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Abstract — The photovoltaic (PV) optical losses decrease the
number of the collected photons resulting in decreasing the total
PV conversion efficiency. One solution to increase the external
quantum efficiency (EQE) of PV is using luminescent materials
which can be applied by either coupling a luminescent down
shifting (LDS) thin film to the PV top surface or doping the PV cell
encapsulation layer with luminescent materials. In this paper, a
Monte Carlo ray tracing (MCRT) algorithm has been developed
to predict the EQE and current density of a device consisting of a
multi-crystalline Silicon (mec-Si) PV solar cell in which the pre-
existing poly-ethylene vinyl acetate (EVA) encapsulation layer has
been doped with Lumogen-F violet 570 dye. The luminescent
material down shifted the input radiation spectrum to the region
where the PV cell has relatively high efficiency. Modelling and
experimental results were in close agreement. EQE of the LDS/PV
solar cell was enhanced by 15% and solar cell efficiency increased
from 14.93% to 15.07%. The current density (Jsc) of the bare cell
increased from 31.30 mA/cm? to 31.38 mA/cm™ when the LDS
device was attached.
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l. INTRODUCTION

The optical losses in PV solar cell are from the absorption
and reflection of the PV top glass, encapsulation and anti-
reflective coating [1, 2]. To evaluate the performance of PV
solar cells in each wavelength region, EQE is measured which
is the ratio of the number of collected electrons to the number
of incident photons [3-9]:

EQE(D) = me(A)/ mp(A) = IQE(A) x (1 =Rpy) (1)

Where me(A) is the number of electrons generated by the
PV, mp(A) is the number of photons striking the PV solar cell
at each wavelength, IQE (4)is the internal quantum efficiency
and Rpy is the probability of reflectance for the PV solar cell
[10]. LDS thin film shown in Fig. 1, is a low cost technique to
improve the efficiency of PV solar cells, by energy down-
shifting the input solar radiation spectrum to the high-efficient
region of PV cells [11-13].

In this paper, a MCRT algorithm is developed and used to
model a device in which the EVA encapsulation layer of a mc-
Si PV solar cell is doped with Lumogen-F violet 570 dye
(BASF) [13]. The device was modelled and characterised under
AML.5 global solar radiation. Results were obtained and
validated by comparing them with the experimental outcomes.
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Fig. 1.  Configuration of LDS thin film which shows: 1- incident ray
strikes the LDS, 2- absorbed by luminescent material and emitted at
longer wavelength. The emitted ray is either 3- reaches the PV cell
directly or 4- it is wave-guided to the PV cell by total internal reflection
or 5- re-absorbed by other particles, losses some part of its energy and
re-emitted with less energy. 6- Some rays directly reach the PV cell
without red-shifting. The losses include: 7- escape cone loss and 8-
front surface reflection. Note that, attenuation and scattering losses of
host material have not been shown here

Il. MCRT ALGORITHM AND DEVELOPMENT

In the developed MCRT model, the device is radiated by a
number of incident rays and the algorithm estimates the fate of
each ray by considering the probability of optical events (such
as reflection, refraction, absorbing, scattering, attenuating,
wave-guiding and transmitting) occurring. Monte Carlo [9, 14-
16] has a statistical nature; therefore, by increasing the number
of incident rays, the accuracy of the model improves. Each
incident ray which is represented by a vector and wavelength,
is traced through the device to determine its fate [17]. At the
intersection point of the incident ray and device, the reflection
and refraction probabilities are calculated based on Snell’s law
and Fresnel equation [9, 18]. The refracted ray may be
attenuated or scattered by the host material. Furthermore, it may
be absorbed by the luminescent material. Absorption is
obtained from Beer Lambert law [2, 8, 9]:

Tran = 1074 = e * #))



Where A is the absorbance and Tran is the value of
transmittance of the material. 7= d. ay,, is the optical depth
(OD), ayps is the absorption coefficient and d is the thickness.
The absorbed ray may be emitted based on the value of the
Quantum Yield (QY) and the emission spectra of the
luminescent material. During transmission, the behavior of rays
is described by total internal reflection (TIR) phenomenon
where the ray may strike other surfaces and if its incident angle
is less than the critical solid angle 8, of the medium, it will exit
the device and lost as escape cone loss.

I1l. RESULTS AND DISCUSSION

The specifications of the selected LDS/PV device [13] is
presented in Table I. The device isa 77 x 77 mm including the
EVA encapsulation layer with refraction index () of 1.51 and
0.5 mm thickness covered by 3.3 mm glass with # = 1.5. The
absorption and emission spectra of the doped luminescent
material (OD =3 and QY = 90%) can be seen in Fig. 2.

TABLEI
CONFIGURATION OF THE LDS/ PV DEVICE [13]
Prosperities Encapsulation Layer Top Layer
Host Material Type EVA Glass
n 1.51 15
Length (mm) 77 mm 77 mm
Width (mm) 77 mm 77 mm
Thickness (mm) 0.5mm 3.3mm
Used Luminescent Lumogen-F violet |
Material 570 dye
QY of Luminescent 0
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Fig. 2.
violet 570 dye used for the enhancement of mc-Si PV solar cell.

The developed MCRT model was run under AM1.5 global
solar radiation. Fig. 3 shows the visual structure during the
simulation process under only 100 rays. As is seen, most of the
rays are directed to the PV (the black plane at the bottom of the
structure) while some of them are lost as heat in the top layers.

Fig. 3. Visual presentation of LDS/PV solar cell under simulation
of 100 rays (Black plane: PV cell, Black spots: the ray sources, Red
spots: thermal losses, Yellow spots: rays reaching the PV cell, Cyan

spots: escape cone losses)

Table Il shows the statistical results achieved by MCRT when
the enhanced device is radiated by 1,000,000 rays. Around 18%
of rays were reflected from the top surface due to the mismatch
of the refraction indices of air and the glass layer. The rest of
the rays were refracted (~83%) into the structure where around
7% of them were lost due to the loss mechanisms (including
escape cone and thermal losses such as attenuation, scattering
and reabsorption losses). The rest of the rays (~76%) were
detected by the PV solar cell. The modelling and reference
results for J¢. are closely matched. Due to using LDS layer, the

current density (Js¢) was increased from 31.30 to 31.38 mA/cm-

2 and resulted in increasing the solar cell efficiency from

14.93% to 15.07%.

TABLE Il
STATISTICAL RESULTS ACHIEVED BY THE MCRT MODELLING
Parameter Quantity
Reflected (%) 17.29
Refracted (%) 82.71
Thermal Loss (%) 0.15
Escape Cone Loss (%) 6.11
Strikes the PV (%) 76.45
Jse (MA/ cm?) (Bare PV) Reference[13] |, 45
31.33

Jsc (MA/ cm™?) (Enhanced PV Reference[13] 3138
Device) 31.37 '

Normalized emission and absorbance spectra of Lumogen-F



Fig. 4 compares the reference EQE of the bare mc-Si PV cell
with both the modified EQE of the enhanced PV device and
modelling results obtained. As is seen, the modelling and
experimental spectra are in close agreement. Due to doping
EVA with the violet dye, the EQE has increased from 25% to
35% at 300 nm and improved by 15% in the region between
300 to 400 nm where the dye has the most absorbance.
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Fig. 4.  Comparison of the modified EQE of the enhanced LDS/PV
device with EQE of a bare PV solar cell

I\VV. CONCLUSION

In this paper, a MCRT algorithm was developed to model a
77 x 77 mm device with mc-Si PV solar cell which was covered
with 0.5 mm EVA and 3.3 mm glass. The performance of the
PV device was enhanced when the EVA layer was doped with
Lumogen-F violet 570 dye. The value of optical depth was kept
constant at 3 and the simulation was run with 1,000,000 rays
(AML1.5 global solar radiation). The developed ray tracing
algorithm estimated the EQE and current density of the PV
device by detecting the fate of each incident ray while it was
considering all loss mechanisms. The final modelling and
experimental results were found in close agreement. The
current density (Jsc) increased from 31.30 mA/cm? (for the
bare PV) to 31.38 mA/cm™ (for the LDS/ PV enhanced device).
As a result, the solar cell efficiency increased from 14.93% to
15.07%. The EQE was enhanced by around 15% in the
wavelength region between 300 nm to 400 nm.
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