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1. MANUFACTURING TECHNOLOGIES FOR 
SOLAR CELLS 

Three key elements in a solar cell form the basis of 

their manufacturing technology. The first is the 

semiconductor, which absorbs light and converts it into 

electron-hole pairs. The second is the semiconductor 

junction, which separates the photo-generated carriers 

(electrons and holes), and the third are the contacts on 

the front and back of the cell that allow the current to 

flow to the external circuit. The two main existing 

categories of technology are defined by the choice of 

the semiconductor: either crystalline silicon in a wafer 

form or thin films of other materials [1].  

Historically, the majority of solar cells fabricated to 

date have been based on silicon in mono-crystalline or 

large-grained polycrystalline form. Even though it is a 

relatively poor absorber of light [2], there are three 

main reasons for this. One is that silicon is an elemental 

semiconductor with good stability and a well-balanced 

set of electronic, physical and chemical properties, the 

same set of strengths that have made silicon the 

preferred material for microelectronics.  

The first and most used is mono-crystalline. These 

are fabricated using thin wafers, (up to 150mm diameter 

and 350 microns thick), cut from large cylindrical 

mono-crystalline ingots prepared by the exacting 

Czochralski crystal growth process. The Czochralski 

process is a method of crystal growth used to obtain 

single crystals of semiconductors , metals, salts, and 

synthetic gemstones. The thin wafers are doped to about 

one part per million with boron during ingot growth. 

Because they are made from just one crystal, and not 

from multiple crystals fused together, the process of 

making them is one of the most complex and expensive 

ones around.  

The second is multi-crystalline silicon. These are 

made by sawing a cast block of silicon, which may 

contain many small crystals, first into bars and then into 

wafers. Because of the lower cost, the main trend in 

crystalline silicon cell manufacture is moving toward 

multi-crystalline technology. These cells are square in 

shape, and may have a surface that looks somewhat like 

a mosaic. That is a consequence of all the different 

crystals that make up the module.  

Mono-crystalline solar panels are one the most 

efficient commercially viable photovoltaic solar 

collectors but because of their price, therefore not 

necessarily the first choice. The highest commercial 

efficiency is 22% and is produced by SunPower, which 

uses expensive, high-quality silicon wafers. The 

University of New South Wales has achieved 25% [3] 

efficiency on mono-crystalline silicon in the lab. 

Crystalline silicon devices are approaching the 

theoretical limiting efficiency (29%) and achieve an 

energy payback period of 1-2 years.  

Polycrystalline solar modules are less efficient than 

those made from a single crystal. Generally, these 

panels have about 12 to 12.5 % conversion efficiency. 

However, they are much simpler to produce, and cost 

far less to manufacture. This makes them cheaper for 

buyers. The maximum efficiency measured in the lab 

NREL is 20.4% [4].  

Like other types of solar panels, mono-crystalline 

solar modules suffer a reduction in output if the 

temperature rises. Once the temperature in the cells 

reaches around 50°C, reductions of between 12 and 

15% can be expected. That may sound like extreme 

warm temperatures, but these are dark colored panels in 

direct sun, so almost all of the heat radiations from the 

Sun are absorbed.  

Both cells are made from crystalline silicon. A 

deficiency for the use of silicon for solar cells is that it 

has an indirect bandgap. As you can see in figure 1 and 

2, it means that the lowest energy state of the 

conduction band and the highest energy state of the 

valence band has a different momentum. 

 
Fig. 1. Energy versus crystal momentum for    Fig. 2. Energy versus crystal momentum for 

  a semiconductor with an indirect band gap    a semiconductor with a direct band gap 
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Since inception, the dominant solar cell technology 

in the marketplace has been based on wafers of 

crystalline silicon. During the same period, the idea of 

developing alternative, lower cost photovoltaic 

technologies led to the consideration of thin films. Thin 

films are based on using thinner semiconductor layers 

to absorb and convert sunlight. Because of their direct 

bandgap they can absorb as much as, or even more light 

than traditional silicon panels. The cells consist of 

layers of active materials about 10 µm thick compared 

with 200- to 300-µm layers for crystalline-silicon cells.  

Thin-film amorphous silicon (a-Si) solar cells are 

gaining momentum in the market place. The amorphous 

technique of panel manufacture is most often seen in 

small solar panels like those in calculators or garden 

lamps. But they are however being increasingly used 

for larger applications. Amorphous silicon cells use 

layers of a-Si only a few micrometers thick, attached to 

an inexpensive backing such as glass, flexible plastic, 

or stainless steel.  

CIGS solar Technology offers higher efficiency than 

Cadmium Telluride or amorphous silicon technology, it 

is lighter in weight and it uses much less the toxic 

heavy metal Cadmium. CIGS Solar technology consists 

of a higher efficiency hetero-junction system. The 

Copper Indium diSelenide (CIS) material that is used in 

CIGS technology has a very high light absorption 

capacity that allows up to 99% of the light which strikes 

the material to be absorbed within the first micron of 

material depth.  

A dye-sensitized solar cell (DSSC, DSC or DYSC) 

is a relatively new class of low-cost solar cell that 

belongs to the third generation solar cells. It is based on 

a semiconductor formed between a photo-sensitized 

anode and an electrolyte. This cell is extremely 

promising, because it is made out of low-cost materials 

and does not need elaborate apparatus to be 

manufactured. In bulk it should be significantly less 

expensive than older solid-state cell designs. 

An organic photovoltaic cell (OPVC) is a 

photovoltaic cell that uses organic electronics for light 

absorption and charge transport. It is called 'organic' 

electronics because the polymers and small molecules 

are carbon-based, like the molecules of living things. 

This is as opposed to traditional electronics which relies 

on inorganic conductors such as silicon.  

Nanocrystalline, for solar panels better known as 

microcrystalline silicon, is a form of porous silicon. It is 

similar to amorphous silicon, in that it has an 

amorphous phase. This means there is no long-range 

order in the positions of the atoms. The difference is 

that nc-Si has small grains of crystalline silicon within 

the amorphous phase. This is in contrast to 

polycrystalline silicon, which consists solely of 

crystalline silicon grains, separated by grain boundaries.  

Nanocrystalline has about the same bandgap as 

crystalline silicon, which is 1.12 eV. Though, it is 

almost never used as single junction solar cell, because 

the ratio energy divided by cost prise is low. However, 

it can be combined in thin layers with amorphous 

silicon, creating a layered multi-junction cell.  

A multi-junction cell can be made in two different 

ways. In the mechanical stack approach, two individual 

solar cells are made independently, one with a high 

bandgap and one with a lower bandgap. Then the two 

cells are mechanically stacked, one on top of the other 

Researchers found that by choosing the 

metamorphic Ga0.35In0.65P, Ga0.83In0.17As and Ge 

material combination, a solar cell structure could be 

chosen for the first time that is completely current 

matched under the terrestrial solar spectrum. At a 

sunlight concentration factor of 454, researchers in 

Freiburg set a world record of 41.1%. Even at a higher 

sunlight concentration of 880, an efficiency of 40.4% 

was measured. 

A micromorph tandem solar cell consists of an 

infrared sensitive microcrystalline silicon bottom cell 

and an amorphous silicon top cell which is sensitive for 

the visible light. The high efficiency potential of this 

new tandem cell arises from the fact that amorphous 

silicon and microcrystalline silicon with optical gaps of 

1.7 eV and 1 eV, respectively, are sufficiently wide 

spaced over the solar spectrum to create a powerful 

tandem-effect. 

2. NONFORMAL EDUCATION 

The series resistance in function of the irradiance 

can be seen in fig. 3. Since the series resistance is 

measured by the inverse of the slope of the IV curve on 

Voc , it is logic that it decreases if the irradiance 

increases. For strong irradiation the value of Rs 

stabilizes, but under the 200W/m² it raises a lot. This 

can also be seen on the IV curves. The increasing series 

resistance is one of the main reasons why the efficiency 

decreases that much when the illumination is low. 

Under high irradiance Rs stabilize to 33 Ω. Since the 

panel exists of 18 cells connected in series, it means the 

Rs of one cell is 1.8 Ω or 15.6 Ω/cm². Under solar 

radiation the series resistance lowers to 8 Ω, which 

implies 3.8 Ω/cm². This is still a lot. This is probably 

caused by the very thin aluminum conductors which are 

used to connect the cells in the solar panel and 

impurities in the silicon. This panel is not made for the 
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highest efficiencies. But also the way of measuring has 

an influence. Despite the most double and not useful 

data is filtered out by the program, some is still passed. 

This results in an almost straight part in the IV curve on 

Voc as can be seen on some IV curves. This influences 

the calculations a little.  

The shunt resistance remains approximately 

constant. The mean value is about 700 Ω. This indicates 

the cell has some crystal defects and local short circuits 

which allows leak current. For higher irradiance the 

shunt resistance decreases a little. This is probably 

caused by non-uniform irradiance. The closer the lamp 

is to the solar panel, the greater the difference is in 

irradiation. A decreasing shunt resistance is a typical 

effect of non-uniform irradiance. This can also be seen 

in figure 1. The IV curve on Isc is steeper if the 

irradiance gets higher.  

 

 

Fig. 3. Shunt and series resistance in function of the irradiance. 

The fill factor of the test panel is around 50% under 

test lamp conditions. The graph can be seen in figure 4. 

The maximum value measured inside was 53%. This is 

low for a mono-crystalline silicon solar cell. This is 

cause of the big series resistor and relatively small 

shunt resistor. Normally one may expect a fill factor of 

0.75 for mono-crystalline solar cells. Under solar 

radiations the maximum measured fill factor is 63% 

because of the smaller series resistance. Since the shunt 

resistor remains approximately the same, the trend of 

the fill factor is the inverse of that of the series 

resistance.  

 

 
Fig. 4. The fill factor in function of the irradiance. 

Because the efficiency of the solar cell is so low, a 

comparison is done with a similar poly-crystalline 

silicon solar panel. The panel exist of 36 cells 

connected in series. The surface of the panel is 0.0108 

cm². This makes the monocrystalline panel 45% bigger.  

A comparative test is done outside under full solar 

radiance. The results were remarkable. Because the 

poly-crystalline panel exists of double as much cells, 

the Voc was approximately the double. The Isc of the 

poly-crystalline was 40% of the Isc of the mono-

crystalline. The big difference was the shunt resistance 

of the cell. The shunt resistance of the poly-crystalline 

panel was 6.2 times greater than that of the mono-

crystalline silicon panel. As a result the fill factor of the 

poly-crystalline panel was much better and the panel 

was able to produce more power. Even though it had a 

smaller surface! This is in conflict with the theoretical 

statement who declares that mono-crystalline is more 

efficiently than poly-crystalline silicon for solar cells. 

This indicates that the silicon of the tested solar cell 

was of bad quality or has had some damage during his 

lifetime. Nevertheless the comparison results of this test 

remains valid and can be extrapolated for better mono-

crystalline silicon solar cells, though some results can 

differ. 
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Fig. 5. IV curves of the mono- and     Fig. 6. Power-voltage curves of the mono- 

poly-crystalline silicon solar panels.    and poly-crystalline silicon solar panels 

 
Table 1. Measurements of the mono- and poly-crystalline silicon solar panels 

Panel Fill factor MP 
[W] 

Vmp 
[V] 

Imp 
[A] 

Voc 
[V] 

Isc 
[A] 

Rsh 
[Ω] 

Rs 
[Ω] 

Mono  0.63  1.162  6.94  0.167  8.90  0.206  586  8  

Poly  0.75  1.236  15.92  0.078  19.58  0.084  3625  26  

 

5. CONCLUSIONS 

In general there can be concluded that the most thin 

film solar cells require less energy and are cheaper to 

produce, but the efficiency and lifetime is lower 

comparing to mono-crystalline silicon solar cells. By 

using multi-junction cells a wider range of the solar 

spectrum can be absorbed. Which solar panel is the 

most interesting depends on the requirements. Multi-

junction cells consisting out of GaInP/GaAr/Ge have by 

far the best efficiency (41.1% in the lab) but are very 

hard and expensive to make. Therefore, they used to be 

only made for space applications.  

Most roof mounted solar panels are made of mono-

crystalline silicon. On a sunny summer day the 

irradiance on the panels will vary from 0 to 1000 W/m². 

To investigate the influence of the irradiance on the 

output power of solar panels, a test stand for monitoring 

solar panels is designed. If the voltage is too high, the 

efficiency will decrease a lot. At the maximum power 

point the current increases linearly with the irradiation. 

If the load of the solar panel doesn’t adapt to the 

fluctuating irradiance, the efficiency lowers drastically. 

A maximum power point charge controller is necessary 

to achieve maximum efficiency. The efficiency of 

mono-crystalline silicon solar panels is very sensitive to 

irradiance spectrum. The panels are not effective if they 

are used with indoor lighting. 
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