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Abstract

The characterization of photovoltaic cells is important for verifying and improving their efficiency
because this determines their electrical power generation capacity. This highly available secondary
source depends on certain geographic factors such as solar irradiance and temperature. In this work, the
authors present a performance characterization of quantum well and quantum dot photovoltaic cells
using own developments in open-source software and open standards, with an accuracy of around
99.99%. This is possible based on the proposed physical model and associated equations, along with
the parameters determined for each of the cells under study. The results obtained using open-source
software is compared with those obtained using commercial software tools. The results obtained in the
laboratory made it possible to characterize the performance and efficiency of various photovoltaic cells
based on quantum well and quantum dot technology under different temperature and solar irradiance
conditions.
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1. Introduction

The evolution of photovoltaic cell manufacturing technologies allows improving the efficiency in the
generation of electrical energy, since among the advantages compared to other alternative energy
sources, is because they are generally fixed systems, they do not require inputs or fuels to operate, only
sunlight, which geographically is available in most cases a fraction of the day. This work shows the
adaptation of computational tools in free software and under open standards developed by Nuiez (2018)
and Nufez (2019) but for quantum technology cells. Most of the tools used today for characterization

require payment of the license or the source code cannot be modified, such as those used in France
(2022), Tin (2024) and Xutao (2023). However, this work shows the results from developments in
Scilab, considering the three-diode physical model proposed in Quai (2022), to determine the
performance and efficiency of quantum well and quantum dot cells under specific operating conditions.

The physical model used allows determining the carrier current under the photovoltaic phenomenon by
means of non-linear equations, which are solved using the methodology described in the next section.
The coefficients of the equations have been determined through the most important parameters of any
photovoltaic cell: short circuit current density ( J.. ) or short circuit current (| ), open circuit voltage
(V. ), maximum current (1 __ ) and voltage (V,, ), based on the specifications of the prototyping
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laboratories and the data analyzed in the Photonics Laboratory of the Cendit.

Once the equations are solved, the current-voltage (I-V) and power-voltage (P-V) curves of the
photovoltaic cell under study are obtained and compared with the results obtained with Matlab and
with the data from the manufacturer of the cell under study. The developed software system not only
shows the curves indicated above, but also shows the conversion efficiency, quantum efficiency and the
form factor (Fill Factor or FF) of the photovoltaic cells consulted in this research.

2. Method

For reach the goal of this work, the physical and mathematical modeling of quantum photovoltaic cell
are defined in order to solve the equations using own scripts on Scilab.

2.1 Physical and mathematical model

Photovoltaic cells are manufactured from intrinsic and/or extrinsic semiconductor materials. The diode
model represents the currents associated with the cell, which is generally made up of a junction of
n-type material (with excess negative carriers) and p-type material (with excess positive carriers).

These currents are:

- The current due to the absorption of photons in the material, which generates electron-hole pairs,
which are primarily responsible for the electric current they generate. In the physical model, this is
represented by a current source.

- The currents associated with the depletion region and the quasi-neutral region that form part of
the junction. In the physical model, these are represented by one or more diodes.

Although the use of the two-diode circuit in parallel continues to prevail in recent studies to model the
behavior of photovoltaic cells, the three-diode model as in Quai (2022), shown in figure 1, allows to
contemplate additional phenomena, due to the modification of the structure of the material such as the
case of cells with quantum wells, in which between the junction of n and p material, thin layers called
quantum wells are introduced, allowing the carriers to be confined and reducing the energy levels of the
material, specifically the energy gap, thus facilitating the absorption of photons as shown in figure 2.
Since the absorption depends on that energy level, and this in turn depends on the wavelength of the
photons, by reducing the energy gap, photons of shorter wavelength can generate electron-hole pairs,
which increases efficiency due to the increase in the electric current produced in the process.
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Figure 1. Physical model of a three-diode

Quantum-well photovoltaic cells are nanometric semiconductor structures that confine electrons in two
dimensions, thus improving photovoltaic conversion efficiency compared to conventional cells.
However, quantum dot technology cells are nanometric semiconductor structures that confine electrons
in three dimensions, allowing for improved absorption, thereby increasing photovoltaic conversion
efficiency compared to conventional cells, and even greater than that of quantum-well technology cells
(see figures 2 and 3).

The equation that follows from circuit in figure 1 is shown in expression (1):
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Where: | is the short-circuit current; |, is the photogeneration current; I, ,1,,,1,,, are the diode
currents (representing the currents in the depletion zone and in the quasi-neutral zones); R, represents
the ohmic losses at the ends due to the metal contacts of the cell and R,, represents the ohmic losses due
to the junction of the materials that make up the cell. Additionally, ni,nz,ns, represent the ideality
factors between the diodes. To solve this equation, the procedure described in Niiiiez (2018) and Nuiez
(2019) has been followed.
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Figure 2. Difference between conventional cell and quantum well cell.
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Figure 3. Difference between conventional cell and cell with quantum dots

Additionally, in order to obtain the quantum efficiency (7, ) of the photovoltaic cells, the expression
(2) was used:

| hj
“Tar @

Where: 1 is the photogeneration current; g is the electron charge, his the Planck constant, 1 is the
photon wavelength, P, is the incident photon power.

2.2 Software development

Scripts were developed in Scilab to solve the system of nonlinear equations constituted from the
transcendental expression (1) and the parameters obtained for the photovoltaic cells under study. The
I-V, P-V and FF curves generated in Scilab, under Standard Operating Conditions (STC), in this case
1,000 W/m2 and 25 °C, from the three-diode mathematical model and solved for each quantum
photovoltaic cell under study, are shown in figures 4, 5, 6, 7, 8 and 9.



www.stslpress.org/journal/jasis

Journal of Applied Science and Innovation Studies

Vol. 2, No. 3, 2025

. %10 1V Curve (-), P-V Curve (.-), Fill Factor (--) X11 2'3
25 se —-+Pmp 112
———————— o] I L
2
< Fill Factor = 0.69383 {os &
(&) a Lo
1 A
e Fa-x {04
e Efficiency = 0.046486
05 K4 lo2
e
0 y
0 0.1 0.2 03 0.4 0.5 0.6 0.7
Voltage (V)

Figure 4. I-V and P-V curves of a quantum well cell developed in Thin (2024) under characterization
using free software. Parameters: Voc = 0.67 V; Jsc = 10 mA/cm?, Area = 0.25 cm?, FF=69.35%.

5 %107 1-V Curve (-), P-V Curve (.-}, Fill Factor (--) =10
125
12
|
|
| —
| 15 =
| P
I | 2
| o
I [
I .
! \
s - | \ 05
1 v Efficiency = 0.0962 1 ; ]
K4 1
.
0¥ ! voe— 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage (V)

Figure 5. I-V and P-V curves of a quantum well cell developed by Xutao (2023) under characterization
using free software. Parameters: Voc = 0.64 V; Jsc = 20.80 mA/cm?, Area = 0.25 cm?, FF=72.25%.
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Figure 6. I-V and P-V curves of a quantum well cell developed in France (2023) under characterization
using free software. Parameters: Voc = 1.03 V; Jsc = 22 mA/cm?, Area = 0.25 cm?, FF= 82%.
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Figure 7. I-V and P-V curves of a quantum dot cell developed at Sawires (2025).

Parameters: Voc =0.99 V; Isc = 23.6 mA, Area = 25.5 mm?, FF = 56%.
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Figure 8. I-V and P-V curves of the quantum dot cell developed by Liu (2024).

Parameters: Voc = 1.35V; Isc = 18.75 mA, Area = 0.049 cm?, FF = 84%
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Figure 9. I-V and P-V curves of the quantum dot cell developed by Prasatsap (2020).

Parameters: Voc = 0.33 V; Isc = 0.04 mA/cm?, Area = 0.25 cm?, FF = 82%.
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3. Results

I-V curves for the different photovoltaic cells studied are shown in Figures 10, 11 and 12. The
comparison between the curve obtained in the manufacturer's laboratory (solar simulator) and the
results in Matlab and Scilab under Standard Operating Conditions or STC (1000 W/m2, 25 °C) is
shown. Since the three curves obtained for the cell studied are not distinguishable, it was necessary to

include an enlargement in each case in order to estimate the deviation from the values obtained in the
original laboratory.
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Figure 10. I-V curves of a quantum well cell developed in Thin (2024) and characterized using free
software. Left figure shows the complete curve. Right figure is enlarged for detail.

Parameters: Voc = 0.67 V; Jsc = 10 mA/cm?, Area = 0.25 cm?, FF = 69.35%.
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Figure 11. I-V curves of a quantum well cell developed in Xutao (2023) under characterization using
open source software. Left figure shows the complete curve. Right figure is enlarged for detail.
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Parameters: Voc = 0.64 V; Jsc = 20.80 mA/cm?, Area = 0.25 cm?, FF = 72.25%
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Figure 12. Quantum well cell curves developed in France (2022) under characterization using open
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source software. Left figure shows the complete curve. Right figure is enlarged for detail.

Parameters: Voc = 1.03 V; Jsc =22 mA/cm?, Area = 0.25 cm?, FF = 82%.

The I-V curves for various levels of solar irradiation and temperature were obtained by programming
the Scilab Xcos module (see figure 13) for the photovoltaic cells under study, with the results shown in

figures 14, 15, 16 and 17.
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Figure 13. Block diagram to solve the transcendental equation (1) using Xcos of Scilab.
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Figure 14. I-V curves for different irradiance conditions of cell developed in Tin (2024).
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Figure 15. I-V curves for different temperature conditions of cell developed in Tin (2024).
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Figure 17. I-V curves of a quantum dot cell developed at Sawires (2025) with different levels of
temperature.

4. Discussion

I-V and P-V curves were modeled using scripts developed by the authors in Scilab for quantum well
and quantum dot photovoltaic cells manufactured in the laboratories indicated in the references, with a
high accuracy. The fill factor and quantum efficiency were also calculated using proprietary Scilab

developments. These computational tools allow for estimating the behavior of the photovoltaic cells
studied under different solar irradiance and temperature conditions.

5. Conclusion

The computational tools presented in this work, based on free software and public license platforms,
can model the behavior of quantum well and quantum dot photovoltaic cells with 99.99% accuracy,
thus presenting it as an alternative to privative license software solutions.
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