PAPER
MODELLING VARIOUS SOLAR CELLS MATERIALS USING LORENTZIAN-DRUDE COEFFICIENTS

Modelling Various Solar Cells Materials Using
Lorentzian-Drude Coefficients

https://doi.org/10.3991/ijes.v4i4.6566

S. Abdellatif, "* K. Kirah,? R. Ghannam, *> A. S. G. Khalil,>*° and W. Anis’

"The British University in Egypt (BUE), Cairo, Egypt
* Ain Shams University, Cairo, Egypt
? Cairo University, Giza, Egypt
* Arab Academy for Science, Technology and Maritime Transport, Giza, Egypt
> Fayoum University, Fayoum, Egypt

Abstract—In order to develop an optoelectronic model for
simulating different light trapping structures sandwiching
the photovoltaic active layer, determining the materials
dispersion and absorption properties is a must. The targeted
model should be able to simulate the desperation and ab-
sorption capabilities of different conductor and semiconduc-
tor materials over the entire sun spectrum (200 nm to 1700
nm). Therefore, the Lorentzian-Dude (LD) model is chosen
due to its simplicity in implementation with the finite differ-
ence time domain algorithm chosen for optical modelling. In
this paper, various materials are selected to be modelled
with the LD model. The proposed algorithm is not only used
for modelling material behaviour of various conducting
materials published in literature, but is also used for other
conducting and semiconducting materials that the original
model was not capable of modelling over the entire range of
spectrum. Besides that, the suggested algorithm showed a
better time performance than those mentioned in literature.
Experimental 1D grating structure prototype samples were
made to validate the simulation results, showing perfect
agreement.

Index Terms—FDTD, grating structures, Lorentzian-Dude
(LD) model, Solar cells materials.

L INTRODUCTION

In order to model dispersive and absorptive materials,
the dispersion coefficients should be calculated. We use
Lorentzian-Drude (LD) model as it could easily be incor-
porated into FDTD simulations [1]. The LD model is a
combination of two models. The first one is the Drude
model which effectively models conductivity, dispersion
and background absorption due to electronic intraband
transitions. The second one is the semi-quantum Lorentz
model which describes electronic interband transitions. It
is used for modelling dispersive media having multiple
resonant frequencies (multipole dispersion). The complex
permittivity of a material using LD model could be ex-
pressed by [1]:

E() = £ + Tyl (1)
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where ¢, is the instantaneous dielectric response
(DC), I, and w,, are the LD coefficients and o, is a func-
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tion of position specifying the strength of the n" reso-
nance.

In this work, we enrolled the LD fitting algorithm in
modelling the absorption and dispersion behaviour of
various conducting as well as semiconducting materials
used for solar cells. The algorithm was developed using
Matlab scripting, where an optimization process took
place for utilization and minimum time consumption.
Then, MEEP (Massachusetts Institute for Technology
Electromagnetic Equation Propagation) [2] is used as a
simulation platform for the optical characterization of 1D
grating structure.

II. MODELLING DISPERSIVE CONDUCTING MATERIALS

A fitting process takes place to calculate the LD coeffi-
cients of different materials, such as silver (Ag), indium
tin oxide (ITO), gold (Au), aluminium (Al) and zinc oxide
(ZnO) within the solar spectrum from 200 nm to 1700 nm.
We have fitted the complex permittivity of the above 5
materials using equation (1). The fitting curves for these
materials are shown in Figures 1 to 5 using the experi-
mental data given in [3, 4, 5], while the fitting parameters
are listed in Table 1.

III. MODELLING DISPERSIVE SEMICONDUCTING
MATERIALS

For Si, no single fitting with Lorentz-Drude terms was
found for both visible and near ultraviolet ranges [6].
Various trials were made to overcome such a problem;
one of them was modelling only the visible range (400 nm
to 800 nm) using three LD terms [7]. Another approach
was proposed in [6] where modified LD model was intro-
duced, making it possible to simulate the Si behaviour
from 300 nm to 1000 nm using a single fit. In order to
solve such a problem, we suggest a technique in [7],
through modelling the behaviour of Si through the whole
spectrum. This technique is based on portioning the spec-
trum into sub-bands and determining the LD terms for
each sub-band individually, and then a concatenation
process takes place. We will use the open-source imple-
mentation of the FDTD algorithm [2] MEEP as a simula-
tion platform for the optical behaviour for the desired
structures.
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Figure 3. LD fitting curves for the real and the imaginary parts of the
Au permittivity using experimental data in [3].
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Figure 4. LD fitting curves for the real and the imaginary parts of the
Al permittivity using experimental data in [4].
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Figure 5. LD fitting curves for the real and the imaginary parts of the
Al permittivity using experimental data in [5].
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For Si we divide the spectrum into three sub-bands. The
first sub-band is from 200 nm to 400 nm, the second sub-
band is from 400 nm to 1000 nm and the third sub-band is
from 1000 nm to 1700 nm. Figures from 6 to 8 show a
comparison between the experimentally measured permit-
tivity [9] and the fitted LD model for the three sub-bands
with the fitting parameters listed in table II. The fitting
parameters are compared with previously determined ones
in [7, 10] showing high accordance. To verify the method
used, we calculate the mean error due to fitting process as
a percentage from the measured data. The mean errors for
both the real and imaginary parts of the Si permittivity are
shown in figure 9.
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Figure 6. Experimental [9] and fitted Lorentz-Drude model for the real
and imaginary parts of the silicon permittivity in the first sub-band
where the imaginary part is plotted log scale.
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Figure 7. Experimental [9] and fitted Lorentz-Drude model for the real
and imaginary parts of the silicon permittivity in the second sub-band
where the imaginary part is plotted in both linear and log scales.
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Figure 8. Experimental [9] and fitted Lorentz-Drude model for the real
and imaginary parts of the silicon permittivity in the third sub-band
where the imaginary part is plotted log scale.
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Figure 9. The mean error for the real and imaginary parts of Si permit-
tivity through the entire wavelength of solar spectrum.

TABLE II.
LD FITTING PARAMETERS FOR ST IN THE THREE SUB-BANDS
First sub-band Second sub-band | Third sub-band

€% 1 1 1

(o] 4.4625e+41 5.1166e+40 4.0314e+41
w1 0.83542 0.52365 0.0722
]"1 0.038715 0.066137 0.042747
o5 7.9247 79.136 0.27826
Wy 0.65815 0.62669 0.33472
]"2 3.1343 1.8357 0.27826
O3 0.50133 8.7496 0.27826
w3 3.6142 1.2461 0.66944
]"3 0.36456 2.0309 0.27826

1JES — Volume 4, Issue 4, 2016

To generalize the proposed approach, various semicon-
ductor materials were simulated using the same approach.
Ge is portioned into two sub-bands where fitting process
takes place using data in [11] as shown in figure 10 and 11
for real and imaginary refractive index respectively. The
LD parameters is then calculated and listed in Table III.
Same process takes place for GaAs but with three sub-
bands using data in [12] as shown in figure 12, 13 and 14
with LD coefficients listed in Table IV.
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Figure 10. Experimental [11] and fitted Lorentz-Drude model for the
real and imaginary parts of the Germanium refractive index in the first

sub-band
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Figure 11. Experimental [11] and fitted Lorentz-Drude model for the
real and imaginary parts of the Germanium refractive index in the
second sub-band
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Figure 12. The mean error for the real and imaginary parts of Si permit-
tivity through the entire wavelength of solar spectrum.
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Figure 13. Experimental [12] and fitted Lorentz-Drude model for the
real and imaginary parts of the GaAs refractive index in the second sub-
band.
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Figure 14. Experimental [12] and fitted Lorentz-Drude model for the
real and imaginary parts of the GaAs refractive index in the third sub-
band.

To check the utility of the new approach, a comparison
between our suggested model (with variable number of
LD coefficients) and the model suggest in [1] with fixed
number of coefficients (5 coefficients) is shown for both
the number of iteration needed and the simulation time in
figures 15 and 16. The simulation is done on a core-i7
Intel processor with 16 GB RAM desktop computer. The
comparison shows that our new suggested model outdoes
that suggested in [1] as it achieves the total fitting required
with lower number of iterations, giving the ability to tune
the maximum accepted mean error. In addition to that, the
model shows this utility for both metals and semiconduc-
tor materials.

IV. 1D GRATING STRUCTURE

We define a 1D grating as structures that are uniform in
one dimension, e.g. y-direction, and are periodic in the
other dimension (x-direction) with a periodicity L as
shown in Figure 17a. We consider incident light propagat-
ing in the xz-plane. Since the structure considered is two
dimensional, one can separately consider the response of
the structures for the s-polarization, which has its electric
field polarized along the y-direction, and for the p-
polarization, which has its magnetic field polarized along
the y-direction as shown in Figure 17b.
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Figure 15. The number of iterations required for variable and fixed LD

coefficients.

Fitting time in seconds
400

300

20
0

ITO ZnO Si Ge GaAs

o

o

M Fitting time for variable number of cofficients

M Fitting time for 5 cofficients

Figure 16. The fitting time required for variable and fixed LD coefti-
cients.

A 1D Si/Si02 grating structure is simulated with SiO2
thickness d2 of 100 nm, a periodicity L of 1 um and an
aspect ratio (a/b) of 1 (Figure 17b). The minimum dimen-
sion in the x-direction is taken b = 500 nm to make it
possible to fabricate such a device on an area of 200 um x
200 pm. The selected dimensions are far from the opti-
mum one for an optical band gap in the desired spectrum
portion with high reflectivity. However, this structure will
be useful to validate our numerical simulation model as it
contains a lot of peaks and troughs making it challenging
to compare the numerical simulation results with the ex-
perimental one and this is consider as a future work. An-
other trial was made to simulate the same structure but
with aspect ratio 2.4. The reflectance of this structure is
shown in Figure 18 with an optical band gap in the near
infrared region.
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Figure 17. a) 3D schematic for the 1D grating strucures. (b) X-Z cross
section for 1D grating structure

V. CONCLUSION

This paper introduces a new technique for modeling
dispersive materials across the ultra-violet, visible and
near infrared regions using the MEEP simulation tool,
which relies on solving Maxwell’s equations using the
FDTD technique. Our proposed technique is unique, since
it enables the simulations community to model the propa-
gation of light through materials such as Si through the
entire Sun’s wavelength spectrum. A 1D grating structure
is then simulated to verify the utility of the developed
model.
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Figure 18. 1D grating structure with aspect ratio of 1 (red curve) and
2.4 (blue curve)
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