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Abstract
The potential of current generation improvement for multicrystalline silicon (mc-Si) cells, by applying a luminescent down-shifting (LDS) layer is investigated. Ray-tracing simulations suggest that such potential is justified for the right choice of materials and module design. Preliminary experimental results suggest an enhancement in short-circuit current density (JSC) of 1.2% relative for the best scenario can be achieved. 

. 

Introduction
Solar cells exhibit in general lower quantum efficiencies (QE) in low wavelengths (λ), especially in the ultraviolet (UV) region of the spectrum, than of those in higher λ. This part of the spectrum has high energy content, it is therefore desirable to harvest this energy more efficiently.
The physical mechanisms responsible for this poor performance in the case of mc-Si, as identified in [1], originate in three different regions of a module: 

absorption due to the glass cover and the encapsulation material, ethylene vinyl acetate (EVA); 

reflection and absorption from the anti-reflective coating (ARC); and 

recombination in the emitter.

Practically, all light of a λ<400 nm is not utilised mainly because of the mechanism i) above, while ii) and ii) still make things worse for even longer λ. 

Such a scenario is therefore a good candidate for the successful application of the luminescent down-shifting (LDS) concept. This concept is the alternative for addressing such an issue, without altering the design of a cell, which can prove realistically hard to improve more on a large scale and surely expensive. It was first investigated by Hovel et al. for a range of solar cells in the late 1970s [2]. The idea is that using a luminescent medium one can shift the short λ photons of the incident to a cell light to longer λ, reducing or minimizing the effect of the previous mechanisms of losses. A number of previous attempts using various host materials and luminescent agents with varying but always encouraging results has been reported in the past [2-7]. 

Materials

The luminescent medium that has been chosen for this study comprises of a series of perylene based organic luminescent dyes (OLDs), developed and available commercially under the name Lumogen series, by BASF AG (Germany) [8].  These OLDs exhibit 3 properties that make them a good choice for our purpose:  High absorption coefficient (α) [9], allowing the utilization of small concentrations in thin films of host material, that will absorb and down shift most of the incident photons within the absorption band of the dyes Very high-near unity luminescent quantum efficiency (LQE) [8,9].  They are shown to be photostable under sunlight, with emphasis to UV [10], for the long periods of time solar devices are supposed to operate. The last property is a development that opens the way for practical application of the LDS concept. This had been an important inhibitive parameter for any attempt of the kind in the past [2].  We have used four different dyes for our investigation. The LQE, absorption and emission bands of each one are shown in Figure 1 [5].
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Figure 1: The four Lumogen OLDs used

in our experiment [5].

It is possible to create a much wider effective absorption band and to produce a larger overall Stokes shift, by creating suitable mixes of these dyes. A higher λ dye can absorb and re-emit previously absorbed and re-emitted photons, by a lower λ dye. The high LQE of these dyes indicate that no significant loss of energy should be introduced by this process. This is a direction that we are indeed exploring.
As host material we chose to use poly methyl methacrylate (PMMA), which is known to be a good solvent for such OLDs [8]. It has also already been used in other experiments in the field, making it therefore suitable for initial experimentation.  We intend in the future to expand this investigation with the use of more host materials.

Our luminescent layer was in each case a sheet of PMMA, 2mm thick with a concentration of dyes that corresponded to a minimum optical density (OD) over the absorption band of 2. This means that at least 99% of the incident relative photons will be shifted to higher λ by the interaction with the dyes. This OD was built in different sheets using different concentrations of dyes. The composition of the dyes combinations that were manufactured are given in Table 1. The concentrations of the dyes are given in maximum OD, although the discussion about targeting a minimum, because only this way concentration is well defined. The desirable OD can be achieved, using various concentrations of each dye. The number assigned to each sheet, is used in the following figures to identify the sheets.
Table 1: The various combinations of dyes used in each PMMA sheet

	Sheet No
	Dyes (ODMAX)

	1
	None

	2
	Violet570 (4.5)

	3
	Violet570 (3.5) + 
Yellow083 (6.6)

	4
	Violet570 (2.9) + 
Yellow083 (5.9) + Orange240 (5.7)

	5
	Violet570 (3.1) + 
Yellow083 (3.8) + Orange240 (3.5) + Red300(3.2)


Two production line BP Solar mc-Si cells were used to investigate the effect of LDS. Their characteristics as measured in an Oriel solar simulator at NaREC are given in Table 2.

Table 2: The two mc-Si cells used in our investigation
	Cell
	JSC (mA/cm2)
	Voc (V)
	FF
	n

(%)

	1
	30.45
	0.598
	0.753
	13.70

	2
	31.91
	0.602
	0.731
	14.05


Methodology
The application of the LDS layers and the following measuring of the two cells were performed under two methodologies and apparatus. This was a result of an on-going process of determining the most suitable methodology applicable.
In the case of the cell No 1, the applied sheets were of dimensions 10 cm ( 10 cm and the rest of the cell was covered by a custom-made mask (aperture). The module was illuminated using the simulator mentioned previously with an AM1.5g spectrum. The specific simulator is calibrated for large area cells and it is therefore possible that in the center of the stage there is higher than 1 sun illumination for smaller area cells. The probing was not done with the same mechanism used in the calibration, which shades a larger area of the cell. There was also an error ≈4% of the illuminated area. All three errors were systematic and leading to an overestimation of the measured current by a factor of roughly 10%. To account for these errors we present results for the JSC, normalized to its initial figure.
In the case of cell No 2 the applied mask was circular with a radius of 1 cm, therefore the illuminated area was ≈6.3 cm2. The light source was a Xenon lamp with no filter and at an unknown exact intensity. For proof of concept purposes this is not actually necessary, as long as the light source has high content in the low λ region of the spectrum (otherwise the concept of LDS would not be applicable) and the intensity is kept constant. In this case, the illuminated area of the cell was exactly the same in all measurements, as a result of better experience after the first experiment. In an opposite case, which is very probable in many set ups and for the case of multi-crystalline material the difference can be significant when trying to measure very small differences in the generated current. The results of this experiment are again presented normalized to the initial values of the cell’s JSC, as absolute values under undefined intensity of the light would be pointless. 

The optical coupling of the sheets and the cells was done using glycerol, which has a very similar refractive index (n≈1.47) to that of PMMA (n≈1.5). The resulting reflection losses are therefore assumed to be very small. 

Results
Ray-tracing Simulation

A ray-tracing simulation and prediction of expected results was performed. An in -house package (RAYLENE) was used [1]. The calculations were done using data of internal quantum efficiency (IQE) for a cell of the same manufacturer and of similar performance characteristics (a slightly better one actually so any error introduced will lead to a slight underestimation of any additional current due to the application of the LDS layer). Data for the dyes were provided by the manufacturer.  The predicted effect of the application of the LDS layers to the module’s efficiency is shown in Figure 2.
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Figure 2: Effect of LDS layer to Module Efficiency, as predicted by RAYLENE
Experimental Results

Figure 3 plots the normalized JSC for the experimental application of the PMMA sheets on the two mc-Si cells. JSC is directly related to the external quantum efficiency (EQE) of the cells. EQE is defined as the proportion of incident energy successfully converted to electricity.
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Figure 3:  Experimental effect of LDS layer to JSC
Discussion
The results of the simulations indicate a potential increase in module efficiency, if the Violet570 dye is used alone or with the Yellow083. The best case is with the Violet570 alone, a relative increase of 0.9% or 0.14% absolute. If Yellow083 is included the relative increase is 0.64%. Addition of the Orange240 and Red300 will lead to deterioration rather than any improvement of performance. This is because these two dyes absorb in higher λ, where the cell performs sufficiently better, so that the losses introduced by the addition of the luminescent layer outweigh the gains from it [11].
The figures for the predicted efficiencies are smaller than the ones reported in [1], which used the same tool and data for the dyes and cell. This is because the 2 modules simulated had different layouts. In the case of [1] the combination of two thick layers of glass (3mm) and EVA (0.5mm) in comparison to the one of PMMA (2mm) of the present study, resulted to poorer initial EQE, mainly due to higher absorption of these two layers. Thickness optimization for the encapsulant and the glass cover may offer additional gains
The experimental results show a similar positive result for the case of the Violet570, but then different trends for the inclusion of more dyes. The rapid drop of the cell No 1 was rather surprising. Although there was no real improvement to be anticipated with the inclusion of the Orange240 and Red300, the case of the Yellow083 is different. If not a significant improvement, a similar performance was expected, which is not the case. Cell No 2 is exhibiting the anticipated small improvement, even after the addition of the Orange240. 
The errors of the experimental procedure were large in respect to the small increase in current that is being investigated. Drawing many safe conclusions can prove trivial. All evidence however, indicates that there is a small gain to be pursued by the application of an LDS layer containing the Violet570 dye. This gain can be enhanced by redesigning the thickness of the ARC in order to match better the new altered spectrum [1]. The inclusion of the RED300 does not seem to justify any positive expectations at all. The same could be argued for the Orange240. The Yellow083 remains an open question.
Conclusions and Future Plans
A relative increase of two cells’ output current by factors of 0.3% and 1.2% was observed, via application of an LDS PMMA sheet containing the Violet570 dye. Further inclusion of additional longer λ dyes indicate that the potential for an improvement is at the best questionable - at the worst non-existent.
Further optimization of a more accurate methodology is ongoing.  The investigation is to be expanded to different applications of the LDS layer, aiming at encapsulated modules to test the concept. Also our intention is to explore more host materials, especially EVA, as the most common encapsulant used in mc-Si modules.
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