
IMPROVING THE MATHEMATICAL MODEL FOR LUMINESCENT DOWN-SHIFTING LAYERS BY 

INVESTIGATING THEIR LOSS MECHANISMS 

 

 

M. Rafiee*, H. Ahmed, S. Chandra and S. J. McCormack 

Dept. of Civil, Structural and Environmental Engineering, Trinity College Dublin, Dublin 2, Ireland 

* Corresponding author. Email: rafieem@tcd.ie Tel: +353 1 896 2671 

 

 

ABSTRACT: A Luminescent Down-Shifting (LDS) layer is an optical approach to improve the solar cell’s optical 

response by using luminescent species doped in a polymer matrix material to form a thin layer to be deposited on top 

of the PV solar cell. In this article, the performance of different polymer matrix materials with various loss mechanisms 

(attenuation and scattering losses) are mathematically modeled based on a ray tracing algorithm. The simulation is 

carried out with and without counting the loss mechanisms in the mathematical model. First, the model studied the 

performance of LDS layer (12.49 × 12.49 × 0.015 cm) of Europium complex (Eu) doped in a Polyvinyl Acetate (PVA) 

film and deposited on top of monocrystalline Silicon (c-Si) under standard AM1.5 global solar radiation. The 

comparison of the modelling and experimental results proved that the model’s discrepancy was improved from 27% to 

2% when the loss mechanisms of the matrix materials are counted in the model. Optical efficiency of 80% was obtained 

for the LDS layer and an excellent agreement has been achieved between the experimental and model results. 

Subsequently, the model was used to study the performance of other matrix materials such as glass, epoxy resin 

polymer, and Poly Methyl Methacrylate (PMMA) polymer for their loss mechanisms. The results have shown that 

although these polymer are transparent above 300 nm, their optical response significantly changes in the region between 

300 to 400 nm hence the optical efficiency and response of the LDS layer. 
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1 INTRODUCTION 

 

In all Photovoltaic (PV) technologies developed to 

date, the poor optical response for short wavelength light 

represents a fundamental limit to the maximum efficiency 

achieved by the solar cell. In this region (300-500 nm), the 

high energy photons are not used efficiently and their 

energy is lost through thermalisation (Rothemund, 2014). 

The potential exists to increase solar cell efficiency by 

making better use of short wavelength solar radiation. As 

is seen in Fig. 1, LDS layer is an optical approach to 

improve the solar cell’s optical response by using 

luminescent species doped in a polymer matrix material to 

form a thin layer to be deposited on top of the PV solar cell 

(Ahmed, 2014, Hovel et al., 1979).  

 
Figure 1: Configuration of LDS which shows: 1- photon 

enters the LDS absorbed by the luminescent material. 

Then, 2- re-emitted at longer wavelength and reaches the 

PV cell 3- or it is wave-guided to the PV cell by Total 

Internal Reflection (TIR) 4- or re-absorbed by another 

luminescent molecule and 5- re-emitted with less energy 

and then reaches the PV cell. 6- Some photons directly 

reach the PV cell without red-shifting. The other losses 

include: 7- escape cone loss 8- edge losses and 9- front 

surface reflection. Note that, the light may also be 

scattered or attenuated by the matrix material which is not 

shown here 

 

 

LDS layers can convert  both diffuse and direct solar 

radiation; therefore, it is an adequate technology where 

diffuse solar radiation is dominant, such as in northern 

European countries where over 50% of light is diffuse (van 

Sark et al., 2008). These features make them a preferred 

choice for use in Building Integration Photovoltaic (BIPV) 

systems and façades of buildings which brings us closer to 

the goal of constructing buildings with zero carbon energy 

consumption and buildings which are able to cover their 

required energy by renewable energies (Aste et al., 2011, 

Pagliaro et al., 2010, Debije and Verbunt, 2012). 

In LDS layers, the luminescent species absorbs the 

short wavelength solar radiation and emits at longer 

wavelengths where the external quantum efficiency (EQE) 

of the solar cell is higher. EQE is defined as the ratio of 

the number of collected electrons to the number of incident 

photons (Wenham, 2012, Solanki, 2015, Radziemska, 

2006, Wen et al., 2012, Abderrezek et al., 2013, Şahin and 

Ilan, 2013):  

 

𝐸𝑄𝐸(𝜆) =  
𝑚𝑒(𝜆)

𝑚𝑝(𝜆)
 =   𝐼𝑄𝐸(𝜆) × (1 − 𝑅𝑃𝑉)                 (1) 

 

Where 𝑚𝑒(λ) is the number of electrons generated by 

the PV, 𝑚𝑝(λ) is the number of photons striking the PV at 

each wavelength, IQE is the internal quantum efficiency 

which is the ratio of the collected electrons to the absorbed 

photons by the PV and 𝑅𝑃𝑉 is the probability of the 

reflectance by the PV (Yang et al., 2008). When solar 

radiation is incident on the PV solar cell, the absorption 

probability is rapidly reduced due to two main loss 

sources: optical and recombination losses (Rothemund, 

2014). This significantly decreases the External Quantum 

Efficiency (EQE) of the solar cell (Wilson and Richards, 

2009).  

It is cost effective to use modeling methods to design 

and optimize the LDS configuration before fabricating 



actual LDS/PV. Thermodynamic or Ray Tracing methods 

(Kerrouche et al., 2014, Batchelder et al., 1979, Burgers et 

al., 2005, Parel et al., 2015, Barnham et al., 2000, Hughes 

et al., 2015, Glassner, 1989, Kennedy et al., 2007, Chatten 

et al., 2004, Earp et al., 2004, Carrascosa et al., 1983) can 

be used to model LDS while the accuracy of both models 

were similar (Farrell et al., 2005). Ray tracing algorithms 

are more time consuming in comparison with 

thermodynamic models (Glassner, 1989). However, the 

ray trace model is more flexible and can simulate different 

geometries and shapes with multiple luminescent species 

under diffuse and direct light (van Sark et al., 2008). 

In this paper, LDS layer with EU3+ complex doped in 

PVA matrix was modelled using a ray tracing algorithm 

with and without counting the PVA matrix loss 

mechanisms (attenuation and scattering losses). The 

modeling and experimental results (Liu et al., 2013) were 

compared to validate the ray tracing algorithm. 

Subsequently, the model was run for LDS layers with 

different matrix materials such as glass, epoxy resin, and 

PMMA of the same size and configuration. The results 

were compared to investigate the loss mechanisms effect 

on the LDS layer efficiency and optical response.  

 

 

2 MATHEMATICAL LDS MODELLING USING A 

RAY TRACING ALGORITHM 

 

The LDS ray tracing algorithm is based on a set of ray 

intersection routines due to phenomena such as reflection, 

refraction, absorbing, scattering, attenuating and TIR 

events occurs inside the device. Each ray of light with 

specific wavelength and direction is traced until it leaves 

the system (Glassner, 1989). The routines are applied in an 

iterative loop for each ray irradiated to the device based on 

the exposed light spectrum. When a ray  strikes the top 

surface of the LDS layer, it is either reflected or refracted 

according to the light incident angle as Snell’s Law 

(Glassner, 1989). After refraction, the ray may be scattered 

or/and attenuated by the matrix material, lost as escape 

cone loss, absorbed and then emitted by the luminescent 

materials or wave-guided by TIR. The routine is continued 

until the fate of the ray is determined and then the same 

process is executed for the other rays. The occurrence 

probability of each event at each stage of the ray tracing 

algorithm is determined according to parameters such as 

wavelength, angle of the illuminated ray, characteristics of 

the matrix/ luminescent material, dimensions and 

configuration of the LDS layer. After implementing the 

iterative loop for all input rays, the optical efficiency of the 

device is calculated by: 

 

𝜂𝑜𝑝𝑡 =   
∫ 𝐸𝑃𝑂𝑈𝑇

(𝜆). 𝑑(𝜆)
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

∫ 𝐸𝑃𝐼𝑁
(𝜆). 𝑑(𝜆)

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

                                           (2) 

 

Where 𝐸𝑃𝑂𝑈𝑇
(𝜆) is the energy spectrum of the output 

photons detected by the PV and 𝐸𝑃𝐼𝑁
(𝜆) is energy 

spectrum of the input solar radiation.  

To evaluate the performance of the LDS/PV device,  

the EQE of the PV with and without the LDS layer is  

modelled by (Rothemund, 2014): 

 

𝐸𝑄𝐸𝐿𝐷𝑆(𝜆) = 

(𝜂𝑜𝑝𝑡 . 𝐸𝑆𝑀. 𝑓𝑎𝑏𝑠(𝜆)) + (𝐸𝑄𝐸𝑃𝑉(𝜆). 𝑓𝑡𝑟𝑎𝑛𝑠(𝜆))             (3) 

Where 𝐸𝑄𝐸𝑃𝑉 is the EQE of the solar cell without the 

LDS. 𝑓𝑎𝑏𝑠 =  1 − 𝑒−𝛼𝑑 is the absorption function of the 

luminescent material which gives the number of photons  

absorbed (𝛼 is the absorption coefficient in 1/mm and d is 

thickness of the LDS in mm).  𝑓𝑡𝑟𝑎𝑛𝑠 =  1 − 𝑓𝑎𝑏𝑠  is the 

transmission function of the luminescent material which 

gives the number of photons transmitted through the layer. 

ESM (Emission Spectral Matching) is a factor that is used 

to normalize emission spectra and also match it to the 

𝐸𝑄𝐸𝑃𝑉: 

 

𝐸𝑆𝑀 =  
∫ 𝑃𝐿(𝜆). 𝐸𝑄𝐸𝑃𝑉(𝜆). 𝑑(𝜆)

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

∫ 𝑃𝐿(𝜆)
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
. 𝑑(𝜆)

                          (4)  

 

Where PL is the photoluminescence (or emission 

spectrum) of the luminescent material. 

 

 

3 RESULTS, VALIDATION AND DISCUSSION 

 

In this section, the experimental results of LDS doped 

with EU3+ complex (Liu et al., 2013) are used to validate 

the mathematical ray tracing modelling. The absorption 

and emission spectra of the luminescent material is shown 

in Fig. 2. The size of the LDS layer is 156 cm2 with 0.15 

mm thickness, deposited on top of c-Si PV. The radiation 

used in the experiment and modelling was AM 1.5 global 

solar radiation whose information obtained from ASTM 

G173-03 Reference Spectra. The concentration of the 

EU3+complex was 1%.  

 

Figure 2: Normalized emission and absorption spectra for 

EU3+ complex (Liu et al., 2013) 

 

The LDS based PVA layer was simulated under 

250,000 rays while all loss mechanisms were considered 

in the modelling. Fig. 3.a shows the simulation and 

experimental output spectrum of the LDS (in arbitrary 

units) which are compared with the input solar radiation of 

the LDS layer. As it can be seen, the output spectrum of 

the LDS layer has a peak at around 610 nm which is due 

to the emission peak of the EU3+ complex. The input 

irradiation is red-shifted 60 nm (from 300 nm to 360nm) 

by the LDS layer. Fig.3.b shows the simulation and the 

experimental 𝐸𝑄𝐸𝐿𝐷𝑆 curves in comparison with the EQE 

of uncoated PV. As can be seen, the EQE of the PV is 

significantly improved by around 46% in the wavelength 

range of 300-365nm due to the presence of the LDS layer. 

The achieved outputs of the model can be seen in Table I. 

In the PVA modelling, around 17% of rays is reflected 

after striking the top surface of the LDS layer due to the 

mismatching in refraction index of air (1) and the PVA 

film (1.49). It has been found that, 2.7% of rays were lost 
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as heat which is due to either attenuation/scattering loss of 

the PVA matrix material or non-unity quantum yield of the 

luminescent material. Majority of rays (~80%) reached the 

PV cell at the bottom layer which resulted in 

approximately 79% optical efficiency and a 31.39 

mA. cm−2 current density. It is observed that by counting 

the loss mechanisms, the model is valid and the simulation 

results are in an excellent agreement with experiments 

(maximum 2.2% discrepancy error in peak).  

In the next step, the LDS based PVA layer was 

simulated (250,000 rays) but without counting the loss 

mechanisms of the PVA matrix material. As it can be seen 

in Fig.4, the modelling and experimental spectra are not 

well-matched in this case. In addition, as is seen in Table. 

1, in the case where the loss mechanisms were not counted, 

the number of rays lost as heat decreased from 2.69% (in 

PVA modelling) to 1.01% (Without loss modelling) and 

that is due to the non-unity quantum yield of the 

luminescent material. This results in the final optical 

efficiency of 81% and gives a current density of 31.41 

mA. cm−2 without considering the losses in the model. As 

is seen, by considering loss mechanisms, the discrepancy 

error in the peak is enhanced from around 27% (Without 

loss modelling) to 2% (PVA modelling). This clearly 

shows the effect of counting material losses in the LDS 

modeling. 

 
(a) 

 
(b) 

 

Figure 3: (a) Output spectrum of the LDS based PVA 

layer obtained from modeling (red) and experimental 

(blue) in comparison with the input solar radiation 

spectrum (black) and (b) Modeling (red) and experimental 

(blue) 𝐸𝑄𝐸𝐿𝐷𝑆 curves in comparison with the EQE of 

uncoated c-Si PV cell (black). 

 
Figure 4: Output spectrum of the LDS based PVA layer 

obtained from modeling (red and no loss mechanisms is 

counted) and experimental (blue)  

 

Table I: Statistic results obtained by the ray tracing model 

for LDS devices modelled with different matrix materials 
Modelled 

Matrix 

Material 
PVA 

Without 

Loss 
Glass 

Epoxy 

Resin 
PMMA 

Number of 

Input Rays 
250,000 

Reflected 

(%) 
17.03 16.86 17.05 16.99 16.92 

Refracted 

(%) 
82.97 83.14 82.95 83.01 83.08 

Lost as Heat 

(%) 
2.69 1.01 2.44 0.87 1.02 

Escape Cone 

Loss (%) 
0.01 0.01 0.003 0.01 0.01 

Reached to 

PV 

(%) 
80.27 82.12 80.50 82.13 82.05 

Optical 

Efficiency 

(%) 
79.45 81.31 79.85 81.52 81.43 

Jsc  

(mA. cm−2) 

For Uncoated PV : 31.19 mA. cm−2 

31.39 31.41 31.39 31.41 31.40 

Red-Shifting 

(nm)  

In REF: 63nm 

60 53 48 15 18 

Discrepancy 

Error in 

Peak Point 

in 

comparison 

with the 

REF PVA 

Layer(%)  

2.2 27.34 13.77 19.57 18.84 

 

In the next step, LDS based Epoxy, Glass and PMMA 

were simulated under same conditions for the LDS layer 

(250,000 rays). As can be seen in Table 1, by using resin 

epoxy as the matrix material of the LDS, the least rate of 

lost as heat (0.87%) was achieved in comparison with 

other host materials. This resulted in the highest amount of 

optical efficiency (81.52%) and current density (31.41 

mA. cm−2). The resulted output spectra of the modelled 

devices are shown in Fig.5. As can be seen, the trend and 

the position of the peaks in all layers are similar; however, 

the red-shifting and the discrepancy error in the peak are 

different. This is due to the different absorption spectra of 

the matrix materials resulting in different loss mechanisms 

over wavelength which can significantly change the 

optical response of the LDS layer. 

 



 
 

Figure 5: Output spectrums of LDS layers based, epoxy, 

glass and PMMA compared to the solar radiation 

spectrum. The LDS PVA layer emission is also shown.  

 

 

4 CONCLUSION 

 

In this paper, different matrix polymer materials with 

various loss mechanisms were modeled in LDS layer 

encapsulation by using a ray tracing algorithm. First, the 

developed model simulated the performance of an LDS 

layer of EU3+ doped in PVA film on top of c-Si PV cell. 

It was found that, when loss mechanisms (attenuation and 

scattering) are counted in the model algorithm, the model’s 

discrepancy in comparison with the experimental results, 

is significantly improved from around 27% to 2%. By 

considering the losses, an excellent agreement has been 

achieved between the experimental and the model results. 

By using the developed model, the LDS layer achieved 

79% optical efficiency and 31.39 mA. cm−2 current 

density. In addition, the EQE of the PV is significantly 

improved by around 46% in the wavelength range of 300-

365nm. 

Second, the model was used to simulate the 

performances of LDS based glass, epoxy and PMMA 

layers to see the effect of the loss mechanisms for these 

matrix materials. The best results were achieved by LDS 

based epoxy layer with around 82% optical efficiency and 

31.41 mA. cm−2 current density. Different amounts of red-

shift was observed in the modelled LDS layers when 

compared to the solar radiation spectrum. Therefore, the 

selection of the matrix material is very important when 

designing the LDS layer. The matrix material must be a 

suitable environment for the luminescent species and 

should exhibit a high transmittance and low scattering over 

the LDS operating wavelength, 300-500 nm. Also, the 

matrix materials should be highly transparent in the region 

where the PV cell is efficient so that it does not attenuate 

the incident rays in this region. It has been observed that, 

all used matrix materials are transparent after ~ 300nm; 

however, their optical response in the region between 300-

400nm can significantly change the response and optical 

properties of LDS layer.  
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