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1. INTRODUCTION

The photovoltaic effect is generally defined as the generation of an electrical potential when a
radiant light is projected onto a system of two electrodes separated by a solid or liquid material. The concepts
of solar energy began in 1839 when Becquerel discovered the photovoltaic effect, which is utilized to
transform solar radiation into electricity [1]. Fritt created the first purpose-built, working photovoltaic gadget
in 1883 [2]. Therefore, photovoltaic systems are considered a hopeful advancement in technology that
directly utilizes the sun, the primary power source of our world. Solar cells may generate electricity when
exposed to light without endangering gadgets or the environment. As a result, they can provide electricity for
a long time at least 20 years with low maintenance and operating expenses. However, the prevalent adoption
of photovoltaic technology over alternative energy sources is hindered by the comparatively high costs and
low efficiency of solar cells [3].

There are various categories of photovoltaic cells such as thin-film, crystalline, multi-junction or
tandem cells. Tandem solar cells were proposed in 1955 by Jackson [4] and in 1960 by Wolf [5].
Furthermore, ultra-high efficiency photovoltaic devices can be implemented using some of the most effective
device topologies and their superior radiation resistance and excellent conversion efficiency will make them
extensively utilized in space. Improving conversion efficiency and lowering cost are essential for the
widespread use of super high-efficiency cells [6], [7].

For many satellites and spacecraft, I1I-V cells are a desirable alternative to silicon cells due to their
increased efficiency and radiation resistance. Consequently, multi-junction solar cells III-V have the added
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advantage of operating at high voltage and low current and having exceptional radiation resistance.
Additionally, because they have a lower temperature coefficient than silicon cells, they perform better in
space applications' operating conditions. It suggests improved performance in space applications under
operating conditions [8].

Additionally, their efficiency is increased by reducing potential losses in a photovoltaic system.
Impurities, dislocations, and other flaws in the semiconductor absorber serve as hotspots for non-radiative
recombination and are the source of bulk recombination losses. By guaranteeing the development of superior
epitaxial layers to lower the density of defects in each multijunction solar cell layer, the bulk recombination
losses can be reduced [6].

Two main challenges are detected in multijunction solar cells. On one side, the primary barrier to
replacing the market domination of established Si single junction solar cells is the expensive cost of
multijunction solar cell modules, which limits multijunction solar cells to specialized applications where
surface area is the limiting constraint for example, space applications, drones, and unmanned aircraft. On the
other hand, for long-term solutions in renewable energy sources, the increased efficiency of multijunction
solar cells may outweigh their high cost. Therefore, while choosing solar cells, efficiency and cost must be
traded off [9]. Tandem solar cells are made by stacking some single-junction solar cells on top of one another
so that each layer from top to bottom has a smaller bandgap than the one before it. As a result, photons with
energies higher than that layer's bandgap and lower than the higher layer's bandgap are absorbed and
converted [10], [11].

In this article, our structure was chosen precisely; it is a tandem structure that has a top cell made of
GalnP, a middle cell formed with GalnAs, and a bottom cell composed of germanium, the concentration of
Indum in GalnP and GalnAs was chosen to be 60% and 90% respectively to satisfy the adaptation of constant
lattice within the crystal structure of the tandem cell and with the aim of avoid the maximum number of
crystal defects. In the first part of this work, we presented the results of simulation and in the second part, we
have studied the impact of the doping concentration of the photoactive layers on the conversion efficiency
and we achieved excellent results.

2. MODELING AND SIMULATION

The relationship between doping concentration, photoactive layer thickness, depletion zone, electric
field and potential is a key element to improve research on hetero-structures in multi-junction cells. The
major difficulty lies in the large number of parameters that affect the solar cell's efficiency. Moreover, the
hetero-structure aspect is important because of the discontinuities between the photoactive layers in the
tandem solar cell, this allows control of the position of free carriers, which vary according to the doping
concentration, by forcing them to localize and/or move in a well-defined region (called confinement) due to
the bandgap offset. In this study, we presented the impact of doping concentration on the conversion
efficiency of a tandem solar cell made of Gag4lngsP/Gao.1Ing9As/Ge using Silvaco's Atlas software under
illumination of 0.1 W/cm? AM1.5G at room temperature.

2.1. Silvaco

A software environment called Silvaco (Silicon Valley corporation) makes it possible to design and
forecast semiconductor device performance. Before semiconductor devices are built, they are modeled using
this tool. It greatly aids in the advancement of numerous research initiatives. In order to get very close
simulation results to those in practice, the Silvaco TCAD incorporates new physical models that use efficient
numerical algorithms, new grid technologies, and optimization linear solutions. The ability to depict physical
events that are challenging to access and so see is the main benefit of this kind of simulator [12].

2.2. Description of structure

The design of the tandem solar cell must ensure that the minimum current is supplied by the
junction formed by the material with the highest resistance to irradiation. It is apparent that there are further
qualities that should be considered to improve the efficiency of multijunction devices. For instance, every
junction should be designed to generate the same amount of photocurrent. The bandgap of the
semiconductor, the absorptivity of the material, and the thickness of the cells are the main determinants of
this current-matching [13].

In a lattice matched (LM) GalnP/GalnAs/Ge 3-junction cell, the split of the solar spectrum by the
1.8 eV/1.4 eV/0.67 eV combinations of bandgaps results in an excess photogenerated current density in the
Ge sub cell. If the middle cell's bandgap is reduced, as in lattice mismatched or metamorphic (MM)
GalnP/GalnAs/Ge 3-junction cells with a 1.2-1.3 eV GalnAs middle cell, some of this wasted current can be
employed efficiently in the middle cell [14]-[22].
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To enhance the efficiency of a tandem solar cell, several parameters control the increase or decrease
in efficiency, including the doping concentration of photoactive layers which is the aim of our study. We
realized a multijunction solar cell made of I1I-V semiconductor materials when the top cell is constructed by
Ing.sGao 4P, in the middle cell we used IngoGao.1As and the bottom cell is formed by Ge having band gap of
2.11, 1.73 and 0.66 eV respectively. Then; doping concentration is n-type 10?%/cm? and thickness of 0.4 um
of emitter of the top cell, doping concentration is p-type 10'”/cm?® and thickness of 1.6 um at base of the top
cell, the thickness of the base of the middle cell is about 7.95 um and doping concentration is 102%/cm?, the
emitter thickness of the middle cell and doping concentration is 0.05 um and 10'7/cm? respectively, the
emitter and the base thickness of the bottom cell are about 0.75 and 42.25 pm respectively with doping
concentration of n-type of 10'7/cm?® in the emitter and p-type 10'*/cm? in the base. Moreover, the bulk surface
field (BSF) is about 1 um of thickness and n-type with 10'"/cm?® of doping concentration. The ohmiques
electrodes are situated at the top and bottom of the tandem cell, as depicted in Figure 1. The mesh is refined
at the top and between the cell's electrodes to achieve high resolution and accuracy in calculations, and the
sides are wider to shorten calculation time, as illustrated in Figure 2.
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Figure 1. Structure of the model simulated
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Figure 2. Mesh of the structure simulated
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3. RESULTS AND DISCUSSION

We reported a numerical simulation of a tandem solar cell; in the Figure 3, we exhibit the I(V)
characteristic of our model simulated. The short circuit condition, which describes how the cell functions if a
wire is attached between its terminals and shorts it out, is the point where the curve intersects the vertical
axis. This current flow is referred to as short-circuit current, or ;.. The open circuit condition is the point
where a curve crosses the horizontal axis. V., or open-circuit voltage [23], then we extracted its electrical
characteristics using (1)-(4).
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Figure 3. I-V Characteristic of the model simulated

— Current-voltage function is donne by (1) [24]:
qV
J=Js (" e — 1) — g, M

where kT/q is thermal voltage, n is ideality factor, J; is reverse saturation current density, and V is bias
voltage.

— Open-circuit voltage V,:
When ] = 0, the expression defining the open-circuit voltage may be formulated as (2) [25]:

Ve ="qﬂln (’]—s+ 1) )

— The energy conversion efficiency is defined as (3) [25]:

n = 210 x 1009 = mextinax 1000y 3)
P;,,: input power (1000 W/m?)
— The fill factorcan be obtained by (4) [25]:

FF — jmax Vmax (4)

jSCVCO

All results are recapulated in Table 1.

Table 1. The cell's short circuit current I, open-circuit voltage V., fill factor FF and conversion efficiency n
IscmA/em?®)  Voc(V)  FF(%)  n(%)
20.07 1.37 89.46  24.65

Int J Elec & Comp Eng, Vol. 16, No. 2, April 2026: 619-628



Int J Elec & Comp Eng ISSN: 2088-8708 a 623

These results are obtained under an illumination of 0.1 W/cm?, a surface of 1 mm?, and room
temperature. A p-type semiconductor and an n-type semiconductor are combined to form a p-n junction. The
union of these two semiconductor categories, influenced by the concentration gradient, enables a fraction of
the majority holes in the p-type section to migrate to the n-type territory, subsequently revealing negative
acceptor ions, referred to as NA—. The same holds true for the electrons traveling in the reverse direction,
leaving behind specific positive donor ions, ND+. Consequently, a positive spatial charge is created near the
n-side, while a negative spatial charge forms near the p-side of the junction. An area that does not have
mobiles charges devoid is known as the space charge region (depletion zone). The importance of this region
in solar cells is crucial, as it creates an electric field .This field causes negatively charged particles to move in
one direction and positively charged particles in the other direction, thus, producing an electrical voltage
[26], [27]. Figure 4 and Figure 5 present the internal potential and the electric field across the structure. The
latter reaches 4e3V/cm in the interface of heterojunction Ing ¢Gag 4P/IngoGag 1As.
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Figure 4. Internal potential across the structure
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Figure 5. Electric field across the structure.

Quantum efficiency represents one of the most fundamental properties of a tandem solar cell; it is
determined by how well a solar cell can transform incident photons (of different wavelengths) into electrons
depending on how much energy they contain. The definition of spectral quantum efficiency (QE) is the ratio
of the collected electrons and the incident photons at a given wavelength. There are two forms of QE [28]:
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— External quantum efficiency (E Q,,) includes losses due to reflection, non-productive absorption, and so on.
— Internal quantum efficiency (E Q;y.) solely takes into account the photons that the cell really absorbs.

Figure 6 represents the (E Q) and (E Q;y,) of the model simulated. It varies from 40% at 200 nm up to 65%
at 800 nm.

— _ EQext
EQint = 1—Reflectivity )

Understanding how a multi-junction device works is important for the design of next-generation high
efficiency solar cells [29]. One of the elements that affect the characteristics of the tandem cell is the doping
concentration of the photoactive layers (emitter, base and BSF) which plays a primordial role on the depleted
zone and the electric field separating the charges created contributing in the electric conversion, which is the
aim of our study to improve the efficiency of the tandem cell by acting on the doping concentration.

User formula vs optical wavelength

Data from multiple files

[> User formuia

& -

&>
\l\lll\\\l\lllllll\\ll\l

E—>< caintgat
EQext.cat

User formula ()

ES

8]

;\x

T [ T T T [ T T T [ T T T [ T T T [ T T T [ T T T [ T7T
0.2 04 06 0.8 1 12 14

optical wavelength

Figure 6. EQ.« and EQ;y of the solar cell Ing sGao 4P/IngoGao 1As/Ge

3.1. Variation of doping concentration of the emitter

From the results found in Figure 7 and Figure 8, the elevation of the doping concentration of the
emitter of the top and middle cells from 10'%/cm? to 8x10%%/cm? and 10'%cm? to 8x10'7/cm? respectively causes
a slight increase of the maximum current and so improve the efficiency, while the open-circuit voltage remains
stable. Contrary to what happens in the case of an increase of doping concentration of the emitter of the bottom
cell illustrated in Figure 9, higher doping concentration of the latter leads to decrease of conversion efficiency
due to Auger recombination, the doping concentration of this layer must not exceed 10'7/cm? in our model.
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3.2. Variation of doping concentration of the base

Figure 10 and Figure 11 show that when doping of concentration of the base of the top and middle
cells increase from 10'%/cm’ to 8x10%%cm® and 10%/cm?® to 10'7/cm?® respectively, open-circuit voltage
remains stable but the short-circuit current increases slightly, resulting an improvement in the cell efficiency.
On the other hand, the solar cell efficiency decreases from 24.65% to 22.12% when the doping concentration
of the base of the bottom cell increases from 10'%/cm? to 10'%/cm?, the reason is the decay of the potential
barrier causing the decrease of the depleted zone, therefore there are reducing in the separating field and
hence reduction of photogenerated carriers. We can deduce from Figure 12 that doping concentration of the
base of the bottom cell must not be more then 10'5/cm?>.
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3.3. Variation of doping concentration of BSF

From the Figure 13, we extract that increasing the doping level of the BSF of the bottom cell from
10"/cm’ to 8x10'°/cm? gives a significant improvement in all the tandem cell characteristics. Recombination
in the BSF is very low given its location on the back side of the tandem cell. It has the role of creating a delay
field on the rear face. A highly doped BSF reduces recombination at the semiconductor-metal contact.
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4. CONCLUSION

This work aims to study the influence of doping concentration on the efficiency of the multi-
junction (tandem) solar cell made of IngsGag 4P/ Ing.9Gao.1As/Ge. For the purpose of prevent crystal defects in
the tandem cell structure and meet lattice constant matching, we selected Indium concentrations of 60% and
90% for GalnP and GalnAs. Next, we extract the [-V characteristic, the electric field and the potential across
the structure simulated and the quantum efficiency. Then, we varied the doping concentration of each
photoactive layers (Emitter, Base and the BSF). We arrived at a short-circuit current and voltage open circuit
equal to 20.07 mA/cm? and 1.37 V respectively, the fill factor equal to 89.46% and electrical efficiency of
24.65%. Our study revealed that achieving higher efficiency for the chosen tandem structure requires the
emitter to be heavily doped in both the top and the middle cells, unlike the bottom cell, where the emitter
must not exceed a doping concentration of 10!7/cm?3. The base of the top cell and the middle cell must have
moderate doping to decrease recombination and enhance increase the lifetime of the charge carriers on the
front and back faces, but the base of the bottom cell should have enough doping in relative to the
concentration level chosen in the other layers. According to our findings, the doping in this layer should not
exceed 10'5/cm?’. Finally, the BSF must be heavily doped to produce a retarding electric field, leading to a
decrease in recombination and thus the performance of the tandem cell will be improved.
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