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Abstract--Lasers play a major part in the processing of the 
numerous materials used in engineering and manufacturing. The 
range of processes in which lasers are involved is ever increasing.
One of the areas in which laser has recently found application is in 
energy systems.  With the dwindling non-renewable sources of 
energy such as fossil fuels and increasing demand of electricity, there 
is increasing interest in addressing the energy problem through 
development of systems for renewable energy alternatives such as 
solar energy.  Though solar energy is readily available and has no 
adverse effects on environment such as pollution and greenhouse 
effects, it has not been fully exploited due to a number of challenges. 
Some of these challenges include high capital cost and the low 
conversion efficiency. Therefore photovoltaic industry has taken 
advantage of the benefits inherent in laser technology, namely
accuracy, cost-efficiency, and flexibility that are critical in 
manufacturing today. This paper presents a review of the various 
production and assembly methods employed in the manufacture of 
solar panels where laser technology plays a predominant and the 
types of lasers are preferred along the photovoltaic production chain 
from the silicon raw material to the finished laminated solar modules. 

Keywords-- In-laminate laser soldering, Laser, Metal-to-plastic 
joining, Monocrystalline solar cell, Photovoltaic, Solar panel 
assembly.

I. INTRODUCTION: LASER MATERIAL PROCESSING

VER the last two decades laser processing has become 
an indispensable part of competitive manufacturing 

throughout the world. Whether the project involves metal, 
glass, plastic, silicon, rubber, or even wood, laser materials 
processing has proven its superiority in terms of accuracy and 
process efficiency. laser materials processing
refers to a number of different types of processes all utilizing 
the unique benefits offered by laser light. These processes 
include welding, cutting, cladding, heat treating, machining 
and drilling which are easily accomplished with lasers instead 

of traditional manufacturing techniques, tools and machinery.
Laser processing has a number of important benefits over 

other available methods. One of the benefits of laser 
processing is its ability to work with many different types and 
shapes of materials. Traditional drilling methods, for example, 
are difficult to use on rounded materials. With laser drilling, a 
non contact process, geometric limitations are easily overcome 
with conventional or shaped holes easily processed. 
Additionally, cutting certain materials has always been nearly 
impossible for standard machinery, but with lasers, it is easy 
to burn, vaporize, or melt away the edges to leave a clean 
consistent cut. Another benefit is efficiency; for example, the 
use of laser in processing is faster than traditional industrial 
methods in say, welding, cutting, and drilling. As a result 
higher production rates are achievable with laser.  

Moreover, since laser processing does not require direct 
contact between the materials and the equipment, there is no 
wear nor tear on the tools and there is little down-time. Of 
course, one of the most important benefits of laser processing 
is precision. Due to the fact that the positioning of laser beam 
is computer controlled and that there is no direct contact of the 
workpiece with the laser equipment much higher accuracy is 
achieved than for any of the conventional equipment. In 
conventional processes, as tools become worn they also 
become less precise. That never happens with laser processing 

the first cut is as precise as the thousandth cut. The bottom 
line is that accuracy, cost-efficiency, and flexibility are critical 
in manufacturing today when saving money and preserving 
quality are the keys to staying ahead of the game. Laser 
processing can be the solution that provides all three of those 
factors [1, 2].  Laser technology can be used in processing of 
almost all types of materials including the hardest and most 
difficult to materials.  Some of the meaterials that are easily 
cut with lasers include super alloys such as Inconel, Waspaloy, 
titanium and many aluminum alloys.

II. LASER TECHNOLOGY IN PHOTOVOLTAICS

When it comes to laser technology, photovoltaic industry 
has not been left behind and most of the numerous processes 
in cell manufacturing and modules assembly use in one way or 
another laser technology. The involvement of laser systems 
depends on the type of the initial material, crystalline or 
polycrystalline silicon or thin film solar cells, et cetera.
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Here our emphasis will be on silicon crystalline solar cells 
and on laser welding/soldering of solar cells in panel 
assembly, because contrary to well established laser processes 
like laser cutting and scribing of cells , laser welding/soldering 
is still under investigation in many photovoltaic research 
institutions [3]

III. TYPES OF SOLAR CELLS
Today, two PV technologies compete for market 

dominance, crystalline silicon (c-Si) and thin film. Currently 
about 80 - 85% of all PV modules are manufactured using c-Si 
technologies [4]

c-Si technology involves the fabrication of high purity 
ingots of poly- or single crystal Si material usually from 
natural quartz. These ingots are doped with boron. The ingots 
are sliced into wafers and doped on the surface with phosphor 
using a thermal diffusion process forming a p-n semiconductor 
junction. Some manufacturers grow thin ribbons of Si directly 
from molten Si and cut wafers from these ribbons avoiding the 
requirement of slicing or sawing wafers from ingots, thereby 
saving significant quantities of costly silicon [5].

Once wafers have been diffused, the front and back metal 
electrical contacts are added resulting in a finished solar cell. 
A certain number of these cells are then connected to produce
a solar panel. The advantages the c-Si technology are higher 
cell efficiency (up to 20%), simple and proven technology, 
while the drawbacks are the amount of costly Si required to 
produce a given amount of electricity and higher 
manufacturing costs.

Solar thin film technology is based on semiconductor 
materials such as amorphous Si, Cadmium Telluride (CdTe),
and Copper Indium Gallium Di-selenide (CIGS). The thin film 
cells are manufactured by depositing multiple layers of these 
different materials on glass, metal or polymer substrates. The 
semiconductor junctions are formed in different ways, either 
as a p-i-n device in amorphous silicon, or as a hetero-junction 
for CdTe and CIGS. A transparent conducting oxide layer 
such as indium tin oxide forms the front electrical contact of 
the cell, and a metal layer the rear contact. The advantages of 
this technology include lower cost per peak electrical output 
Watt due to lower materials and other manufacturing costs and 
ease of scalability to large panels. The drawbacks are lower 
efficiency (up to 13%) resulting in larger panel area to 
produce a given amount of electricity when compared to c-Si 
based PV modules and complexity of the technology itself [6, 
7]

There are also dye-sensitized solar cells DSSC: a modern 
DSSC, the Gratzel cell, is composed of a porous layer of 
titanium dioxide nanoparticles, covered with a molecular dye 
that absorbs sunlight, like the chlorophyll in green leaves. The 
titanium dioxide is immersed under an electrolyte solution, 
above which is a platinum-based catalyst. As in a conventional 
alkaline battery, an anode (the titanium dioxide) and a cathode
(the platinum) are placed on either side of a liquid conductor 
(the electrolyte) [8]. Sunlight passes through the transparent 
electrode into the dye layer where it can excite electrons that 

then flow into the titanium dioxide. The electrons flow toward 
the transparent electrode where they are collected for 
powering a load. After flowing through the external circuit, 
they are re-introduced into the cell on a metal electrode on the 
back, flowing into the electrolyte. The electrolyte then 
transports the electrons back to the dye molecules. Dye-
sensitized solar cells have not yet been developed into 
industrial devices as they present some inherent 
disadvantages. These include: the use of the liquid electrolyte, 
which has temperature stability problems. At low temperatures 
the electrolyte can freeze, ending power production and 
potentially leading to physical damage. Higher temperatures 
cause the liquid to expand, making sealing the panels a serious 
problem. Another disadvantage is that costly ruthenium (dye), 
platinum (catalyst) and conducting glass or plastic (contact) 
are needed to produce the Gratzel cell. A third major 
drawback is that the electrolyte solution contains volatile 
organic compounds (or VOC's), solvents which must be 
carefully sealed as they are hazardous to human health and the 
environment. This, along with the fact that the solvents 
permeate plastics, has precluded large-scale outdoor 
application and integration into flexible structure [9]

IV. APPLICATIONS OF LASER TECHNOLOGY IN C-SI BASED 
CELL MANUFACTURING

In the solar industry, lasers are positioned to have a very 
large impact on the manufacturing cost, by increasing cell 
efficiency, improving throughput, and providing 
manufacturing equipment with low cost-of-ownership. 
Inherently a non-contact process, lasers provide a clear 
advantage over competing technologies as wafer thicknesses 
decrease (220 to 100 microns) and wafer sizes increase (150 
200 mm) over the next few years. Lasers have low utility 
requirements and provide an ideal choice for manufacturing 
equipment as solar production-lines themselves become more 
environmentally-friendly. As the manufacture of solar cells, 
from the sand raw material to assembled panel modules is a 
long and sophisticated industrial process, lasers surely have 
found use in many steps of the process and are indispensible 
tool for the success of the industry their use expand day by 
day. Table.1 shows the involvement of laser technology in the 
different steps of industrial photovoltaic manufacture process 
[10- 12]

Table 1. Laser utilization in industrial photovoltaic manufacturing process

Applications Production Status
Widespread Partially R&D

Edge Isolation
LGBC
Dielectric Ablation
Dopant Diffusion
Drilling: Wrap-Through
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Texturing
Laser Fired contacts
Cell cutting
Module soldering
Wafer Marking

A. Edge Isolation
One of the traditional laser applications is edge isolation. 

The p-doped wafers are coated with an outer layer of n-doped 
silicon to form a large area p-n junction. This thin (10-20
microns) layer coats the entire wafer, including the edges, and 
often the rear surface, creating an unacceptable recombination 
pathway between the front and back surfaces. This pathway 
can be eliminated by edge isolation, whereby a groove is 
continuously scribed completely through this n-type layer. In 
order to maximize cell active area and hence efficiency, this 
groove has to be as narrow and as close to the edge as 
possible. For this purpose the usual laser of choice is a Q-
switched diode-pumped solid state (DPSS) laser with a pulse 
repetition rate around 30 kHz. Some manufacturers use 1064 
nm lasers: however, an increasing number of manufacturers 
are utilizing 532 and 355 nm lasers for this application [13]
due to several reasons.
First - these shorter-wavelength green / UV lasers can scribe 
narrower grooves. In addition, 1064 nm lasers can create 
microcracks that emanate from the scribed groove and which, 
if reaching the edge of the wafer, can compromise structural 
integrity - this limits how close the 1064 nm-machined 
trenches can be placed to the edge of the wafer. The 532 and 
355 nm lasers give an additional advantage of generating less 
heat affected zone, HAZ, compared to IR lasers. But fibre 
lasers are catching in: 20 W (average output power) Q-switch 
ytterbium pulsed fiber laser (YLP) lasers are being be used for 
scribing edge isolation grooves at a high speed (2 m/sec or 
faster). The use of the 532-nm wavelength (frequency 
doubled) results in a somewhat reduced scribing speed and 
increased cost but yields scribes with much reduced crystal 
damage resulting in potential higher yield. 

B. Drilling Vias 
A simple solar cell has front and back contacts for the 

charge carriers and the front metal contacts cover a significant 
area of the cell (5-7%) and thereby reducing the cell efficiency 
by obscuration of the sun light. To increase the efficiency and 
power from each module, n

are being implemented wherein the front contacts are moved 
to the back surface, leaving the front surface nearly free of 
metal obscuration. To connect the front surface of the cell with 
the back surface, drilling hundreds of small holes or vias in the 
wafer is part of the solution. A 20 W Q-switch fiber laser is 
used to drill 50 micro diameter holes in 250 micron thick 
wafers at a speed of 100-200 holes/sec. For laser drilling of 
the vias processing throughput can be optimized depending on 

the wafer thickness and the hole density. To achieve the 
throughputs required for this application, 1064-nm fiber lasers 
offer the best combination of peak power, pulse energy and 
higher pulse repetition rate compared to a 532-nm laser. 

C. Front Surface Contacts 
Buried electrical contacts represent one approach to 

been antireflection-coated with silicon nitride, lasers can 
scribe narrow surface grooves which are then plated. This 
results in electrodes with a high volume and collection 
surface, relative to their width. The grooves have a width and 
depth of 20-30 microns and are cut at 2-3 mm intervals along 
the cell. In a recent adaptation of this approach, lasers cut only 
through the AR coating, and the exposed semiconductor is 

- -
surface contact methods will bypass LGBC into mass 
production within the solar industry [14,15].

D. Laser Fired Contacts
With thinner wafers, it can be electrically and thermo-

mechanically advantageous to include a passivation layer 
between the rear surface aluminum electrode layer and the 
silicon: however, this passivation layer is non-conducting. The 
Laser Fired Contacts (LFC) technique, recently developed by 
Fraunhofer ISE, provides a means through which lasers create 
localized contacts. At each site, a 1064 nm laser pulse drives 
the aluminum through the passivation layer and several 
microns deep into the silicon, creating a localized Al / Si alloy. 
Similar to the LGBC method above, the transition from 
research to mass production has yet to be realized within the 
industry [16-18].

E. Cutting Wafers
Due to silicon foundry shortages and associated high 

material costs, manufacturers are moving towards using 
thinner wafers (100-200 microns). As the wafers get thinner, it 
is challenging to cut them with conventional mechanical tools 
which induce micro cracking and ultimately reducing the 
strength of the wafers. Lasers, offering a non-contact process, 
have been successfully implemented in production lines to cut 
wafers. The Q-switched solid-state lasers, with 50-100 ns 
pulse and peak power up to 20 kW, are used to cut these thin 
wafers in multiple passes. The Q-switch fiber lasers offer 
economical and the cleanest process to cut these wafers as 
secondary process such as chemical etching (often necessary 
for other competing technologies) are completely
eliminated.[19-21]. Problems related to mechanical and 
thermal stress due to laser cutting of silicon wafers are well 
documented for example in [22].

F. Wafer Marking
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To provide traceability throughout the industry-standard 
20-25 year cell / module warranty period, long-term 
identification of the cells is essential. An emerging application 

For this application, the ID mark should be clearly visible, 
while not causing any notable decrease in efficiency over the 
required lifetime of the cells / modules [23]

G. Laser Surface texturing
Surface texturing plays a critical role in silicon solar cell 

performance, affecting both reflectance and light trapping. 
Monocrystalline cells are typically textured using an 
anisotropic alkaline etch to create surface pyramids, while 
multicrystalline cells are textured using an isotropic acid etch 

plasma surface texturing [24]. An alternative surface texturing 
technique uses ultrafast lasers that offer advantages over the 
standard wet etching techniques. 

Laser texturing process provides an efficiency 
improvement and tighter efficiency binning for 
multicrystalline cells compared to a high quality isotexture 
baseline, and also maintains high efficiencies on thinner 
wafers due to superior light trapping. The combination of 
these benefits directly translates into reduced $/Wp cell
manufacturing cost. Laser texturing technique using ultrafast 
laser [25, 26] or Q-switched Nd: YAG laser [27] also holds 
promise to achieve better performance and economics on 
monocrystalline cells than standard alkaline etches. Research 
shows that laser surface texturing with can be efficiently 
achieved on multicrystalline as well as on monocrystalline 
solar cells. Using an ultrafast laser processing technique it is 
possible to create self-assembled micro/nano structures on a 
silicon surface for efficient light trapping. Light reflection 
(including scattering) of the Si surface can be reduced to less 
than 3% for the entire solar spectrum [28] 

II. LASER SOLDERING IN PHOTOVOLTAIC 
MODULE MANUFACTURING

For the production of solar modules from individual solar 
cells, several cells are electrically connected together in series 
to get the necessary nominal voltage and in parallel to get the 
necessary current. The tapping and stringing of the PV cells is 
the most time-consuming activity in the production of PV 
modules, as poor soldering process may damage or crack the 
solar cells, induce a reliability problem, and even decrease the 
power output and lifespan of a solar module significantly [29].

The present trend in silicon solar cell production towards 
thinner (< 2
gentle production methods to reduce wafer breakage during 
module manufacturing. Thermal and mechanical stress created 
during these processes leads to the formation of cracks, which 
is especially dangerous for thin wafers [30].  On the other 
hand, it is also necessary for the solder joints to exceed certain 
dimensions to get good electrical contact, low resistance and 
mechanical strength. Thus, to get a high yield it is essential to 

minimize the thermal and mechanical stress for the cell.
Tactile methods like soldering iron are not recommendable 
and some researchers have even proposed to replace soldering 
with low temperature conductive adhesive interconnection for 
labour cost savings and hence a saving in production cost [31].

For different soldering methods: hot air, iron-soldering, 
infrared, lamp , micro flame  and supersonic soldering [32,33]
potential sources of damage  and the link between mechanical 
stress induced by soldering and micro damages in silicon solar 
cells are well documented in literature[34-37] .

For example in [34], a finite element analysis model has 
been developed to simulate the bow residual stress due to 
soldering. According to the results of the simulation, the 
decreasing thickness of wafer causes the increasing residual 
stress and bow. Even the issues posed by the introduction of 
lead-free solder to replace the traditional Sn60Pb40 have been 
investigated [38].

Contrary to other soldering methods, the laser soldering 
process allows strongly localized energy deposition without 
heating the whole wafer. In addition the process can be 
controlled with a pyrometer, so that the laser power can be 
adapted in real-time during soldering to achieve a constant 
temperature even at varying material conditions. The 
pyrometer is integrated in the processing head and aligned in 
the optical path of the laser beam [39]. This allows an ideal 
temperature profile on the cell and a minimum of heat input.

Using a setup with two beam paths simultaneous soldering 
of the front and back contacts enables process times below 
three seconds per cell. For future cell concepts, laser beam 
welding allows a decrease of the processing times by a factor 
of ten compared to traditional soldering [40]. The spot size to 
be heated for PV soldering applications has a diameter of 1-2
mm or more. The heat needs to be delivered within a several 
hundreds of milliseconds. The required radiation power 
depends on many factors; it may range from 30-90 W. These 
specifications are no serious challenge for laser sources. Fiber 
coupled diode laser are a good choice for the application [41-
44].

V. LASER-BASED SOLAR MODULE ASSEMBLY

A. In-laminate soldering
Usually when Si solar cells are interconnected to strings 

they get laminated into the modules. This technology requires 
handling for the long and fragile strings with additional 
equipment. Using laser the string handling can be completely 
avoided by soldering directly through the laminate layers. The 
typical sequence for these modules is glass, polymerized 
Ethylene Vinyl Acetate (EVA), tinned ribbons, solar cell, 
tinned ribbons and transparent TEDLAR® back sheet. Front 
and rear sides of the PV module are transparent for laser 
radiation. Soldering can be done either before or after 
lamination. This method is named In-Laminate Laser 
Soldering (ILLS) and there is a formidably intense research 
work being done at Institut für Solarenergieforschung Hameln 
(ISFH), Emmerthal in Germany [45, 46] and other research 
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institutions [47]. The results show that this technological 
process presents many advantages over competing solutions 
and promise to become a mainstream technique.

B. Laser-induced damage during laser soldering
The use of laser soldering in solar panel assembly is 

expected to improve the quality, increase the overall yield and 
lower the overall cost of solar panel production. However 
there are reports in scientific literature on laser induced 
damages especially in silicon used for microelectronic 
production [48-52]. These reports agree among other things 
that the damage thresholds increase with the increasing of the 
laser pulse width and experimental results agree with 
theoretical calculations.  These damages include formation of 
bulges, craters, cracks production and thermal stress. These 
damages depend on the HAZ which in turn is a function of 
laser beam parameters, including beam power or pulse, 
energy, spot size depth of focus and process parameters such 
as pulse repetition rate, scan speed and weld size.

The success of laser welding and soldering and 
monolithic module assembly will improve the quality of solar 
panel production if the negative effects of the laser beam on 
the quality of solar cells such as formation of bulges, cracks, 
craters, excessive thermal stress are mitigated or eliminated all 
together and the production process parameters are optimized.

A proposal submitted by a team of researchers from 
Kimathi University College of Technology, Jomo Kenyatta 
University of Agriculture and Technology and Moi University 
and funded by the National Counsel of Science and 
Technology (NCST) of the Ministry of Higher Education, 
Science and Technology (MoHEST), Republic of Kenya, 

beam parameters- that include power, spot size, mode, depth 
of focus and process parameters such as pulse repetition rate, 
scan speed, and weld size to avoid formation of bulge , cracks 
and other types of damages as witnesses in other operations 
involving silicon as well as to minimize the HAZ.

Using the results of mathematical simulation and 
modeling, solar panels will be assembled and their electrical 
and performance parameters compared with the parameters 
exhibited by traditionally assembled panels.

C. Laser-assisted Metal-to-plastic joining
The recent introduction of laser-assisted metal-to-plastic 

(LAMP) joining makes it possible to produce all-laser-
assembled solar panels. LAMP joining is performed by 
melting the plastic near the joint interface and then forming 
bubbles in the melted plastic by utilizing a simple lap joint. 
The LAMP joining is applicable to join thermo-plastics, 
especially engineering plastics to any metal [51, 52]. The use 
of LAMP would eliminate the need for adhesives in the final 
process of laminate encapsulation. But the process is still at 
investigation stage and more research is needed before its 
widespread implementation.

VI. CONCLUSION
Laser material processing is an established technological 

feature in the modern manufacturing landscape including the 
crystalline silicon solar cell industry where it is applied almost 
in all steps of cell manufacturing from silicon raw material to 
laser soldering of complete solar cells. 

Laser processes efficiently perform important steps in PV 
cell manufacturing. Laser systems are proven in industrial 
photovoltaic production with lasers used for edge isolation 
scribing, grooving, contact vias and emitter doping, welding 
and soldering of solar cells.

In production, laser processes exploit the advantages of 
selective machining, a well defined interaction region, high 
precision and cost-effective processing. In order to help the 
solar industry to reduce the cost of electricity generation and 
to make it available in off-grid locations, there are increasing 
opportunities for laser processing to contribute to the goal of 
low cost of ownership in industrial manufacturing through 
improved module efficiencies, higher throughput and reduced 
process costs. These new opportunities include monolithic 
module assembly that may take advantage of in-laminate laser 
soldering and laser-assisted metal-to-plastic joining to achieve 
an all-laser solar cell manufacturing and module assembly. 
Intense fundamental research is going on to make these new 
laser processes mainstream in photovoltaic industry.
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