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Abstract
Solar photovoltaic industry is a hot research field, massive attempts are going on all over the
world to increase its productivity in different ways. One of the challenges for solar cells is the
light spectrum mismatch losses, which referred to the part of solar spectrum that cannot be
utilized to electricity by the conventional cells.
Two ways have been suggested to overcome solar spectrum mismatch losses, the first is multi
layered cells (tandem cells) with a different light behavior for each layer, and the second is
spectrum conversion which is this researches subject.
Spectral modification or conversion in solar cells industry has been studied and different lab
scale models have been introduced. According to nanoscale journal, such technology may be
the base of the next generation solar cells, mentioning specifically the use of luminescence
down conversion and up conversion techniques to control the light spectrum on the solar cell,
these endeavors targets to produce solar cells that is not subjugated to Shockley-Queisser
maximum efficiency limit of 31%.
This research aims to draw a map of various ideas introduced to incorporate similar
technologies in solar cell products, beside further suggestion to enhance its technical behavior
and to push the commercialization of the technology forward. This is expected to reveal clear
image about technology’s future development map for the upcoming studies, and to create a
motivation for further studies towards a commercial production scale.
The proposed commercialized model will result in enhancing the maximum theoretical
efficiency limit to 48% if all spectral mismatch loses have been eliminated. Quantum energy
level diagrams have been illustrated to describe each model’s performance under a theoretical
light spectrum.
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Introduction
Photovoltaic cells technology and development
Photovoltaics is the process of converting sunlight directly into electricity using solar cells. It
is a rapidly growing and increasingly important green alternative to conventional fossil fuel
electricity generation, but compared to other electricity generating technologies, it is a relative
newcomer, with the first practical photovoltaic devices demonstrated in the 1950s [1].
Solar cells industry is evolving starting from crystalline silicone cells, organic cells, tandem
cells to thin film cells; which, the last, started to gain interest in an intention to reduce
production materials and manufacturing process adopted in conventional crystalline silicon
solar cells, as to reduce the environmental impact of solar cells industry.
Some journals published articles which studied the incorporation of spectral conversion layers
and its results on different types of solar cells, the introduced spectral conversion processes are
down shifting, down conversion and up conversion. This technology is the third, or the next
generation solar cells according to nanoscale journal [2].

Spectrum conversion
Spectrum conversion is the process where light photons spectrum gets shifted or changed from
an energy level to another, producing more, less, or equal number of photons, this result can
be achieved using a luminescence down conversion, up conversion or downshifting spectrum
converters, the category is rich in materials varying currently between active ions, quantum
dots and organic dyes. Where researchers are studying materials selection, conversion
efficiencies, manufacturing techniques and application to solar cells industry.
Downshifting materials have impurities that introduce a donor energy level, which works as a
trap in the energy gap between valance and conduction bands. During downshifting, the
electron is stimulated to the conduction band by the absorbed light energy then the electron,
during its return journey to the valence band, gets trapped into the donor levels for a while until
it escapes to return to the valence band emitting a lower energy photon, and the energy
difference have been consumed in form of heat during electron movement and trapping.
Trapping in the donor level causes a relaxation time between excitation and emission, where
relaxation time is a constant for the material and varies from milliseconds to several hours,
luminescent phosphorescent materials with long relaxation time are commonly called “glow in
the dark materials”. The emitted photons after relaxation is longer in wave length than the
absorbed photons [3].
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Down conversion is similar to down shifting with a slight difference. In down conversion the
converter emits larger number of low energy photons than the number of the absorbed high
energy photons, on the other hand downshifting emits in maximum one photon lower in energy
for each absorbed high energy photon. Quantum efficiency is the ratio of the number of, carriers
collected by the solar cell, or photons emitted by the spectrum converter, to the number of
photons of a given energy incident on the solar cell or the converter. Below unity and above
unity quantum efficiency is the key difference between down shifting and down conversion
[1].
On contrary, up conversion performs in a reversed way, emitting higher energy photons, by a
process that can be described by merging photons. For each two or more photon an up
conversion material absorbs, it emits one higher energy photon, Figure 1 shows simplified
energy levels diagrams to describe the mentioned spectrum conversion processes, where blue
arrow is a high energy photon and red arrow is a low energy photon.

Figure 1 . Energy diagrams for spectral conversion processes [4]

Limitations
This research will take place under a previous knowledge in solar cells products, mechanical,
and electrical engineering. Materials science, nano-technologies or manufacturing processes
will not be studied deeply but will be mentioned briefly with reference to more specialized
researches.

Purpose
This research aims to draw a map of the different ideas to incorporate spectrum conversion
layers in solar cell products, to propose a suggestion to improve cell’s efficiency and discuss
its implementation.
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Solar cell and light behavior
Incident light behavior
Solar cell, similar to any other material, interacts with light, incident light photons goes under
different optical phenomena. In semiconductors solar cells, the incoming light interacts with
valence electrons, these results in one of four expected reactions, as shown in Figure 2. It may
lose its energy to the material, which so called absorption where specifically in solar cells it

Figure 2. Interaction of light with solar cell [3]

causes electron-hole, or carriers generation, causing the electron to move around the circuit as
a direct current, and this is how solar cell generates electricity. A probability that identical
photons are emitted from the cell when the excited electron meets the electron hole and
combine with it again; reflection occurs (or radiative recombination), this causes recombination
losses, beside the known surface reflection that may occurs on each material edge. Another
option that photons do not interact with the cell structure, then transmission occurs. Also a
fraction of light may be scattered in a slightly different frequency, then scattering occurs
(Raman scattering). The beam in Figure 2, is a beam of known characteristics which may be
subjected to all or some of discussed phenomena, reflection, absorption, scattering, and
transmission. Surface reflection happens at both edges of the cell, front and back. Also,
reflection may occur when light hits the cell in a specific angle to the normal of the surface
(specular reflection) [3].

Spectrum losses
Since exciting an electron from the valence band to the conduction band in the solar cell
requires an amount of energy, band gap energy, then incident light photons with similar energy
are only the useful part of the solar spectrum. Super band gap photons will lose the extra energy
in form of heat, and sub band gap photons do not have enough energy to excite an electron so
it will be transmitted through the cell.
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In silicon cells the conduction band is 1.1 eV away from the valence band, this places a limit
on the amount of energy that can be absorbed. Of the 1,000 W/m² in AM1.5 sunlight, 19% has
less than 1.1 eV, and 33% of it has a high energy that is not useful [5].
Spectrum loss is the highest loss in the solar cell, and the driver for many research ideas beside
the idea of using spectrum conversion layers. One of the ideas in to use more than one cell over
each other with different band gap energies, the cell with the highest band gap energy on the
top and the one with the lowest at the bottom, this cell structure is called tandem cells. Tandem
cells have a maximum efficiency limit higher than single junction solar cell, and varies with
the number and type of cell layers, up to 68% for a theoretical infinite number of layers [6].

Key parameters
An important parameter to determine light behavior in a specific material or a specific type of
solar cells, is the energy needed to excite an electron from a lower to a higher energy state in
the cell which is called band gap energy. This energy can be absorbed from photons that have
similar or higher energy only, to excite an electron, or generate electron-hole, photon’s extra
energy above band gap will be distracted in form of thermal energy, if the photon have sub
band gap energy, it can’t excite an electron / generate electron hole pair, so in this case the
photon will be transmitted through the material.

Figure 3. External quantum efficiency as a function of photon wavelength for different solar cell technologies [12].
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Light interaction is different for each specified photon wave length, absorption factor is another
important parameter to consider, such as the photons with a super band gap energy can’t all be
absorbed and some of it will be subjected to one of the phenomena mentioned in the previous
section, the ratio between the absorbed and non-absorbed photons of same properties is the
absorption factor, and it is different for each incident light wavelength. It illustrates clearly
which wave lengths are absorbed efficiently and which are not absorbed efficiently.
Quantum efficiency expresses the amount of electron-hole generated per absorbed photon, it is
a way to express cells performance under sunlight, Figure 3 shows the quantum efficiency
curve for different solar cells technologies under the solar spectrum photons energy range [7].
Of all above it’s realized that the super band gap energy losses its extra energy in form of
thermal heat, and sub band gap photons are lost by transmission, this part which so called
spectral mismatch losses in the solar cells.
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Spectrum conversion techniques and solar cells industry
In order to enhance solar cell’s spectral response, different experiments to apply spectral
conversion layers to a solar cell have been done, for example; down conversion layer over the
cell was reported to have a potential to increase the maximum conversion efficiency limit of
the cell, as in [8], up conversion layer to be placed on the top of the cell have also been tested
in [9] reported on the experiment result; that placing up conversion layer over the cell have no
positive effect on the overall conversion efficiency. Up conversion layer under the cell with a
non-metal reflector have been tested in [2] and it proved a possible enhancement, as also in
other similar researches even if the quantum efficiency is still low for up conversion process,
the application of different spectral conversion layers under a bifacial amorphous silicon solar
cells as in [10] have also been tested.
However no proof of principle experiments have been showed the positive gain from placing
a down conversion layer on the top of the cell [2], the structure of placing a down conversion
layer above the cell have experienced increased irradiance losses where reflective coating can
be useful, the low quantum efficiency of the current down converters couldn’t yet break these
losses even.
As down conversion and downshifting materials converts high energy light photons to lower
energy photons, it can enhance solar cell’s blue light response, such conversion need to be done
before the light hits the cell, which gives one sole option, to place the down converter or
downshifter above the solar cell. This structure is subjected to new radiation losses from the
uncontrolled emission of the front and side faces of the conversion layer, these loses need to
be minimized and made up as mentioned earlier [2] [8].
Up convertor converts low energy photons to high energy photons, so it may be placed under
the cell, unlike down conversion and downshifting, back reflector can be attached to the
conversion layer to prevent uncontrolled emission, the potential improvement on energy
production is obvious even for low conversion efficiency materials [2].
Another important part of the technology development process is materials selection to match
cell’s behavior, where a wide spectral range cells may benefit the most from spectral
conversion [11].

Down conversion in solar cells
Down conversion, happens when a material absorbs quantity high energy photons (super band
gap) and in reaction emits higher quantity of lower energy photons as shown in Figure 1, where
9

those should be of a near band gap energy for maximum enhancement. Super band gap part of
the solar spectrum causes thermalization, in the process it will be reduced into more photons
with usable energy, this reduces the solar mismatch losses in blue light. Down conversion
brings 33% more spectrum intensity to usability for crystalline silicon solar cell [7].
Down conversion was suggested for the first time by Dexter in the 1950s, 20 years later it has
been presented again by Piper and Sommerdiik et al. using lanthanide ion praseodymium Pr3+
hosted in yttrium fluoride YF3, where a quantum efficiency of higher than unity have been
reported for the first time [12]. Single gadolinium Gd3+ presented by Wegh et al. is a frequently
used down conversion material.
These rare earth ions are special in their rich, well separated energy levels structure. Lanthanide
ions have good potential as many energy levels are available in its energy structure which
allows electrons to transfer freely between these energy levels. And also it’s possible for energy
to transfer between different close ions. This nature in lanthanide ions have nominated it to be
used for high efficiency down conversion applications [2].
Another material choice is quantum dots which are nano semiconductor crystals where its
emission is tunable by controlling the crystals size.
Down conversion is a linear process independent of the incident power. But its draw back in
solar application comes from its position on the top of the solar cell which will add more losses
while light have the possibility to escape from this layer as material emits in all directions.
Promising researches may take it further, it was concluded that using a host with a refractive
index of 1.5 will cause a loss of 12.7% only, thus it requires an external quantum efficiency of
115% to make it up and start to gain enhancements from down conversion [13], this limit plays
an important role in down conversion-for-solar development process, many suggestions have
taken place after that, which are expected to increase the external quantum efficiency (EQE)
over this limit, but again no proof of principle experiments have been reported, beside other
problems that have been coming up in the previous decade of developing lanthanide ions as a
down conversion material, such as narrow absorbance and quenching possibility, more recent
researches have suggested solutions like increasing concentrations and thicknesses or add a
sensitizer to help widening the absorbance and finally different host materials is being
suggested to minimize quenching [7].
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Downshifting in solar cells
Downshifting, or wavelength shifting is similar to down conversion with a slight difference,
instead of emitting more photons for each absorbed high energy photon, one photon will be
emitted after relaxation, see Figure 1. The potential of enhancing solar cell output using
downshifting is limited to shifting high energy photons to a lower energy where the absorption
factor of the cell is higher, it is promising but do not promise a higher maximum energy
conversion limit over Shockley-Queisser limit [12].
First downshifting suggestion in 1970s and it usually called luminescent solar concentrators
(LSCs), since then organic dyes is the choice to enhance and use, it’s below unity quantum
efficiency is an obstacle towards reaching the target of 30% efficient solar cell, it’s getting
enhanced with a close to unity quantum efficiency, wider color rang and better reabsorption
properties, and other ideas to combine different layers was proposed.
Downshifting deal with one high energy photon which causes an excitation, so one lower
energy photon will be emitted, changes in wave length or wave length shift is known as Stokes
shifts and it obeys Stokes law, very important to note while selecting a downshifting material
is the following; a high quantum efficiency, as close as possible to unity, spectral characteristics
to match the used solar cell as to get a wide absorption band for wavelengths where the cell
performs in a low quantum efficiency at, and emission band to be narrow and in preferred wave
length were the solar cell efficiency is high [7].
Losses that may occur while using downshifting for solar cells is uncontrolled emission in nonpreferred areas and directions, as from the edges and the upper face away from the cell similar
to down conversion, a reflective coating can be useful but also expected to cause some losses
and needs further experiments and studies, beside that any material that may host the
downshifting material should be selected carefully not to absorb the useful wavelengths,
conventional glass for example is not preferred, for its absorption of high wave lengths by
nature, alternatives like developing a downshifting glass and others have been discussed in
[12].
Another loss that may be faced and may limit the downshifting materials to be used is
reabsorption, where the absorption and emission share same wavelengths there will be chances
for the material to reabsorb the emitted light and reduce the overall efficiency, materials with
separated absorption and emission bands are selected to overcome this deficiency [13] [7].
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Tested downshifting materials are similar to down conversion materials, active ions, quantum
dots and organic dyes. More details about the materials can be found in material science
researches.

Up conversion in solar cells
Up conversion is opposite to down conversion with some differences, up converter absorbs
more low energy photons to emit less quantity of higher energy photons, see Figure 1. In
accretive process one photon excites the first material so it transfers the energy to the second
material, where the second gets excited in combination with an excitation from directly
absorbed photon, these two excitation sources together, causes the material to emit one higher
energy photon.
What makes up conversion a good option for solar is that the material can be placed on the
back of the cell with a reflector, as experienced in [2] and [14], then up conversion layer will
only use the transferred spectrum through the cell, in other words it can’t cause extra spectrum
losses as happens in down conversion layer in front of the cell, but it still depends on the light
intensity unlike down conversion which is more independent.
Up conversion first suggestion came by as a concept in [15] to detect infrared radiation (IR)
through sequential absorption. First exploration of the phenomena by Auzel pointed out in
1960s [7].
Up conversion as described in the basic introduction uses one active ion and a host material,
active ion have the energy level scheme for absorption. The highest up conversion efficiency
has been found in lanthanide ion couples (Yb, Er) and (Yb, Tm) in near infrared to visible light
up conversion [2]. More details about the materials can be found in material science researches.
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Developed models
Down shifter or down converter over a cell
The nature of downshifting and down conversion layers to emit lower energy photons,
combined with the nature of the solar cell that benefit more from near band gap energy photons
than super band gap energy photons. These factors were the source if the idea to place a down
conversion or downshifting layer above the cell.
The existence of down conversion and downshifting layers above the cells can utilize the high
energy photons that is inefficiently absorbed in the solar cell and convert it to a lower energy
photons with energy close to band gap energy of the cell. Different cells reacts in a different
way to light spectrum, which requires an extended study for each cell type.
Downshifting always occurs with external quantum efficiency of less than unity, thus it’s not
expected to increase the efficiency limit over Shockley-Queisser efficiency limit for single
junction cell. A review [12] has listed experiments for downshifter over solar cell structure
with different technologies and materials, some experiments used a new layer and others have
used the same layers that have been used in solar module manufacturing as a host material so
not to add a new layer but to use the same external protection or encapsulation layer, as glass
or encapsulation polymers, some of the mentioned experiments have mentioned new
efficiencies based on experimental results, others are based on detailed calculation and/or
simulations.
Down converter on solar cells structure is more promising but yet no experiments have proofed
the principle, the down conversion materials still needs more development.
It’s important to mention that each researcher have tested different conversion layer on a
different cell with a different thickness and concentration. Achieved efficiencies are mentioned
once in terms of quantum efficiency and another time of a total conversion efficiency, which
makes it hard for this research’s background to compare the results, for this issue a review in
physics and/or materials science is recommended; in order to combine all experiment results
and extract normalized comparable parameters.
An amount of 10% extra conversion efficiency gain in crystalline silicon cells with
downshifting layer have been calculated in [13], other studies and experiments have also
confirmed enhancements around the same value, such as in [12] [7] [8], this value (+10%) have
been found to be the current enhancement level, reference to the mentioned experiments, and
according to the current materials and technologies. Reaching the maximum limit and proving
down conversion usability in an experimental basis will be left for further researches.
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Up converter under a cell
Up conversion on the other hand, can be used as a bottom layer to enhance the red light
performance of the solar cell. No similar spectral response limitation in host material with
relation to the cell response as in downshifting and down conversion but still it should be
considered to reduce the reabsorption in the composite similar to downshifting. While
downshifting is subjected to outer face losses, up conversion can be contained with a thin back
reflector to prevent the up converted spectrum from escaping the back of the structure away
from the cell. Polymers have been tested as a host material, which gives the possibility for
conventional solar module’s back sheet to be replaced with up conversion layer hosted in
similar polymer adding a thin nonmetallic reflector to the back, as suggested in [2] [14] [9]
[10].
A record achieved increase in overall conversion efficiency in a bifacial crystalline solar cell
of +4% in [14]. Sill need more development towards the maximum theoretical limit of 19%.

Figure 4. Down conversion or down shifting and up conversion layers in
solar cell structure to enhance overall conversion efficiency [4].

Figure 4 shows the two models mentioned in the last two sections, on the left the spectral
conversion layer have been added to the top of the cell (down conversion or downshifting), on
the right the figure shows the placement of up conversion layer under the solar cell. The
mentioned studies all have studied the application of spectral conversion layers on the cell level
only.

Enhancements potential
Researches whom take solar cell efficiency enhancements as a goal, looks on each loss source
and try to develop it, transmission losses, and spectrum losses are a high fraction of the overall
losses, Shockley and Queisser [16] have set a standard parameters that a single junction solar
cell can’t overcome, in order to calculate the maximum efficiency limit. After that, researchers
started to pick each loss and enhance it to produce more efficient solar cells.
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Tandem cells, similar to spectrum conversion techniques, have picked the spectral mismatch
loss to make up, it has increased its maximum efficiency limit by incorporating more cells
layers in its structure with a match to photons energy after each layer, so the top cell shall have
highest band gap energy, which orient it to absorb high energy photons and transmit others to
the next layer, where the band gap is lower, and so on until the lowest band gap in the furthest
cell Figure 5 shows two layers tandem cell.
Tandem cell with infinite number of cells have a maximum efficiency limit of 68%. In this
research tandem cell of two layers is roughly considered comparable to the proposed spectrum

Figure 5. Tandem cell with two cells layers, one of high band gap energy and one of
low band gap energy [1].

conversion cells model studied later in this thesis, in terms of added resources over the single
junction solar cell. Tandem cell of two junctions under AM1.5G spectrum without
concentration have a maximum efficiency limit of 47% [1], such model have been studied and
tested widely more than spectrum conversion cells, but spectrum conversion cells have the
potential to reduce materials and manufacturing processes with same energy conversion limit,
and also it can be incorporated with tandem cells structure to enhance it further.
Spectrum conversion will increase the overall maximum efficiency limit of the cell, but it’s
limited by the conversion efficiency of that materials and the new losses that may occur or the
fact that it will increase other losses which will cover the effect that it caused by giving a similar
output. The bright side is that these materials are evolving by widening the selection range,
exploring different crystal sizes and doping levels.
For silicon the band gap is ranging around 1.1 eV which is the energy difference between the
conduction band and the valence band, and can be translated to minimum photon energy to
generate an electron and electron hole in the cell structure, this energy level corresponds to
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infrared light, as mentioned previously 19% [5] of 1.5AM solar spectrum is less than 1.1 eV of
energy, which will be transmitted through the cell.
Another part is that of a super bandgap energy where some of its energy is consumed by
absorption and the rest is lost after the excited electron carries this energy through its travel
towards p-n junction and lose it in form of thermal energy; this part includes high energy
photons with energy is not captured by a single p-n junction. This is about 33% of the incident
sunlight, so spectrum losses alone which can be enhanced in spectrum conversion processers
and tandem cells structures, if these losses could be totally recovered without any change or
effect on other losses, then the theoretical efficiency limit of the cell will be about 48%.

Figure 6. Potential gain of using spectral conversion methods in crystalline solar cells,
with reference to 1.5AM solar spectrum Note that the figure considers no other losses
than spectral mismatch losses (Courtesy of F. Rabouw, Utrecht University) [4]

In detailed theoretical calculations down conversion only in solar cells can left up the efficiency
limit of a single junction cell to 36.5% without light concentration [8], but still facing
difficulties to get to the reality because of the increased losses and another limitation is the
lamination material, which is the front glass in the photovoltaic module structure, where it by
nature absorbs high energy photon which will also limit the technology in practical
implementation, unless new materials and incorporation methods take place. Figure 6 shows
the potential in gains from down conversion and up conversion with crystalline silicon solar
cells, where DC refers to down conversion and UP refers to up conversion.

Processes graphical description and preliminary evaluation
Energy levels diagram is a simple and useful method to describe photons behavior in a process,
it will be adopted to describe the process in the discussed models, cell level (down
converter/cell), (cell/up converter) and (down shifter/cell).
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Sunlight spectrum will be simplified to eight energy levels photons, each photons energy is
described in relation to the solar cell’s band gap energy Eg, this photons gradient is indicative
only and suggested to show each model’s behavior under a variety of light photons.
To simplify the diagrams, and to give it flexibility to be applied on different cells and spectrum
converter technologies these assumptions have been made; each absorbed photon is assumed
to generate electron hole (100% external quantum efficiency) and all recombination losses are
neglected, also reabsorption in spectrum converters is not taken into account, only spectrum
mismatch losses are considered and all other losses are neglected, which give the model very
narrow limitation on generalization, it can’t be used as a calculation method, it can just be used
as an understanding tool.
Figure 7 shows energy level diagram for a single solar cell under the suggested eight photons
spectrum model, the cell has a band gap energy Eg, all photons with energy equals Eg or higher
are absorbed and converted to an electron hole which generates electrical current. Photons with
super band gap energy are absorbed and the extra energy are lost in form of heat (Qh), while
sub band gap photons are transmitted through the cell [5] [3] [2].

Figure 7. Quantum energy level diagram of a single junction solar cell with band gap energy Eg under eight photons
light spectrum, in gradient from 0.3Eg to 2.4Eg.

Single solar cell under the eight photons spectrum model theoretically generated five electron
hole structures, so shows a theoretical quantum yield of 62.5%.
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I similar way down convertor over a cell can also be investigated, down conversion is the most
promising technology, yet has the most limitations and have never yet proved sensible
enhancements experimentally, the down converter is assumed to have a band gap energy equals
twice the cell’s band gap energy (Eg), and assumed to have a quantum efficiency of 200%,
Figure 8 shows the resulted energy level diagram for down converter over a solar cell.

Figure 8. Quantum energy level diagram of a single junction solar cell of band gap energy Eg and spectrum down
conversion layer of band gap energy 2Eg, attached in front of the cell, under eight photons light spectrum in gradient from
0.3Eg to 2.4Eg

The result shows a high potential enhancement from 62.5 up to 87.5% quantum yield
efficiency, which is slightly higher than the maximum expected increase in conversion
efficiency of 33% from down conversion in [8].
On the other hand, Figure 9 shows down shifter behavior of a unity quantum efficiency. The
total quantum yield have not increased in this case. Down shifters is not expected to increase
the maximum efficiency limit while it have an external quantum efficiency of less than or equal
unity.
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Figure 10. Quantum energy level diagram of a single junction solar cell with band gap energy Eg and
spectrum downshifting layer of band gap energy 2Eg, attached in front of the cell, under eight
photons light spectrum in gradient from 0.3Eg to 2.4Eg

Up converter, with 50% quantum efficiency have been plotted under the same photon spectrum
in Figure 10, the resulted quantum yield of electron-hole generation is 75% under the
mentioned assumptions, typical to the expected increase in maximum efficiency limit in [2],
[8] of 19%.

Figure 9. Quantum energy level diagram of a single junction solar cell with band gap energy Eg and
spectrum up conversion layer of band gap energy 0.5Eg, attached in back of the cell, under eight
photons light spectrum in gradient from 0.3Eg to 2.4Eg

All these figures and results have been constructed to give a clear image about the technology
and it’s potential in a simple way, it’s yet limited to very general case and can’t be convenient
in every case, such as comparing a wide absorption range cell under spectrum conversion with
regular cells under the same convertors, but yet the results are relatively practical, this method
will be used to explore one additional option later in this research.
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Suggested model
Model topology
The suggested model is to enclose both down and up converters in one structure with the cell
in between (Figure 11), as mentioned before, down converter must be place on the top of the
cell, antireflective coating shall be used to reduce the front surface emission away from the
cell.
Conventional solar cell topology is assumed to have no
limitation for incorporating these layers, still this need
to be studied further for each implementation technique
as the down converter may be hosted in the existing
layers (front protection surface) or by adding a new
layer.
Finally the up convertor is to be placed on the back of
the cell to recover the transmitted light with a reflector
at its furthest end to prevent the up converter to emit
away from the cell, such converter also can be hosted
in existing layer (back sheet) or by adding a new layer.

Figure 11. Spectrum conversion application on solar
cell structure, proposed model topology.

Enhancement potential
Incorporating both down and up conversion layers to condition the light spectrum, which by
reversing the spectrum mismatch loss, will increases the maximum efficiency limit of the cell
to 48% based on Shockley Queisser calculation [16]. But still this value is just theoretical not
totally practical, since the losses have been reduced to zero, in practical application more
considerations need to be taken about the lost spectrum after incorporating the converters,
spectrum conversion efficiency, and thermalization of the thicker cell incorporating these
layers in a standard ambient conditions, the front emission of the down conversion layer is an
important limitation, adding the absorption property of the hosting materials and the
reabsorption of the convertors.
Relying on another theoretical calculations maximum efficiency limit has been calculated
equals around 47-48%, calculated by adding down conversion and up conversion enhancement
potential [8] multiplied by Shockley Queisser maximum efficiency limit for single junction
solar cell under the standard conditions, [17] [8] [16].
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For further exploration and understanding of the suggested model’s performance, eight photons
energy level diagram will be used again, same to those showed previously to describe the
studied models. Figure 12 shows the result with a unity quantum yield which is convenient in

Figure 12. Quantum energy level diagram of a single junction solar cell with band gap energy Eg and spectrum down and up
conversion layers attached on its both sides, under eight photons light spectrum in gradient from 0.3Eg to 2.4Eg.

relative to the quantum yield of 62.5% for a single cell and comply with the expected raise ratio
in maximum efficiency limit.
Although no similar experiments of incorporating both down and up conversion in one structure

have been found, the enhancement potential is high and promising. Further study toward the
implementation of such model in real products that can be produced on a commercial scale
which may compete tandem cells or even utilize it.
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Application of the suggested model on commercial scale
This novel solar product, incorporating spectrum conversion techniques, is still incubated in
the labs under intensive studies for enhancements, similar to this research, aiming to set a target
from conversion efficiency to commercialization limitations, so to be a guide for further
researches towards adopting the technology.
Every change in the basic products will be a challenge for both consumers and manufacturers
to adapt with, so it will be considered as a limitation for the commercialization on the product.
One simple example of these limitations is the increased voltage of the product together with
the increase of its efficiency, this limitation happens at every attempt to enhance solar modules
efficiency or to change the conventional cells sizes, which by its role affect some other factors
like packing sizes for shipping and system circuiting, although this is not complex to solve, as
changing system’s circuits design and being careful while choosing the new size if it’s required.
More complex limitations are the manufacturing processes that will be changed or affected in
order to incorporate the converters. The top limitation is the targeted high quantum efficiency
of the down converters that haven’t been achieved yet.
The implementation of this technology need to comply as much as possible with the existing
products, services, accessories and production lines, adding no or low costs to provide better
performance products. Implementation of the technology in solar photovoltaic module level
will be discussed further while it’s seen as the convenient way to commercialize the
technology.
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Solar module
Solar photovoltaic module is the conventional product which incorporates the cells and its
interconnections in one product unit, that’s ready to be used by the end users. Standard solar
photovoltaic module in Figure 13, consists of a back sheet, back and front lamination layers of

Back sheet

Figure 13. Section view of standard solar module, from riteksolarusa [18].

Ethylene-vinyl acetate (EVA) plastic with the cells and interconnections in between, front glass
and an aluminum frame. Some modules don’t include the aluminum frame (frameless
modules), and another modules use a glass as a back layer instead of the polymeric standard
back sheet, such product is usually used for facades installation, so called double glass modules.

On the back of the module there is the junction box, which is the terminal of the electrical
connections. Solar cells inside the modules are interconnected with bus bars where those
continuous to the junction box which hosts a bypass diodes and provide the connection to a
piece of wire with a convenient size to be ready to connect it to another modules for circuiting.
Double glass modules usually have the junction box close to one of the edges so to keep the
glass rigidity under and over the cells, as the junction box need an excess through the back
sheet to the bus bars inside the module, and this also make better look for facade installation
applications.

Suggested model structure overview
As mentioned earlier, spectrum converters are suggested to be incorporated to the cell structure
on both front and back sides, in a similar structure with slight differences spectrum convertors
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are suggested to be incorporated within the conventional photovoltaic modules. The difference
is actually a simplification of the structure by keeping the cell structures as it is, and applying
spectrum converters on other modules layers. Down conversion hosted in the front glass, and
up conversion hosted on plastic back sheet and covered with a nonmetallic reflector, is the
suggested module structure, with the same regular structure of the cells and conductors towards
the junction box to the connection terminals laminated between EVA layers.

Incorporation of spectrum converters in solar module
Down converter is assumed to be contained in the front surface of the module without adding
an extra layer other than the protection layers, thus it may be hosted on the front glass or cover,
capturing 33% more solar radiation by converting super band gap photon to many band gap
photons [8]. Successful solar down conversion requires a high quantum efficiency (higher than
unity), minimum front surface emission (away from the cell), and no reabsorption of the
emitted light, photo stability, and resistance to environmental conditions.
Down converter is considered but not down shifting, as down shifting enhances the cell
absorption of high energy photons but it cannot increase the maximum overall efficiency limit,
as mentioned earlier.
Up converter layer as discussed can be hosted by the same material of the back sheet layer
which is commonly a plastic material with high durability, adding a nonmetallic diffused
radiation reflector is suggested. This layer can increase the absorbed light by 19% [8]. It need
to be stable and resist the environmental conditions, high efficiency and minimized side losses.
In module’s application case, the side losses are minimized, because of the dimension scale of
the thin back sheet that covers the whole module, with the thickness much smaller than width
and length.

24

Limitations overview
Conventional PV module structure Figure 13, shows the module’s layers, but also, as
mentioned the module have an attached junction box on the back sheet, under the cells, as
shown below in Figure 14 which is connected to the module strings through the back sheet.
This may be a limitation on achieving the targeted up conversion output on the cell level at the
module level, because it’s needed to access the interconnections inside the module lamination
through the back sheet, for this reason, and similar to facade solar modules an alternative side
junction box is suggested. This side junction box shown in Figure 14 is available and has been
attached to some modules that have been designed for building facades integration.

Figure 14, Back solar junction box, the conventional type, on the left, side junction box, the proposed
alternative on the right [19].

On the other hand moving the junction box to the furthest side of the module will limit the
usage of the conventional aluminum frame, that helps to give the commercial modules its
rigidity and mechanical loads resistance, alternatively the module is suggested to be frameless,
so to have the ability to move the junction box to the furthest edge of the module and for it to
be connected through the up conversion back sheet layer where it don’t lay under any cell.
Aluminum frame with transparent sealant was expected to reduce the side emission losses in
spectrum converters, alternatively the back reflector that have been chosen to be added on the
back sheet is suggested to bend around the sides of the module to help reducing the side losses
in absence of the metallic frame. This step is not compatible to the current module lamination
processes, and may cause time delay for module production process which may not be
commercially accepted, beside that mechanical stability of the reflector at the edges is a
suspicion point if bended and laminated, since pealing will be more probable to happen. If
25

metallic reflectors have been used, and it touch the edges of glass-glass or glass-back sheet
frameless modules, this will increase the expected electrical leakage in the module. Another
more convenient alternative to recover side emission losses may be a reflective side layer, such
as reflective tape.
It’s important to mention that side losses which was always a problem in cell scale experiments
are minimized in the module scale, that’s because these losses are dependence on the overall
dimensions of the structure. In module scale the edges is not repeated around each cell but only
around the frame of the module which is also a plus margin over the expected enhancements,
but yet it’s not a plus over the maximum limit, since all of maximum limit calculations have
neglected the edges emission losses [2] [8] [5].

Extra gain from extra area and macro reabsorption
Extra area between the cells, as the cells is spaced with few millimeters in between, this is
expected to increase the maximum efficiency limit slightly, covering the spaces between the
cells with two front and back spectrum converters will cause the photons to bounce in between,
before it loses all its energy, this macro reabsorption (or emission absorption cycles between
different layers) will increase the chance that the photon will hit a cell in one of these travels.
This photons originally were expected to hit outside the collection area, and were never
considered a collectable energy in conventional solar photovoltaic modules.
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Implementation, limitations and further studies
The module scale spectrum conversion solar photovoltaic concept has a high potential, yet still
have limitations. Starting with listing the limitations will give clearer image about technology
implementation process, the limitations is not limited to the mentioned below, better image is
expected to reveal with more researches and real steps towards implementation.
The listed limitations is a potential researches topics for researches whom concerned about
solar energy, materials science, sustainability and manufacturing processes to reach the high
end real product that is expected to give better access to solar energy.

Down conversion’s low quantum efficiency
On the top of the mentioned limitations is the down conversion quantum efficiency where it’s
still not as high as considered in this research, in reality could break even with the front
emission losses but not yet caused a sensible improvement.
Developments in active and host materials are required, where quantum dots have the potential
to be the material of choice.

Selection of materials
Another limitation is the considered host materials, glass and plastics have already been tested
as a host materials, but limiting module design to these host materials will affect the
development towards higher quantum efficiencies. Selections of active materials to fit the host
material limitation also need to be considered.
The final combination of the spectrum conversion layer needs to gain the photo stability and
resistivity to harsh environment conditions.

Manufacturing processes
In order to overcome materials selection limitations, new host and active materials may be
considered, and can be incorporated in form of new layers. On the other hand this flexibility
intersect another limitation which is the conventional manufacturing process and high levels of
production of the conventional products.
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Sustainability
Outside the technical limitations, comes the environmental sustainability limitation, and this
includes both new materials and manufacturing processes, beside any other changes in size and
weight that may affect shipping processes.
Organic dyes have the sustainability advantage over other materials, but quantum dots may
make up its negative impact by its higher quantum efficiency, so organic dyes are preferred but
other options may be evaluated and wider study from materials engineers is needed to cover
this point.
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Discussion and Conclusion
In this research spectrum conversion processes for solar cells have been studied, spectrum
conversion layers have been suggested to be incorporated with solar cells products in different
topologies; in order to enhance solar cell light spectrum response, which is expected to recover
some of the spectrum mismatch loses calculated on single junction solar cell maximum
efficiency limit.
Single junction solar cell maximum efficiency limit may increase from 31% to 48% if all solar
spectrum loses have been recovered, this expectation is based on other researches calculations
for using up and/or down conversion layer on a single junction solar cell, beside that it’s similar
to spectrum conversion losses mentioned in Shockley Queisser maximum efficiency limit
calculation.
Simplified quantum energy level diagrams were plotted for each model and for the proposed
model of incorporating both conversion technologies in one structure, where a spectrum of
eight photons in energy gradient, a single junction solar cell of band gap energy Eg, up
convertor of band gap energy 0.5Eg and 50% quantum efficiency, down converter of band gap
energy 2Eg and quantum efficiency of 200%, and finally a downshifter with a band gap energy
of 2Eg and unity quantum efficiency.
The quantum energy level diagrams for the previously studied models gave rational and
convenient results that’s quite similar to the researcher’s calculated detailed efficiency limits,
and for the suggested model have a similar maximum efficiency to 48%. But it’s important to
mention that these diagrams are descriptive only and don’t include any practical losses, beside
the imaginary fixed distribution of light photons gradient. It may be a tool to understand each
model’s behavior but can never be a calculation model.
Finally, the commercialization of the suggested model have been mentioned and studied briefly
as a starting point for further researches in all related disciplines, a potential studies is required
in down conversion efficiency enhancements, materials stability, sustainability, and
manufacturing processes.
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