperature peaks in soldering zone during soldering process.

The purpose of the investigation

The purpose of the investigation is to develop an approach for prediction of power and speed

dependences in time for spot soldering system during interconnection of crystalline silicon SC.
Statement of the basic material of the investigation

Conventionally SC has two bus bars (Fig.1). Soldering system realizes the soldering process of both bus
bars simultaneously. Hence the vertical symmetry axis of SC is, at the same time, the symmetry axis for
temperature field. Physically it corresponds to an absence of heat fluxes between left and right parts of SC.

Taking into consideration the thickness of modern SCs that is about 150-300 pm with in-plane
dimensions of 156 mm the thermal fluxes from SC flanks can be neglected. Hence, thermal field has two
additional symmetry axis that are coincides with symmetry axis of copper ribbons. That is why only one quarter
of SC (hatched part in Fig. 1) was taken for simulation.

Fig.1. General view of SC (1) with copper ribbons (2). Area for simulation is hatched.

In addition, the low thickness of SC is the reason to consider it as a thermally-thin body and two
dimensional temperature field analysis can be accepted.

The simulation area was divided into four zones (Fig. 2, a):

- zone | is the part with the soldered copper ribbon;

- zone Il is the soldering region;

- zone Il is the unsoldered copper ribbon with solder layer;

- zone IV is the silicon plate.

Cross section of simulated structure with components of each zone is given in Fig.2, b.
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Fig. 2. Zones (a) and cross-section (b) of simulated area (a)

All zones except zone |l are characterized by convectional heat loses to the ambient air. Zone Il was
characterized by incoming power only from soldering system. It was accepted that all zones are thermally-thin
bodies with averaged physical parameters over zone components. Thermal fluxes, connected with convection
and incoming heat from soldering system were described as internal sources. Taking into consideration the
melting and crystallization of the solder, the differential equation of thermal conductivity can be written as
follows:

ooy T(y.t) | aipy deeyt) [ PTCoyt) | PT(uy)), Rley.)
— N 2 2 ! (1)
a a ox oy d;
where d; = Zdij is the total thickness of zone “i”;
i
djj is the thickness of j-component of zone “i”;
t is the time of soldering process;
T(x, y, t) is the temperature;
£(X, y, t) is the melted part of solder, 0 <g(x,y, t) <1;
Pi(x, y, t) is the intensity of internal sources;
¢i, Pir Oiy A; are the averaged over components of zone “i”” specific heat, density, melting heat, and
thermal conductivity respectively. They were calculated as follows:
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where c¢;;, p;, dij A are the specific heat, density, melting heat, and thermal conductivity of j-component of zone
“I” respectively.
Intensity of internal sources was used as follows:

_JadT(x,y,t)-T,), for zones |, Ill,and IV;
P, y’t)_{P,( fg)r zon)e Iii) @)

where a is the heat-transfer coefficient;

T, is the ambient temperature that considered as a constant during the soldering process;

P is the heat intensity of the soldering system.

Left-hand side of equation (1) consists of two terms, the first of which represents the change of an
internal energy due to temperature variation and the second one — due to phase transition. In the model, solder
was considered as a one-component substance with one temperature of melting and crystallization (T,,), but not a
temperature range as for multicomponent solid solutions. That is why this terms work one after the other.
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Boundary conditions between zones I and Il, I and 1V, and Il and 1V are the boundary condition of the
fourth kind, that was modified due to possibility of phase transition if phase transition temperature is reached:
T|g:r-0 =T|g:r+o;

ar ar
H_ME”_O}L[_ME Hdt:(lipiqiﬂjquj}is (4)

where (s the corresponding coordinate that is perpendicular to the boundary between zones “i” and “j”;

i and |; are the characteristic length of influence of boundary heat flux at melting temperature on phase
transition.

Boundary condition between zones II, III and IV was as follow

£=r+0

T|C:r‘0|| :T|C:r+0|u :T|C:r+0| ;
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In the model, the value of |; is dependent on zone number and a boundary temperature:
_Jhi2,ati=1, 1, MandT|=T,; .
i =10,ati=1Vor T| =T, ©)
where h is the spatial step at simulation.
Boundary condition around of the perimeter of simulation area was
ar
=l =% (7)
ég ¢=r
Initial conditions
Téx, y,0)=T,;
e(x,y,0)=0. (8)

The boundary-value problem in partial derivatives (1)-(8) was solved numerically by the finite
differences method. Due to uncertainty of phase transition in left-hand side of equation (1) at every time step and
its dependence on temperature, implicit scheme is not appropriate. That is why explicit scheme for building of
equations system was used. It was accepted: spatial step h = 0,5 mm, time step T = 0,1 ms. For each zone

7\.iT
cipih’

<01

that provides computational stability. Width of copper ribbon was accepted of 2 mm (1 mm in simulation area),
soldering spot dimension was accepted 2x2 mm?. It provided a presence of at least three nodes in each direction
for each zone.

Minimization of temperature peaks over T,, was provided in simulation as follows. Initially only power
of soldering system was set. Necessity of the system motion to the next position was defined at every time step
by state of solder in the last nodes row in the zone II. If in this row the solder was completely melted (¢=1) then
soldering system moved the spatial step forward. Examination of solder state and realization of soldering system
motion took place until the last nodes row in the zone 11 would not be melted completely. During the simulation,
the number of time steps for each position of soldering system was defined. Simulation was completed when
soldering system reached the edge of SC.

Suggested approach gives approximate dependence of position and speed of the soldering system on
time that provides Minimization of temperature peaks over T,. Exact dependences can be obtained only from
solutions of reverse heat transfer problem. However, this problem, firstly, is complicated due to its
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mathematically incorrectness [14], and, secondly, to set such a problem it is necessary to obtain temperature
dependences in internal points, which is undefined due to phase transitions presence.
Physical properties and thickness of the materials used in the simulation are given in Table 1. Solder

temperature of phase transition is 183 °C [11]
Table 1

Physical properties and thickness of the materials used in the simulation [5, 11]

Material Thickness, Densitgy Thermal conductivity, Specific heat,
pm kg/m W/(m°C) J/(kg-°C)
Silicon 200 2329 237 816,5
Copper 80 8954 380 383
Solder (SngsPbs;) 40 8410 50,2 230

In Fig. 3 the results of simulation of soldering system position in time at different system powers is
given. As follows from Fig. 3, at different powers speed of system is slightly deviate from constant values, but
has some delay at the beginning of the process, which is connected with necessity of initial heating from T, to
T

Results of calculation of system speed and initial delay as a function of system heat intensity are given
in Fig. 4.

Typical temperature fields at different positions of soldering system at system heat intensity of 40
W/mm? are presented in Fig. 5. As follows from Fig. 5, Temperature peaks is very closed to Ty, hence,
suggested approach gives the possibility to obtain technological parameters of soldering process, which provides
minimal overheating of SC.
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Fig. 3. Results of simulation of soldering system position in time at different system power.
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Fig. 4. Results of calculation of system speed (a) and initial delay (b) as a function of system heat intensity
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Fig. 5. Temperature fields at different positions of soldering system:
a—0,5mm; b-50 mm; ¢c—-100 mm; d — 156 mm

Conclusions
1. The approach for prediction of power and speed dependences in time for spot soldering system
during interconnection of crystalline silicon solar cells is develop. Use of this approach gives the possibility to
minimize of temperature peaks over solder melting temperature.
2. It was shown, that minimization of overheating can be obtain with practically constant speed of
soldering system that is suitable for manufacturing application.
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