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This study investigates the structural composition and performance optimization of an ultra-thin
solar cell employing a layered architecture consisting of Al/TiO2/CdS/CuO/Au/glass. The TiO2
layer serves as the window layer with a wide energy gap of approximately 3.2 eV, followed by
the CdS buffer layer with an energy gap of 2.4 eV, facilitating alignment between the window and
absorption layers. The p-type CuO absorption layer, with an energy gap ranging from 1.21 to 1.51
eV, functions as the primary absorber. Numerical simulations conducted using SCAPS-1D
software provide insights into the electrical characteristics and performance optimization of the
solar cell. Results demonstrate that varying the thickness of the CuO absorption layer and the
density of bulk defects significantly impact electrical properties, with an optimal thickness of 2
pum identified. Additionally, reducing the thickness of the CdS layer enhances conversion
efficiency, fill factor, open circuit voltage, and short circuit current due to increased carrier
penetration into the absorption layer, particularly for shorter wavelengths. Furthermore, the
interplay between bulk and interface defects influences electrical parameters, with interface
defects exerting a more pronounced effect on quantum efficiency. These findings offer valuable
insights into enhancing the design and performance of solar cells through structural optimization
and defect management strategies.

KeyWOFdS: CuO, TiO2 , CdS ,solar cell , Numerical simulation , SCAPS-1D ,defects, interface
defects.

1. Introduction

Semiconductors are essential components across a broad spectrum of applications, spanning
from photovoltaic systems to optoelectronics and beyond. Their significance is evident in the
operation of photovoltaic (PV) systems [1], thermoelectric (TE) devices [2], batteries [3-5],
transistors [6, 7], photonic devices [8], and phase-change memory devices [9]. As the global
demand for renewable energy escalates, research efforts are increasingly directed towards
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advancing production methods and identifying cost-effective materials for solar cells, which
stand as pivotal solutions for sustainable energy solutions. While silicon-based solar cells
have historically dominated the market, recent years have witnessed a burgeoning interest in
alternative materials, spurred by the urgent need for environmental sustainability.

In this context, titanium dioxide (TiO2) and copper oxide (CuO) have emerged as promising
candidates poised to revolutionize solar cell technology. However, despite its potential, the
efficacy of TiO; as a primary material in solar cells remains a subject of active investigation.
Researchers have recently been working to improve the performance and efficiency of TiO--
based solar cells by coming up with new ways to synthesize materials, designing smart
interfaces, and testing out new device architectures.

Moreover, the exploration of TiO, and CuO heterojunctions represents a frontier in both
photocatalytic applications and solar cell development. Notably, recent studies have
demonstrated the significant potential of these heterojunctions in enhancing the efficiency
and stability of solar energy conversion devices. P-type semiconductor materials such as
Cu20 or CuO, deployed as absorber layers, boast narrow direct band gaps, rendering them
well-suited for solar energy harvesting. Additionally, TiO2, characterized by a wide bandgap
exceeding 3 eV, exhibits versatility across various applications, including dye-sensitized
solar cells.

Despite these strides, challenges persist in fully unlocking the potential of TiO2-based solar
cells. Mitigating issues such as charge carrier recombination, optimizing interface
engineering, and ensuring device scalability remain critical imperatives in harnessing the
transformative capabilities of TiO, and CuO in solar energy conversion. Researchers are
working on making TiO2/CuO-based solar cells commercially viable and widely used by
using cutting-edge materials science, new device engineering, and complex theoretical
modeling. They hope that this will pave the way for a sustainable energy future. The goal of
this study is to contribute to understanding and improving the performance of
Al/TiO,/CdS/CuO/Aulglass-based solar cells through theoretical and experimental research.

2. Methodology
2.1 Solar cell design:

The architecture of solar cells is of capital importance because it must reconcile several
essential parameters, such as simplicity, performance, and the affordable cost necessary for
their realization. In this context, the system proposed and studied in this document integrates
all these considerations by adopting a structure composed of several layers arranged in a
specific order: Al/TiO/CdS/CuO/Au/glass, illustrated in Figure 1. At the heart of this
innovative design, titanium dioxide (TiO,) assumes a central role as a window layer,
renowned for its exceptional transparency and imposing energy band gap of approximately
3.2 eV. This fundamental layer constitutes a key element to guarantee optimal light
absorption and efficient electronic excitation within the solar cell.

Subsequently, the buffer layer, composed of cadmium sulfide (CdS), is strategically
positioned to ensure a smooth transition between the window and absorption layers.
Featuring an energy bandgap of 2.4 eV, CdS plays a crucial role as a critical interface layer
in this structure, facilitating the efficient transport of electrons across the cellular structure.
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At the heart of the solar cell lies the p-type absorption layer, made of CuO, proposed in this
architecture to maximize light absorption and the generation of electron-hole pairs. With an
energy band gap varying from 1.21 to 1.51 eV, CuO can play a fundamental role in
harnessing solar energy and triggering the photovoltaic process. The proposed design of this
solar cell emphasizes simplicity and accessibility, thereby providing a pathway for efficient
manufacturing through a multitude of affordable techniques. From spin coating to sol-gel
deposition, magnetron sputtering, and thermal deposition. This versatility in manufacturing
techniques not only helps improve production scalability of this proposed structure but also
paves the way for widespread adoption and integration of this architecture into various
applications, thereby contributing to the global transition to sustainable energy solutions.

Figure 1: a schematic view diagram of the optimized ultra-thin Al/TiO,/CdS/CuO/Au/glass
solar cell.

2.2 Numerical simulation:

To optimize the performance of the ultra-thin Al/TiO,/CdS/CuO/Au/glass solar cell, we
employ a numerical simulation conducted through SCAPS-1D, an innovative one-
dimensional solar cell modeling program developed at the Department of Electronics and
Information Systems (EIS), University of Gent. This software represents the forefront of
precision and innovation in solar cell research, providing a sophisticated platform for
simulating and refining solar cell designs. Crafted with meticulous attention to detail,
SCAPS-1D serves as an indispensable tool for researchers and engineers, enabling in-depth
analysis of solar cell performance and characteristics. Its versatile capabilities encompass the
accommodation of intricate cell architectures, including those with multiple layers and
complex material compositions. With its intuitive interface and robust computational
algorithms, SCAPS-1D empowers users to explore a diverse array of parameters, ranging
from material properties to device geometries, thereby facilitating the optimization of solar
cell efficiency and overall performance. The software fundamentally relies on the rigorous
solution of semiconductor equations, starting with the formulation of fundamental equations
like the Poisson equation.
2
—E = m = e+ NS Nyl [1]

dx? dx
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Where Np represents the concentration of donors and Na represents the concentration of
acceptors. y represents the electrostatic potential, E stands for the electric field, P denotes the
hole density, n signifies the electron density, and &5 represents the relative permittivity.

The following relationship results in the continuity equation.

an_10)n

ot q Ix Gn - Rn [2]

dp__ 10)p _
e q0X+Gp R, [3]

Where G, represents the rate of electron-hole creation, R is the rate of electron-hole
recombination, and Jn (Jp) is the current density of electron-hole pairs. The equations for
diffusion and drift density of charge carriers are derived by solving the Poisson and
continuity equations.. [22].

Jn=q(np,E + Dnj—i) [4]

Jp=q(npE + D) [5]

Where g The charge , un (up) are the mobility of electron (hole) , (E )electric field, ( D)
diffusion coefficient .

The solar cell's total current was determined using the following equation [23]:

=1 (exp 22—1) -1, [g]

Here, T represents the temperature in Kelvin, K stands for the Boltzmann constant, and IL
denotes the light current. The computation of the open circuit voltage (Voc), which attains its
peak value when the current is zero, relies on the subsequent equation:

Voc =%Ln (I—L—l)z%Ln (£) m

Io Io

Where I, signifies the saturation current, derivable using the formula:

_ anni2 quniz
I, = A[—LHNA + Lo ] [8]

The dimensions of the diode's cross-sectional area, represented by Ln and Lp, correspond
respectively to the electron and hole diffusion lengths. The correlation between short circuit
current (Isc) and open circuit voltage (Voc) is articulated as:

Isc =1, (exp q]‘gc - 1) [9]

Where, Voc, Isc, n, FF are variables interconnected through the following equations [21].

Vmax Imax
FF = Vol [10]

_ Pmax

x 100%. [11]

N Pin
where  Pmax =VocISCFF  [12]
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= XboFoe  1009%  [13]

Pin
Determining the minority carrier lifetime is paramount as it signifies the average duration for
minority carriers to recombine. This crucial parameter is intricately linked to the
concentrations of doping and recombination and adheres to a specific relationship [24]:

1

= thhNt [14]
An

Here, R represents the recombination rate, ¢ denotes the capture cross-section, Nt stands for
the defect concentration, Vth represents the thermal speed, and An indicates the excess
minority carrier concentration.

The efficiency of a solar cell can be significantly impacted by the mobility of charge carriers
within the bulk semiconductor material [25]. Mobility plays a critical role in determining the
minority carrier diffusion length (Laiss), which represents the distance a carrier can travel
within a semiconductor before recombining. Equation 16 outlines the definition of the
minority carrier diffusion length [26]:

Laig = VDT [16]
Here, D represents the diffusion coefficient, and t denotes the minority carrier lifetime.
Equation 17 elucidates the relationship for the diffusion coefficient:
KT

D=p—

H q
In this equation, u signifies the carrier mobility, (q) denotes the charge of the carrier, k
stands for Boltzmann's constant, and (T') represents the temperature. [17]

Equation 18 will be the result of substituting the value of equation 17 for equation 16 in that
order.

KT
Lair = ’ h= T [18]

Equation 18 states that the diffusion length is greatly influenced by the mobility of minority
carriers. Enhanced mobility leads to a higher probability of photogenerated charge carriers
gathering at the terminals, which enhances photocurrent in a solar cell. A reduction in
mobility leads to decreased efficiency of solar cells.

3. Results and discussion
3.1 Impact of Absorption Layer Thickness and Density of Bulk Defects:

In this study, we investigated the influence of varying the thickness and density of defects
within the absorption layer (CuO) on the performance of the solar cell. The thickness of the
CuO layer was systematically adjusted within the range of 0.5 to 2.5 um, while
simultaneously altering the defect density within the range of 10% to 10'® cm™ at each
thickness, following a Gaussian distribution. It's worth noting that the parameters for the
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other layers, such as compatibility and penetration, remained constant throughout the
experiments. The introduced defects were predominantly of the donor type, positioned 0.6
eV away from the valence band.

Figure (2) illustrates the observed trends as the thickness of the absorption layer is increased.
A noticeable enhancement in the electrical properties, including Voc, Jsc, fill factor (F.F),
and overall efficiency (), is evident. This improvement can be attributed to the increased
absorption coefficient resulting from the thicker absorption layer. As the thickness increases,
the absorption of incident light within the absorption layer also increases, leading to a more
efficient utilization of photons and consequently improved electrical characteristics of the
solar cell.
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Fig. 2. (a), (b), (c), and (d) depict the impact of absorber layer thickness and defect density
on the parameters Voc, Jsc, FF, and 1 of the Al/TiO2/CdS/CuO/Au/glass solar cell,
respectively.

A noteworthy variation in electrical characteristics was observed in response to changes in
thickness, particularly when the density of defects was below 10** cm, suggesting a
discernible influence of thickness on performance. However, this influence becomes
negligible when the defect density surpasses 10'* cm, indicating that the effect of defect
density outweighs that of thickness. As depicted in Figure (3a), when defect density exceeds
10%cm3, the impact of thickness diminishes due to increased carrier recombination. Notably,
the optimal thickness of the absorption layer was found to be 2 um.

Further analysis from Figure (3) revealed that the performance of the solar cell remains
relatively unaffected when the defect density is below 10** c¢cm=. However, a substantial
deterioration in electrical properties was observed when the defect density exceeded 10*cm-
3, This decline can be attributed to the increased recombination of carriers due to the
Nanotechnology Perceptions Vol. 20 No.S1 (2024)
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heightened concentration of defects, acting as capture centers for carriers, as illustrated in
Figure (3b). Consequently, this led to a significant degradation in fill factor (FF), efficiency

(m), short-circuit current (Jsc), and open-circuit voltage (Voc) as the defect concentration
increased.
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Fig. 3: (a) Quantum efficiency with change in absorption layer thickness (b) Recombination
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of carriers with change in defect concentration
3.2 Exploring the impact of CdS layer thickness amidst bulk defects:

Examining the influence of CdS layer thickness while maintaining bulk defects at a constant
density of 10 cm=and holding all other parameters steady reveals intriguing insights, as
depicted in Figure (4). Notably, a reduction in CdS layer thickness correlates with notable
enhancements in conversion efficiency, fill factor, open-circuit voltage, and short-circuit
current. This phenomenon can be attributed to the increased percentage of carriers traversing
into the absorption layer as the CdS layer thickness decreases. Consequently, this escalation
facilitates a higher absorption of photons with energies surpassing the absorption layer's
energy gap. This heightened absorption efficiency, particularly for photons with energies
exceeding the absorption layer's band gap, translates into improved electrical characteristics
of the solar cell.
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Fig. (4) The effect of the thickness of the buffer layer on the (a) voc (b) jsc (c) F.F (d) eta of
the solar cell with bulk defects.

Further analysis, as illustrated in Figure (5), highlights the significant influence of CdS layer
thickness primarily in the domain of short wavelengths. Intriguingly, the optimal CdS layer
thickness was identified to be 0.2 um, yielding superior cell performance across various
output metrics. This optimal thickness underscores the delicate balance necessary for
effective photon absorption and carrier transport within the solar cell structure, ultimately
culminating in optimized device performance.
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Fig. (5) Quantitative efficiency with changing the buffer layer thickness
3.3 Exploring the Impact of Bulk and Interface Defects on Solar Cell Performance

In our investigation into the effects of bulk and interface defects on solar cell operation,
Figure (6) illustrates variations in defect densities within the matrix ranging from 10%® to 10%
cm3, alongside interface defect densities spanning 10'° to 10 cm™. The results unveil
intriguing nuances in Voc, Jsc, fill factor (FF), and overall efficiency (n) in response to these
variations. Notably, at a fixed interface defect density of 10'° cm™, altering the bulk defect
density from 10® to 10 cm™ induces slight changes in Voc, Jsc, FF, and 1. For instance,
when the bulk defect density is fixed at 10'® cm3, Voc transitions from 0.796 to 0.666 V, Jsc
decreases from 27.61 to 22.59 mA/cm?, FF declines from 80.6 to 41.37 %, and n diminishes
from 17.59% to 6.23%.
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Fig. (6) The effect of the density concentration of defects in the matrix along with interfacial
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defects on the (a) voc (b) jsc (c) F.F (d) eta

In contrast, alterations in interface defect density yield more significant variations in Voc,
Jsc, FF, and n. For instance, when the bulk defect density is held constant at 10 cm?,
changes in interface defect density lead to notable shifts in Voc, Jsc, FF, and n. Specifically,
Voc diminishes from 0.666 to 0.664 V, Jsc decreases from 27.61 to 22.59 mA/cm?, FF
improves from 41.37% to 52.62, and n declines from 6.239 % to 5.35 %.

Quantitative efficiency, as depicted in Figure (7a), exhibits minimal susceptibility to changes
in bulk defect density, while quantum efficiency (Figure 7b) is significantly impacted by
alterations in interface defect density. These findings underscore the intricate interplay
between bulk and interface defects and their profound effects on solar cell performance,
highlighting the importance of defect engineering strategies for optimizing device efficiency
and reliability.
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4. Conclusion

This paper delves into investigating the impact of bulk defects within the CuO absorber layer
on solar cell performance using SCAPS-1D. Our analysis revealed compelling insights into
the intricate relationship between defect density, absorber layer thickness, and key solar cell
parameters. We observed a consistent decrease in fill factor (FF), open-circuit voltage (Voc),
short-circuit current (Jsc), and overall efficiency (n) as defect levels approached mid-gap
values. This underscores the detrimental effect of bulk defects on solar cell performance.

On the other hand, increasing the thickness of the absorber layer led to big improvements in
Jsc, VOC, FF, and overall efficiency. This shows how important it is to find the best layer
dimensions to make a device work better. Remarkably, our findings indicate that solar cell
performance remains relatively stable when defect densities in the CuO layer are below 10
cm-3. However, exceeding this threshold resulted in a significant degradation of all cell
output parameters, underscoring the critical importance of defect management in solar cell
design.

In conclusion, this study underscores the necessity for meticulous defect engineering
strategies to mitigate adverse effects and optimize solar cell performance, paving the way for
the development of more efficient and reliable photovoltaic devices.
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