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The escalating global energy demand, in conjunction with an
impending and looming danger posed by climate change, has
necessitated the relentless pursuit of viable and long-lasting
sources of energy that are both sustainable and renewable in
nature [1]. Amongst the myriad of available alternatives, solar
energy has emerged as a leading contender due to its vast
availability and the environmentally friendly byproducts it
generates. The process of harnessing solar energy revolves
around the utilization of photovoltaic (PV) devices, which can
directly convert sunlight into electrical energy. These devices
play a pivotal role in the efficient extraction and utilization of
solar energy, serving as the primary means through which this
renewable resource can be effectively harnessed for various
applications [2]. The efficiency of some of the conventional PV
materials currently in use, for example, silicon, is sniffing to the
threshold of its theoretical limits, thereby necessitating the
pursuit of novel materials possessing enhanced material
properties [3]. Amongst new materials explored for PV
applications are kesterite (limited by high open-circuit voltage
(Voc) deficient), perovskite (limited by instability of the organic
component), and quantum dots (limited by poor efficiency), to
name a few [3]. Due to the remarkable and unparalleled stability
of their chemical composition as well as their ability to
withstand high temperatures, rare earth metal oxychalcogenides
(ROC), specifically their oxysulfides, have garnered
considerable attention and interest from the scientific
community. ROCs are chemical compounds characterized by
the presence of a rare-earth (RE) metal in its trivalent oxidation
state, combined with oxygen and one of the chalcogens (sulfur,
selenium, or tellurium) in their —2 oxidation states. In the
chemical structure of these compounds, the negative oxidation
states of oxygen and chalcogens do not engage in any bonding
interactions. Instead, the oxygen atoms and chalcogen atoms
exclusively form bonds with the trivalent RE metals. The interest
in ROC:s lies in their remarkable phosphor properties, which
refer to their ability to emit photons with significantly enhanced
luminescence efficiency [4]. These properties make ROCs a
subject of great interest and investigation, as they hold potential
for various applications in the field of materials science and
optoelectronics. The study of ROCs aims to unravel their
structural and electronic characteristics, as well as their
applications in areas such as solid-state lighting, display
technologies, and energy conversion devices. The intricate
interplay between the RE metal, oxygen, and chalcogens in these
compounds provides a rich avenue for exploring novel materials
with tailored luminescent and optoelectronic properties. Hence,
understanding the fundamental aspects of ROCs opens new

avenues for the design and development of advanced
materials for a wide range of technological applications [4,5].
The exceptional nature of this class of compounds lies in the
modifications made to their properties through the process of
doping the parent ROCs with minute quantities of other rare
earth (RE) metals, thus initiating the activation of phosphor
properties. The parent ROCs can undergo the process of
doping to achieve either up-conversion (UC) or
down-conversion (DC) luminescence. DC luminescence
entails the conversion of light with low wavelengths, such as
X-rays and ultraviolet (UV) light, into light within the visible
spectrum. For DC luminescence, elements such as terbium
(Tb) and europium (Eu) are frequently doped into the parent
ROCs to enable green and red phosphor emissions,
respectively. On the other hand, UC luminescence involves
the conversion of light with high wavelengths, such as
infrared and microwave, into visible light. For UC
luminescence, elements such as erbium (Er), thulium (Tm),
and holmium (Ho) are doped into the parent ROCs [5,6].
These compounds have witnessed extensive utilization in
various fields, such as catalysts, medical diagnostic imaging,
and luminescence hosts, owing to their expansive array of
advantageous characteristics that contribute to their
versatility and applicability in numerous contexts.

Recently, ROCs have become a great source of interest for
the development of future-generation solar cells [7]. These
materials possess some unique properties that are very
promising for photovoltaic applications and include [4,8]:

Broad light absorption: Unlike many conventional
semiconductors that are commonly used in solar cells, ROCs
possess bandgaps that span across a large region of the solar
spectrum, covering both the visible and near-infrared (NIR)
wavelengths. This remarkable characteristic confers upon
them some advantage, which enables them to capture a
significantly larger portion of the incident solar energy in
comparison to other materials. The broader range of light
absorption exhibited by ROCs can be attributed to the diverse
electronic structures due to the incorporation of rare earth
elements within these materials [9]. These unique elements
possess multiple energy levels, thus ensuring numerous
transitions that can be excited by different wavelengths of
light within the solar spectrum. The efficient capture of the
NIR portion of the solar spectrum is important as it
constitutes a significant fraction of the total solar energy
available. Conventional solar cell materials, unfortunately,
often encounter problems in effectively using NIR light due to
their bandgaps. Therefore, the emergence of ROCs as
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promising optical materials to substantially enhance the overall
efficiency of solar cells by harnessing a larger fraction of the
abundant solar energy that is readily accessible shows great
promise for increased exploration.

High carrier mobility: The transfer of charge carriers,
specifically electrons and holes, which are produced when light
is absorbed, is necessary for the effective conversion of solar
energy into electrical energy within a solar cell. High carrier
mobility for both electrons and holes is a unique property of
ROCs, which makes it easier for these charges to move quickly
and effectively throughout the solar cell. The distinct crystal
structures of ROCs and the type of chemical bonds present in
these materials are responsible for their remarkable carrier
mobility. These properties enable the charge carriers to flow
through the material with the least amount of energy loss and
resistance [9-11].

Tunable optical and electronic properties: The optical and
electrical properties of ROCs can be tuned, which is one of their
appealing characteristics for solar cell applications. This
remarkable characteristic enables researchers to alter the
material's properties to meet distinct specifications and
maximize its performance for various solar cell designs. The
great variety of potential combinations of rare earth metal ratios
with the oxychalcogenide counterparts accounts for the
tunability of ROCs. Researchers can effectively control the
bandgap, carrier mobility, and other significant variables by
changing the composition to get the optimal properties for solar
cell applications. Due to their tunability, ROC-based solar cells
may be designed and optimized with great flexibility [9,11,12].

Thermal stability: For any viable solar cell material, long-term
stability and dependable performance are essential. Because of
their remarkable thermal stability, ROCs can withstand the
operating temperatures found in solar cells without
experiencing any performance loss or deterioration [4,5,13,14].
Strong chemical bonds and stable crystal structures are the
factors driving ROCs' excellent thermal stability. At extremely
high temperatures, these properties preserve the material from
deteriorating dramatically or breaking down. Since ROC-based
solar cells have such remarkable thermal stability, they can
withstand lengthy exposure to heat and sunshine as well as a
variety of other environmental challenges. This makes them
perfect for solar energy applications for reliable, long-term
operations.

ROC's exceptional properties have positioned them as
highly promising contenders for a range of photovoltaic
applications, including but not limited to [15,16]:

Thin-film solar cells: ROCs can be deposited as thin films onto
various substrates, such as polymers, glass, and metal foils. This
unique feature allows for the fabrication of lightweight and
flexible PV devices, making them ideal for applications where
weight and flexibility are critical, such as building-integrated
photovoltaics (BIPV), wearable electronics, and portable power
sources. Compared to traditional bulk materials, thin-film solar
cells require less material, leading to potentially lower
production costs. Additionally, the ability to deposit ROCs onto
various substrates enables the use of cheaper and more readily
available materials, further reducing the overall cost of PV
devices. The thin-film deposition process also allows for
large-scale production of ROC-based solar cells, making them a
viable option for meeting the growing demand for renewable
energy [4].

Perovskite solar cells: The incorporation of ROCs into
perovskite solar cells can enhance their stability and efficiency,
unlocking new frontiers in PV technology. Perovskite solar
cells have attracted tremendous interest due to their
remarkable light-absorbing properties and low production
costs. However, their long-term stability remains a major
challenge. ROCs, with their inherent stability and tunable
properties, can address this issue, leading to improved
long-term performance. ROCs can enhance the stability of
perovskite solar cells by preventing degradation from
moisture, heat, and UV radiation. This results in longer
lifespans and higher energy output over time, increasing the
economic viability of perovskite solar technology. The tunable
bandgap of ROCs allows for precise control of the perovskite
solar cell's spectral response. This enables optimized light
absorption, leading to increased efficiency and improved
power conversion [12,13].

Tandem solar cells: ROCs can serve as good absorber layers
in tandem solar cells, paving the way for achieving
record-breaking power conversion efficiencies. Tandem solar
cells combine multiple absorber layers with different
bandgaps to capture a wider portion of the solar spectrum,
leading to significantly higher efficiencies than single-junction
cells. ROCs, with their tunable bandgaps and excellent
light-absorbing properties, are ideal candidates for such
applications reaching beyond the single-junction limit. The
efficiency of single-junction solar cells is limited by the
Shockley-Queisser limit, around 33%. By employing tandem
structures with ROCs as absorber layers, this limit can be
surpassed, leading to power conversion efficiencies exceeding
40%. The diverse range of bandgaps available in ROCs allows
for the efficient absorption of a broader range of sunlight
wavelengths. This minimizes energy losses and maximizes the
overall power output of the tandem solar cell. Tandem solar
cells with ROCs offer the potential for reaching grid parity,
making solar energy even more competitive with fossil fuels.
This paves the way for a future powered by clean and
renewable energy sources [6,17,18].

Notwithstanding their optimistic potential, ROCs
encounter certain obstacles that necessitate resolution before
their widespread adoption in photovoltaic technology. These
challenges include:

Synthesis complexity: The synthesis of ROCs involves
intricate and multi-step procedures often essential for
achieving the desired chemical structure and properties.
Consequently, these complex procedures impose significant
challenges in terms of both cost and scalability of material
production, as they often require the utilization of expensive
reagents, sophisticated equipment, and skilled personnel. As a
result, the synthesis of ROCs becomes a labor-intensive and
resource-consuming task, ultimately leading to higher
production costs and limited opportunities for large-scale
production [19].

Interfacial compatibility: Ensuring compatibility between
the ROCs and other essential components of the PV devices,
such as the electrodes responsible for conducting electricity
and the charge transport layers that facilitate the movement of
charge carriers, is a necessity to optimize the overall
performance and efficiency of these devices [6,13,20].

Device optimization: The maximization of the performance
of ROC-based photovoltaic devices relies on the imperative
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task of optimizing both the device architecture and the
fabrication processes, as they play a crucial role in determining
the overall efficiency and performance of these devices.
Therefore, it becomes essential to carefully and meticulously
refine and enhance the design and construction of these devices
in order to achieve the highest possible level of performance and
output [12,15,21].

In summary, it is imperative to address and surmount these
obstacles. This endeavor requires a collective and cooperative
effort from experts and researchers in the fields of materials
science, chemistry, and device engineering. By boldly
confronting these challenges and exploring the extensive range
of opportunities presented by ROCs, we have the potential to
usher in a novel epoch of photovoltaic technologies that exhibit

exceptional efficiency, stability, and economic feasibility.
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