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This study explores the reuse of organic solar cells at the end of their life cycle as organic photodetectors, 
promoting a sustainable model. Photodetectors were fabricated from organic solar cells using standard structures, 
and their characterization demonstrated technical feasibility as sensors/receivers in telecommunications 
applications. The results include a stable performance of the photodetector up to a frequency of 1000 𝑘𝐻𝑧 and 
a progressive reduction in voltage with transmission distance, with a significant drop at frequencies above 50 
𝑘𝐻𝑧, confirming its suitability for reliable data transmission in moderately noisy environments. These findings 
not only validate the use of repurposed organic photovoltaic devices as photodetectors but also highlight the 
positive impact on reducing electronic waste and extending the materials’ lifetime. The photodetector’s ability 
to operate in a self-powered mode underscores its potential for applications in energy-constrained environments. 
This approach represents progress towards a more sustainable energy model and it opens new opportunities for 
its implementation in sectors such as telecommunications, IoT, and advanced sensor systems.

1. Introduction

In the current context, renewable energy sources are key to achieve 
a sustainable energy model. Among them, solar energy stands out for its 
abundance and versatility. This article explores how organic solar cells 
(OSCs), beyond their role in energy generation, can be repurposed as or
ganic photodetectors (OPDs) after reaching the end of their operational 
life, thereby fostering a more circular and sustainable economy.

1.1. The need for an energy transition towards renewable sources

The growth of the global population and industrialization have gen
erated an unprecedented energy demand in recent decades [1]. This 
sustained increase in energy consumption has historically been associ
ated with the exploitation of fossil fuels such as oil, coal, and natural 
gas, which constitute the majority of the primary energy used globally 
[2], Fig. 1. However, this energy model faces critical challenges that 
threaten global environmental [3], social [4], and economic stability 
[5]. In this context, the transition to renewable energy sources emerges 
not only as a viable alternative [6] but also as an imperative to ensure 
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the planet’s sustainability and the quality of life for future generations 
[7].

Reliance on fossil fuels has caused severe environmental conse
quences [9]. Human activities, particularly the burning of fossil fuels, 
have significantly increased greenhouse gas (GHG) concentrations in the 
atmosphere, with carbon dioxide (CO2) being the primary contributor 
[10]. This phenomenon has led to an average rise in global temperatures 
[11], with secondary effects such as ocean acidification [12], biodiver
sity loss [13], and the intensification of extreme weather events [14]. 
Another drawback associated with the use of fossil fuels is their un
even geographical distribution [15]. Oil and natural gas reserves are 
concentrated in a limited number of regions, creating energy dependen
cies between importing and exporting countries. This dynamic generates 
geopolitical vulnerabilities, including international conflicts and energy 
price volatility, which affect the economic stability of entire nations 
[16].

The transition to renewable energy sources, Fig. 2, can significantly 
reduce this dependency by utilizing natural resources such as solar ra
diation, wind, water, and biomass, which are more evenly distributed 
across the planet [17]. Renewable energy sources, which rely on natu
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Fig. 1. Global primary energy consumption by source in 2021. Data from [8]. 

Fig. 2. Energy Transition Diagram. 

ral flows such as sunlight and wind, are virtually inexhaustible. Their 
integration into energy systems ensures long-term energy availability.

In addition to environmental and strategic benefits, renewable en
ergy offers significant opportunities for socioeconomic development 
[18]. The deployment of renewable technologies can promote job cre
ation in sectors such as the installation, operation, and maintenance of 
energy infrastructure. According to the International Renewable Energy 
Agency (IRENA), the renewable energy sector increased job creation 
[19]. Moreover, renewable energy enables decentralized access to elec
tricity, which is particularly relevant in remote and developing regions 
[20], where traditional electrical grids are limited or nonexistent. In or
der to recognize the risks associated with fossil fuels and the need for 
an energy transition, the international community has made ambitious 
commitments, like the Paris Agreement. The 2015 Paris Agreement is a 
key milestone in this context, setting the goal of limiting global warming 
to below 2 °C, with additional efforts not to exceed 1.5 °C [21]. Achiev

ing this goal requires a drastic reduction in GHG emissions, where the 
widespread adoption of renewable technologies becomes crucial.

At the regional level, various initiatives are promoting policies that 
support renewable energy, such as tax incentives, subsidies, and favor
able regulatory frameworks. These measures are essential to accelerate 
the adoption of these technologies, overcoming economic barriers, and 
stimulating investment in research and development [22]. In light of 
the environmental, economic, and social challenges associated with the 
current energy model, the transition to renewable energy sources is a 
global priority. This is not merely a technical or economic issue but a 
structural transformation that involves redefining the systems for energy 
production, distribution, and consumption.

1.2. Photovoltaic energy: a solution within renewables

Among the various renewable energy sources available, photovoltaic 
energy stands out as one of the most advantageous options due to its 
versatility, scalability, and virtually unlimited availability [23]. Unlike 
other renewable technologies, such as wind or hydropower, which rely 
on specific locations and particular climatic conditions, photovoltaic 
energy can be deployed across a wide range of environments, from res
idential rooftops and rural areas to large solar farms in deserts [24].

One of the greatest strengths of photovoltaic energy is its ability to 
directly convert sunlight into electricity through the photovoltaic effect, 
a process that generates no polluting emissions during operation. This 
positions it as a key technology in the transition towards a sustainable 
energy model, particularly in a context where electrification of sectors 
such as transportation and industry is essential to reduce GHG emissions 
[25].

The installation of photovoltaic panels is currently dominated by 
silicon-based technologies, which account for over 90% of global pro
duction [26]. Silicon, being abundant in the Earth’s crust, is an econom
ical and accessible material. Furthermore, its semiconductor properties 
make it ideal for solar cell manufacturing [27]. These characteristics 
have allowed the crystalline silicon-based solar industry to establish 
itself as the dominant technology, supported by a robust global pro
duction and supply infrastructure [26].

However, the predominance of silicon in the photovoltaic market 
presents certain challenges. The production of silicon solar cells involves 
energy-intensive and material-demanding processes, such as purifying 
silicon to ultra-high purity levels [28] and the production of ingots and 
wafers [29], Fig. 3.

Although these stages have been progressively optimized, their en
vironmental impact remains significant [30]. Furthermore, it appears 
that the efficiencies of silicon solar panels are approaching their theo
retical limit [31]. As the installation of photovoltaic panels continues to 
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Fig. 3. Process of silicon purification and photovoltaic module fabrication. Data from [28]. 

expand, another relevant challenge associated with silicon-based tech
nology is managing the end-of-life phase of panels. The average lifetime 
of a photovoltaic panel is estimated to range between 25 and 30 years 
[32], as a result, the first generations of large-scale installations are now 
reaching the decommissioning phase. This creates a growing need to de
velop efficient recycling systems to recover valuable materials, such as 
silicon and conductive metals, minimizing waste and closing the prod
uct life cycle loop.

1.3. Organic solar cells: an innovative and sustainable alternative

OSCs emerge as a promising alternative, thanks to their unique char
acteristics and a set of advantages that position them as an innovative 
option within the renewable energy sector. One of the most signifi
cant strengths of OSCs lies in their manufacturing process, which of
fers notable contrasts to silicon-based technologies. While silicon solar 
cells require complex processes and are highly energy-intensive [28], 
as previously discussed (e.g., purification of the material to ultra-high 
purity levels [28] or the production of ingots and wafers [29]), OSCs 
utilize much simpler and more sustainable techniques [33]. OSCs can 
be manufactured using printing [34] and coating processes [35,36], 
which operate at low temperatures [37] and do not require extreme 
vacuum conditions for material processing [38]. These techniques will 
allow the continuous production of large photovoltaic films on flexible 
substrates [39]. This not only significantly reduces energy consump
tion during production but also lowers manufacturing costs. Moreover, 
unlike silicon panels, which are typically rigid and require specific sup
port structures for installation, OSCs can be fabricated on lightweight 
and flexible substrates [39], simplifying transportation, handling, and 
integration. Thanks to their flexible structure, these devices could be 
integrated into a wide range of surfaces and products, including solar 
windows [40], building facades [41], smart clothing [42], and portable 
electronic devices [43]. This adaptability to unconventional shapes and 

contexts allows organic technology to expand the reach of solar energy, 
addressing sectors where conventional technologies face limitations.

Despite the numerous advantages of OSCs, these technologies still 
face challenges that must be addressed before they can fully compete 
with silicon-based cells in terms of efficiency [44] or durability [45]. 
Nevertheless, their potential to become a more cost-effective and versa
tile alternative continues to generate considerable interest within the 
scientific community and the energy industry. Although OSCs have 
made remarkable progress in terms of efficiency, achieving values above 
18% in laboratories [46], they still fall short of the commercial efficien
cies of silicon cells. For OSCs to compete on a large scale, it is necessary 
not only to close this gap but also to ensure that these efficiencies can be 
maintained in mass-produced devices, where loss factors and variability 
are more significant [47].

Currently, OSCs are primarily in research and development phases. 
While they have shown significant progress in terms of efficiency and 
stability over the past decades [48,49], they have not yet reached a 
sufficient level of maturity for mass production and large-scale commer
cialization [49]. However, projections for OSCs are promising. Thanks to 
their less complex and more efficient manufacturing processes, it is ex
pected that once the production of these cells is industrialized and stan
dardized, associated costs will be significantly lower [50]. This could 
make them particularly attractive for emerging markets and specific 
applications where initial cost is a decisive factor. A major challenge 
for OSCs is their lifetime, which is currently significantly shorter than 
that of silicon-based cells. As previously mentioned, while silicon solar 
panels have an average lifetime between 25 to 30 years, OSCs tend to 
degrade more rapidly due to the susceptibility of organic materials to 
environmental factors such as humidity or oxygen [51]. This shorter life
time translates into a need for more frequent replacements, potentially 
increasing long-term operational costs and reducing their competitive
ness in applications where longevity is crucial. Nonetheless, researchers 
are developing strategies to improve the stability of organic materials 
and extend the devices’ lifetime [52].
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Although the limited lifetime may be seen as a disadvantage for con
ventional applications, it also opens the door to an innovative approach: 
disposable electronics [53]. This concept involves producing low-cost, 
short-lived devices designed specifically for temporary or limited-use 
applications. For instance, OSCs could be utilized in portable electronic 
devices, environmental sensors, disposable consumer products, or even 
in humanitarian aid campaigns in remote areas, where low-cost solar 
energy could have a significant impact. This approach would enhance 
the value of OSCs within a specific context.

Regarding the growing concerns about sustainability and electronic 
waste management, the concept of disposable electronics can be com
plemented by reuse and recycling strategies that maximize the value of 
materials and components at the end of their primary lifecycle. In this 
context, OSCs present a unique opportunity due to the versatile nature 
of their materials and their ability to perform alternative functions in 
secondary applications once they are no longer effective as solar energy 
generators.

The reuse of OSCs not only helps reduce electronic waste but also 
represents an innovative approach to extending the lifecycle of devices, 
aligning with the principles of a circular economy. Among potential 
reuse applications, notable examples include sensors and, particularly 
promising, photodetectors [54]. One of the most promising applications 
for reused OSCs is their transformation into photodetectors. These are 
technologies that convert light into electrical signals and have a wide 
range of applications in telecommunications, security, medicine, and 
science. OSCs, even after losing part of their efficiency for energy con
version, retain their ability to respond to different wavelengths of light. 
This makes them ideal for applications such as photodetectors, which 
can be used in optical communication systems, as receivers, where the 
precise reception of light signals is critical for data transmission.

1.4. OSC-based photodetectors: a key ally for IoT and light pulse 
communications

The use of reused OSCs as OPDs for light pulse communications 
emerges as a particularly compelling technological solution [55], espe
cially in the context of the growing expansion of the Internet of Things 
(IoT) [56]. Implementing IoT requires a vast infrastructure of sensors 
[57,58] and devices that operate efficiently, cost-effectively, and sus
tainably [59]. In this scenario, reused OSCs stand out due to their unique 
features, including their ability to self-power using light [60], which 
eliminates the need for external energy sources and it significantly re
duces installation costs and complexity. Light pulse communication, also 
known as visible light communication (VLC), offers a viable alterna
tive to traditional radiofrequency (RF) technologies [61], which may 
encounter spectrum congestion and interference issues in environments 
densely populated with IoT devices. Within this conceptual framework, 
home automation emerges as an instrumental tool of significance to op
timize energy efficiency [62], security [63] and quality of life [64]. In 
this regard, the introduction of the IoT paradigm in home automation 
management could be considered as an innovative initiative. Through 
the interconnection of residential devices and systems via the network, 
an intelligent administration of resources is facilitated, encompassing 
aspects such as lighting [65] and climate control [66,67].

According to El Shafee et al. [68], the functions that a smart home 
system must be capable of, include controlling the temperature and 
humidity of the house, motion detection, fire and smoke detection, 
door states (open/closed), light level, and video monitoring. Given this 
premise and considering the remarks made by Cvitić et al., it is antici
pated that by the year 2025, there will be 75 billion IoT devices [69]. 
The increase in the number of connected sensors and devices can lead to 
a significant rise in energy demand, impacting not only the sustainability 
of IoT solutions but also posing challenges in terms of costs and envi
ronmental footprint. Energy efficiency must be a central consideration 
in the design and development of IoT-based home automation systems, 
seeking innovative solutions to minimize consumption without com

promising functionality and the user experience. Despite the growing 
transition towards the use of renewable energy sources in contemporary 
society, the electricity generation matrix remains predominantly reliant 
on the utilization of fossil fuels, this phenomenon underscores the im
perative for a more accelerated transition towards sustainable energy 
practices, considering the environmental impact and the significance of 
mitigating consumption associated with IoT infrastructure.

Beyond the energy challenges associated with the extensive deploy
ment of IoT sensors and devices, the consideration of electromagnetic 
radiation generated by these devices is crucial. Despite potentially ap
pearing as a minor issue in contrast to the substantial benefits that would 
arise from the full implementation of this technology, research suggests 
that specific animals relying on natural electromagnetic fields for orien
tation may experience adverse effects due to artificial electromagnetic 
fields [70]. Moreover, exposing animals to such electromagnetic fields 
has been linked to a decline in their health and disruptions in behavior 
[71,72].

But the effects of electromagnetic pollution derived from IoT com
munications not only focus on wildlife but also have harmful effects on 
humans. In an article published in 2018, Russell indicated that despite 
the potential for multiple benefits, 5G technology’s operating wave
lengths may be harmful to biological systems [73]. Marshall et al. also 
presented a correlation between successful treatment of autoimmune 
diseases and protection against electrosmog (electromagnetic pollution) 
[74].

Some of the discussed issues associated with IoT could be addressed 
by implementing VLC systems. Generally, VLC systems rely on trans
mitting signals using electromagnetic signals with wavelengths within 
the visible spectrum [75]. By operating at these wavelengths, this tech
nology would mitigate the increase in electromagnetic pollution and 
would not cause interference or overload issues with other signals [76]. 
Besides, since the standardization of white LEDs for indoor lighting in 
residences [77], VLC systems have been progressively evolving [78,79]. 
In the realm of VLC, information is conveyed through the modula
tion of optical sources, such as LEDs and laser diodes (LDs), at a rate 
surpassing the persistence of the human eye [80]. The IEEE 802.15.7 
standard for optical wireless communication (OWC) introduces variable 
pulse position modulation (VPPM) and on-off keying (OOK) for opti
cal wireless personal area networks (OWPANs), providing mechanisms 
for dimming control. These modulation techniques are specifically out
lined for a solitary light source across different physical layers [81]. 
This standard encompasses a broader array of optical wireless commu
nication technologies and outlines the utilization of OWC within optical 
wireless personal area networks (OWPANs). It addresses various aspects, 
including network topologies, addressing, collision avoidance, acknowl
edgment, performance quality indication, dimming support, visibility 
support, colored status indication, and color stabilization. Within this 
investigation, OOK is implemented alongside Manchester code to en
sure stable dimming support and mitigate the occurrence of flickering.

This article aims to fabricate an OSCs that, after reaching the end 
of its operational life as an energy generator, will be repurposed as an 
OPDs. The process of fabrication, reuse, and recycling of these devices 
is outlined in Fig. 4. By giving OSCs a second life as OPDs, not only 
the reuse of material is optimized, but also significant economic savings 
are also generated. Reuse reduces the need for manufacturing new de
vices from scratch, lowering production costs and associated waste. This 
approach promotes sustainability while it also enhances the economic 
viability of renewable technologies by extending component lifetimes 
and minimizing environmental impact.

2. Experimental section

2.1. Materials

The materials used in the fabrication of the device include a glass 
substrate coated with indium tin oxide (ITO). For the hole trans
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Fig. 4. Lifecycle, Reuse, and Recycling of Organic Optoelectronic Devices in Applications such as OSCs and OPDs. 

port layer, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PE
DOT:PSS) in a 1.3% water solution was employed, while the active 
layer was fabricated using poly(3-hexylthiophene -2,5 - diyl) (P3HT) 
and (6,6)-phenyl-C61-butyric acid methyl ester (PCBM). Regarding the 
solvents, chlorobenzene was used as the main solvent for prepar
ing the active solution. Additionally, for the chemical bath, 1,2,4
trichlorobenzene, acetone, and isopropanol were used. All materials 
mentioned were purchased from Sigma-Aldrich and used without any 
additional purification.

2.2. Fabrication process of OSC

The possibility of repurposing OSCs as self-powered OPDs after the 
end of their photovoltaic lifetime presents an intriguing approach to
wards more sustainable and versatile devices. To demonstrate this fea
sibility, a solar cell with an ITO/PEDOT:PSS/P3HT:PCBM/Al structure 
was fabricated. The following sections detail the manufacturing pro
cess of this device, highlighting the most critical aspects of each phase. 
The process began with the preparation of substrates composed of glass 
coated with ITO. This material was selected for its transparency and 
conductivity, which are essential for its role as the anode in the so
lar cell. The substrates were cleaned using a sequence of ultrasonic 
baths in analytical-grade solvents: 1,2,4-trichlorobenzene, acetone, and 
isopropanol. This cleaning procedure effectively removed organic and 
inorganic residues, ensuring a contaminant-free surface. Subsequently, 
the substrates were dried using a flow of nitrogen gas (N2).

Once the substrates were prepared, the hole transport layer was de
posited using a PEDOT:PSS solution, widely recognized for its ability 
to enhance surface planarity and facilitate charge transport towards the 
electrode. The deposition was carried out via spin-coating, a technique 
that enables the formation of thin and uniform films. In this case, the 
spinning speed was set to 6000 rpm for 60 seconds, resulting in a uni
form layer on the ITO surface. To improve the electrical properties of 
this layer and ensure adhesion, it was subjected to thermal annealing at 
150 °C for 10 minutes.

The active layer, responsible for absorbing sunlight and generating 
electron-hole pairs, consisted of a blend of donor polymer (P3HT) and 
electron acceptor (PCBM) in a [1:0.8] ratio. The active solution was 
prepared by dissolving both components in a suitable organic solvent, 
followed by extended stirring to ensure homogeneity. The mixture was 
deposited on top of the PEDOT:PSS layer using the spin-coating tech
nique, but at a lower speed of 300 rpm to produce a thicker layer 
with the desired morphology. Once formed, this layer underwent a dry
ing process through heating at 150 °C for 10 minutes, allowing proper 
molecular organization within the active material, thereby enhancing 
charge transport within the cell.

Finally, the aluminum layer, which serves as the cathode, was de
posited via thermal evaporation in a high-vacuum chamber. This process 

prevented metal oxidation and ensured the formation of a uniform film 
approximately 100 nm thick. A quartz crystal monitor was employed 
during this step to provide real-time control over the layer thickness, 
ensuring reproducibility of the procedure. The devices were encapsu
lated to protect them from environmental exposure.

2.3. Electrical characterization of the OSC

To evaluate the electrical properties of the fabricated OSC, Cur
rent Density-Voltage (J-V) measurements were performed under sim
ulated illumination and in darkness. These measurements enabled the 
analysis of the photovoltaic performance of the cell and its potential 
for reuse as an OPD. The device configuration, based on the ITO/PE
DOT:PSS/P3HT:PCBM/Al architecture, is illustrated in Fig. 5.

The initial electrical characterization was carried out under stan
dard test conditions (AM 1.5G, 100 mW/cm2) using a solar simulator 
equipped with a xenon lamp. Under these conditions, the current den
sity and power/area versus voltage curves were obtained. The analysis 
also includes the spectral response in terms of external quantum effi
ciency (EQE) and evaluates the device’s stability over time to determine 
its practical viability and potential for improvement.

The Fig. 5.A, which shows current density versus voltage, is fun
damental for characterizing the electrical behavior of a photovoltaic 
device. This graph reveals two key parameters. First, the short-circuit 
current density (J𝑠𝑐 ), which measures the amount of current generated 
by the device when the voltage is zero, has a value of 4.26 mA/cm2 , 
reflecting a significant capacity to generate current under standard illu
mination. Second, the open-circuit voltage (V𝑜𝑐 ), representing the max
imum voltage the device can produce in the absence of current flow, 
is 0.58 V. Additionally, the graph displays the characteristic shape of a 
diode, confirming the photoactive behavior of the evaluated device. The 
Fig. 5.B, which represents power generated per unit area versus voltage, 
provides key insights into the device’s energy performance. The peak of 
the curve corresponds to the maximum power output, with a value of 
1.29 mW/cm2. Based on this value and considering an incident light 
intensity of 1000 W/m2, the electrical efficiency was calculated to be 
1.29%. Although this efficiency level is relatively low, it is sufficient to 
demonstrate the objective of this research: to give the device a second 
life once it has reached the end of its useful life as a photovoltaic device.

In Fig. 5.C, EQE as a function of wavelength, provides information 
about the device’s spectral response. In this case, the EQE reaches its 
maximum value at a wavelength of 450 nm, indicating the device is most 
efficient in the blue region of the visible spectrum. This behavior can 
be attributed to the absorption properties of the active materials used, 
which exhibit a high absorption coefficient in this spectral region. How
ever, as the wavelength increases towards 700 nm, the EQE decreases, 
likely due to limitations in the absorption properties of the active mate
rials and carrier recombination losses in these spectral regions. Finally, 
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Fig. 5. Electrical and optical characterization of the device. (A) Current density versus voltage (J-V) curve. (B) Power per unit area as a function of voltage. (C) 
External Quantum Efficiency (EQE) spectrum. (D) Normalized Power Conversion Efficiency (PCE) as a function of time, showing the device’s stability over 45 days.

Fig. 5.D, which illustrates normalized power conversion efficiency over 
time, evaluates the stability of the device. Stability is a critical factor in 
the development of photovoltaic technologies as it determines the prac
tical viability of devices for commercial applications. In this case, the 
device initially retains 100% of its efficiency; however, after 12 days, it 
drops to 80%. This degradation pattern continues over time, reaching 
approximately 65% by the 40th day.

2.4. Proposal for a recycling process for OSCs

At the end of their service life, OSCs present both a challenge and an 
opportunity from an environmental and economic perspective. Proper 
management of these devices involves directing them to a recycling pro
cess that enables the recovery of valuable materials while reducing the 
environmental impact associated with their disposal. However, due to 
the limited commercialization of this type of device, there is currently 
no established recycling industry specific to OSCs. In the scientific lit
erature, documented recycling processes for these cells focus primarily 
on recovering the glass substrate and ITO layer [82], materials that can 
be reused in the manufacture of new optoelectronic devices. Despite 
the absence of industrial infrastructure for recycling OSCs, it is possi
ble to propose a theoretical process based on methodologies previously 
described and adapted to the specific characteristics of these cells. This 
procedure, designed to maximize the recovery of key materials while 
minimizing waste, could lay the groundwork for more sustainable and 
efficient recycling. The following sections describe a possible recycling 
process for OSCs with an ITO / PEDOT:PSS / P3HT:PCBM / Al struc
ture, detailing the necessary steps for dismantling and separating each 
layer, Fig. 6.

The process begins with decapsulating the device, a critical step as 
OSCs are typically protected by glass adhered with a resilient epoxy. 
This encapsulation aims to preserve the integrity of internal layers from 
adverse environmental factors such as moisture and oxygen, which can 
degrade device performance. However, this protective barrier also com

Fig. 6. Proposal for a Recycling Process for OSCs. 

plicates recycling, as the epoxy used must be carefully removed to avoid 
damaging the underlying materials. Several strategies are proposed to 
remove the protective glass and epoxy. One efficient technique involves 
applying controlled heat, raising the device temperature to a range of 
100--150 °C. At these temperatures, the epoxy softens, facilitating the 
separation of the glass using precision tools. This method requires care
ful monitoring to avoid overheating, which could degrade the organic 
layers or substrate. Alternatively, specific solvents such as acetone or 
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isopropanol can dissolve the epoxy without significantly affecting the 
surrounding materials. While effective, this technique requires addi
tional precautions in chemical handling and cleaning procedures to 
remove generated residues. In some cases, combining mechanical meth
ods, such as manual scraping, with chemical techniques can optimize the 
decapsulation process and ensure exposure of the underlying aluminum 
electrode without compromising the integrity of the internal layers.

Once the device is decapsulated, the next step involves removing the 
aluminum electrode, which constitutes the outermost layer of the struc
ture. This material is widely used in OSCs due to its low cost and high 
electrical conductivity, but recovering and reusing aluminum is crucial 
to minimize metal waste. The preferred approach for this stage is the 
use of chemical methods, applying mild acidic solutions such as diluted 
hydrochloric acid (HCl). This acid selectively dissolves the aluminum 
layer without affecting the internal layers of the cell. Subsequently, the 
dissolved aluminum can be recovered through techniques such as elec
trolysis, which allows the metal to precipitate in a solid and reusable 
form. This method not only ensures efficient material recovery but also 
minimizes the release of metallic waste into the environment.

To eliminate any remaining aluminum residues after chemical treat
ment, complementary mechanical methods, such as gentle scraping, can 
be employed. However, the use of such methods should be limited to 
avoid damaging the remaining functional layers.

The next stage focuses on removing the active layer, composed of a 
blend of conductive polymer (P3HT) and fullerene (PCBM). This layer 
is the functional core of OSCs, responsible for converting light into 
electrical energy. However, its complex composition requires specific 
techniques for separation and recovery. To dissolve this layer, organic 
solvents such as chloroform or toluene are used, as they are highly ef
fective at breaking down the P3HT:PCBM blend without degrading the 
individual components. The resulting solution is then processed to sep
arate and purify each component.

For instance, solvent evaporation yields solids corresponding to 
P3HT and PCBM, which can be purified using methods such as recrys
tallization or selective extraction. The recovery of these materials not 
only has economic value but also enables their reuse in the manufac
ture of new OSCs or other electronic applications. It is important to 
note that the use of organic solvents presents environmental and safety 
challenges, making it essential to implement solvent recycling practices 
and proper waste management to reduce the environmental impact of 
this stage.

After removing the active layer, the next step involves eliminating 
PEDOT:PSS, a conductive transparent polymer widely used in OSCs. This 
layer plays a crucial role in charge transport within the cell, but its recov
ery requires a different approach due to its water solubility. To dissolve 
this layer, deionized water or aqueous solutions adjusted to a specific 
pH are recommended to facilitate the removal of PEDOT:PSS. Apply
ing ultrasonic waves during this process can be particularly useful for 
detaching the layer uniformly and efficiently. Once PEDOT:PSS is re
moved, the ITO substrate is cleaned using a diluted acetic acid bath or 
a similar agent, ensuring complete residue removal. This step prepares 
the substrate for reuse in the manufacture of new cells or electronic de
vices.

The final component to address in this process is the glass or plastic 
substrate coated with ITO, a critical material in OSCs due to its trans
parency and conductivity. Recovering the substrate with its ITO layer 
intact is essential, as it significantly reduces the production costs of new 
devices and promotes sustainability in the photovoltaic industry. Careful 
handling during the previous stages ensures that the substrate remains 
in optimal condition for reuse. Additionally, quality inspections can be 
implemented to identify defects or damage in the ITO layer, ensuring 
that the recycled material meets the required standards for future appli
cations.

2.5. Reuse of OSC as OPD

At the end of their useful life as photovoltaic devices, OSCs could 
be given a second life by being repurposed as OPDs. This process takes 
advantage of the cell’s residual ability to detect light rather than gener
ate electrical energy, opening up new opportunities for reuse in sensor 
applications. By recycling OSCs in this way, not only their lifetime is ex
tended, but it also contributes to sustainability by reducing electronic 
waste.

But how could an OSC function as an OPD? The ability of an OSC 
to function as an OPD is based on the fundamental principle of pho
tovoltaic conversion. When illuminated by electromagnetic radiation, 
an OSC generates an electric current and voltage as a result of photon 
absorption. This process, known as the photovoltaic effect, is also the 
underlying mechanism of photodetector operation. While the primary 
operational purposes of these devices differ, both share the ability to in
teract with incident light and produce an electrical signal. In OSCs, the 
active material absorbs photons, generating electron-hole pairs that are 
separated under the influence of an internal electric field. This charge 
separation results in an electrical current that can be measured in an 
external circuit. The same mechanism enables an OSC to operate as an 
OPD, as the generated current is proportional to the intensity of the 
incident light, making it suitable for detecting variations in illumina
tion conditions. Consequently, an OPD can be defined as a device that 
converts changes in light intensity into a measurable electrical signal, a 
capability inherently present in illuminated OSCs.

A particularly noteworthy feature of OSCs is their ability to oper
ate in a self-powered mode, meaning they do not require an external 
energy source. This is achieved because the device generates the neces
sary current for its operation when exposed to light. In this mode, the 
electrical signal produced by the solar cell is directly derived from pho
ton absorption and is influenced by factors such as the intensity of the 
incident radiation, the EQE of the active material, and the charge trans
port properties of the device. The capability to operate in a self-powered 
mode positions OSCs as an optimal solution for applications requiring 
simplicity, low cost, and energy autonomy. For instance, in VLC systems, 
OSCs can serve as self-powered OPDs, detecting modulated light signals 
and converting them into digital information without the need for ad
ditional energy sources or complex circuitry. The versatility of OSCs to 
function as self-powered OPDs not only broadens their range of appli
cations but also establishes them as a highly efficient and sustainable 
alternative for optoelectronic systems, excelling in fields such as envi
ronmental sensing and optical telecommunications.

To evaluate the potential reuse of the OSC as an OPD, the device 
described in the previous section was used. This OSC was fabricated on 
November 3, 2022. Two years after its fabrication, it was electrically 
characterized by measuring its current density versus voltage curve, as 
illustrated in Fig. 7.

Fig. 7 presents the electrical characterization of an organic solar cell 
two years after its fabrication. In Subfig. 7.A, the J-V curve is shown, 
while Subfig. 7.B displays the power generated per unit area as a func
tion of voltage. In Fig. 7.A, it can be observed that the J𝑠𝑐 reaches a value 
of 2.637 mA/cm2, which is significantly lower than the initial value of 
4.26 mA/cm2 recorded in Fig. 5.A, observing a reduction of 38.09%. 
This decrease indicates a notable reduction in the device’s ability to 
generate current under standard illumination. On the other hand, the 
V𝑜𝑐 in Fig. 7.A is 0.030 V, a drastically lower value compared to the 
0.58 V initially observed in Fig. 5.A. This pronounced reduction in V𝑜𝑐

results in a significant decrease in the overall electrical performance of 
the device.

In Fig. 7.B, the graph of power generated per unit area as a func
tion of voltage exhibits a peak value of 0.023 mW/cm2 , representing a 
98.21% reduction compared to the 1.29 mW/cm2 recorded in Fig. 5.B 
during the initial characterization of the device. This decline is consis
tent with the reductions observed in J𝑠𝑐 and V𝑜𝑐 , indicating a significant 
degradation in photovoltaic performance.
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Fig. 7. Electrical characterization of the device two years after fabrication. (A) Current density versus voltage (J-V) curve. (B) Power per unit area as a function 
of voltage. (C) Responsivity (R) of the device under standard illumination conditions. (D) Specific detectivity (D∗) of the device considering system noise and 
responsivity.

The current efficiency of the device is merely 0.023%, in contrast 
to the initial 1.29%. This substantial loss in performance can be at
tributed to the degradation of the organic materials used, as well as 
the inherent instability of this type of device under environmental con
ditions. The comparison between Figs. 5 and 7 confirms that, over the 
two years following its fabrication, the device has undergone consid
erable degradation in its electrical properties, significantly reducing its 
energy conversion capability.

In addition to the previously discussed electrical parameters, the re
sponsivity and specific detectivity of the device were also analyzed. 
Fig. 7.C presents the responsivity (R), which represents the current gen
erated per unit of incident light power. Under an irradiance of 100 
mW∕cm2, the device exhibited a value of 2.4 × 10−5 A∕W. On the 
other hand, Fig. 7.D shows the specific detectivity (D∗), which consid
ers both the responsivity and the system noise, yielding a value of 1.7 × 
106 𝐽𝑜𝑛𝑒𝑠. Although these values are low, they may be suitable for ap
plications that do not require high sensitivity, such as low-cost sensors 
or passive environmental monitoring systems.

To evaluate the performance of the OSC as an OPD, the following 
experimental setup was used:

The system was configured to determine the maximum frequency 
supported by a VLC system. In this setup, the transmitter consisted of a 
high-luminosity phosphor-based white LED with a correlated color tem
perature of 5500 K. An arbitrary waveform generator (AWG, Digilent® 
Analog Discovery 2) was used to generate signals, which were applied 
to the LED. The AWG operated with an analog bandwidth of 12 MHz 
and a sampling rate of 100 MSamples/s. The generated VLC signal was 
transmitted over a fixed distance and then detected by a self-powered 
OPD. The OPD was connected to a real-time oscilloscope (RTO, Digi
lent® Analog Discovery 2) for signal detection. The RTO had an analog 
bandwidth of 30 MHz and a sampling rate of 100 MSamples/s, ensuring 
precise detection and analysis of the signal, as illustrated in Fig. 8.

The Fig. 9 illustrates the relationship between voltage (in mV) and 
frequency (in kHz) across multiple distances, ranging from 0 cm to 20 
cm, as indicated by distinct markers and colors in the legend. The data 
is presented in two panels, with the top graph serving as an inset of 
the bottom graph. Both panels display a similar overall trend, but the 
absolute voltage values differ significantly.

In the main graph (bottom panel), the maximum voltage is approxi
mately 55 mV, observed at the lowest frequency (1 kHz) and the short
est distance (0 cm). As the frequency increases, the voltage decreases 
sharply, particularly for short distances. For distances beyond 3 cm, the 
voltage values converge at higher frequencies, stabilizing at low lev
els. Notably, shorter distances (0--3 cm) exhibit a clear differentiation 
in voltage responses, emphasizing a stronger dependence on distance at 
lower frequencies.

The inset graph (top panel) highlights the same trend at a smaller 
voltage range, with maximum values reaching approximately 20 mV at 
the lowest frequency (1 kHz) and the shortest distance (0 cm). Similar to 
the main graph, the voltage decreases with increasing frequency, though 
the reduction is less pronounced than in the main panel. The curves for 
larger distances exhibit minimal variation, underscoring the dominant 
influence of shorter distances at low frequencies.

In summary, the data demonstrates a strong dependence of voltage 
on both frequency and distance, with the highest voltage values occur
ring at low frequencies and short distances. The attenuation of voltage 
with increasing frequency and distance is evident in both panels, re
flecting the diminishing effect of the measured phenomenon under these 
conditions.

The Fig. 10 presents the relationship between voltage (in mV) and 
distance (in cm) for various frequencies ranging from 1 kHz to 1000 
kHz, as indicated by the distinct colors and markers in the legend. The 
data indicate a strong dependence of the voltage on both frequency and 
distance, with higher voltages observed at lower frequencies and shorter 
distances.
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Fig. 8. Block diagram of the experimental setup, an arbitrary waveform generator, a high luminosity light-emitting diode, a self-powered OPD, and an RTO. AWG: 
Arbitrary waveform generator; RTO: Real-time oscilloscope. LED: Light-emitting diode, OPD: Organic photodetector.

Fig. 9. Voltage as a function of frequency at different distances (0--20 cm). 
The main graph (bottom panel) shows the complete dataset, while the inset 
(top panel) highlights the same trend on a smaller voltage range. Both panels 
demonstrate a significant voltage decay with increasing frequency, particularly 
at shorter distances. Maximum voltage values are observed at the lowest fre
quency (1 kHz) and the shortest distance (0 cm).

At the lowest frequency (1 kHz), the maximum voltage (≈55 mV) is 
recorded at the shortest distance (0 cm). As the distance increases, the 
voltage decreases sharply, particularly for low frequencies (1, 2, and 5 
kHz). Beyond 5 cm, the voltage values for different frequencies start to 
converge, stabilizing at levels below 10 mV. This suggests that, at larger 
distances, the influence of frequency on voltage diminishes significantly. 
For higher frequencies (200, 500, and 1000 kHz), the voltage values 
are consistently lower across all distances and display less sensitivity to 
distance variations.

Overall, the data highlights the attenuation of the measured effect 
with increasing distance and frequency. The rapid voltage decay ob
served at short distances for low frequencies demonstrates the strong 
influence of these parameters, while at longer distances, the voltage sta
bilizes regardless of frequency.

Fig. 10. Voltage as a function of distance for various frequencies (1 kHz–1000 
kHz). The graph illustrates a rapid voltage decay with increasing distance, es
pecially for lower frequencies (1, 2, and 5 kHz). Maximum voltage (≈55 mV) 
occurs at the shortest distance (0 cm) and the lowest frequency (1 kHz). Beyond 
5 cm, the voltage stabilizes below 10 mV, with minimal differences between fre
quencies.

Although the limited transmission range of OPDs might initially be 
perceived as a functional limitation, this characteristic endows them 
with significant potential for specific short-range applications, particu
larly in the interconnection of electronic devices within the IoT domain. 
One of the key technical advantages of OPDs is their self-powered ca
pability, which eliminates the need for external energy sources, thereby 
reducing both the complexity of the systems and their energy consump
tion. In this context, OPDs can be employed to establish efficient com
munication channels between devices such as smartwatches, tablets, 
computers, and other electronic accessories. The restricted transmission 
distance is not a drawback but rather an advantageous feature for imple
menting compact, efficient systems that are free from electromagnetic 
interference. Furthermore, data transfer via encoded light signals pro
vides a reliable communication method in environments with a high 
density of electronic devices.

Additionally, VLC systems with self-powered OPDs find prominent 
applications in the security domain. A representative implementation is 
their use in authentication systems based on physical proximity, such as 
access control terminals. In this case, a blinking light source transmits 
a unique code that is detected and deciphered by the OPD, enabling se
cure access validation. The ability to operate without requiring external 
power sources significantly simplifies installation and makes these sys
tems viable in environments where additional energy infrastructure is 
complex or impractical.

In the logistics and smart packaging sector, this technology also finds 
relevant applications. OPDs can be integrated into electronic labeling 
systems, where a light-emitting source transmits encoded information 
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Table 1
Comparison between the repurposed organic photodetector 
and a commercial silicon photodiode (BPW21R, Vishay). 
Key parameters relevant for assessing their suitability in 
short-range optical communication applications.

Parameter
Repurposed BPW21R 
Organic Photodiode 
Photodetector (Vishay) 

Type
Organic Silicon PN 
photodetector photodiode 

Responsivity (A/W) ∼2.4 × 10−5 0.25 
(at 565 nm) 

Detectivity (Jones) ∼1.65 × 106 ∼3.3 × 1012

Dark current ∼3.4 μA
2--30 nA 
(at 5 V reverse bias) 

Active area 0.06 cm2 0.075 cm2

Bias range +1 to −1 V 0 to −10 V 

regarding traceability, expiration dates, or specific product character
istics. This information is captured by the photodetector at short dis
tances, eliminating the need for battery-powered or externally powered 
sensors. This approach not only enhances system sustainability but also 
reduces operational costs and the environmental impact associated with 
these systems.

In the automotive sector, VLC systems can facilitate communication 
between internal electronic components of a vehicle. For instance, diag
nostic modules and nearby sensors can exchange information via optical 
signals, replacing traditional physical or wireless connections in scenar
ios where these are less practical. The self-powered capability of OPDs 
contributes to a reduction in both the complexity and weight of the sys
tem, critical factors in modern vehicle design.

Finally, in controlled industrial environments, self-powered OPDs 
are particularly useful for communication between collaborative robots 
or automated machinery operating in proximity. The ability to transmit 
data using visible light at short distances is especially valuable in areas 
where electromagnetic interference poses an operational challenge. This 
approach ensures reliable and precise communication between system 
components, enhancing operational efficiency and safety.

In summary, these use cases exemplify how repurposed organic pho
todetectors can be functionally integrated into real-world applications, 
where their performance—while limited in absolute terms—is sufficient 
to meet specific operational requirements. Rather than competing di
rectly with high-end photonic devices, their value lies in providing vi
able, sustainable, and low-cost solutions aligned with the principles of 
the circular economy.

To contextualize the performance of the developed photodetector, a 
comparison was conducted against a widely used commercial photodi
ode, the BPW21R from Vishay. Although the responsivity and detectivity 
values of the organic device are significantly lower, they are adequate 
for short-range optical communication applications, as discussed in the 
previous sections. Table 1 summarizes the key performance parameters.

Despite the numerical differences, experimental data demonstrate 
that the organic photodetector is capable of detecting optical signals at 
short distances and moderate frequencies, producing voltage responses 
of up to 55 mV at 1 kHz and 0 cm. This response progressively at
tenuates with increasing distance or frequency, aligning well with the 
requirements of systems where proximity and low power consumption 
are desired. These findings confirm the technical feasibility of repur
posing end-of-life organic solar cells as self-powered photodetectors for 
visible light communication systems. This approach not only extends 
the operational life cycle of photovoltaic devices but also unlocks new 
opportunities for their integration into sectors that prioritize energy 
efficiency, system sustainability, compact design, and immunity to elec
tromagnetic interference.

In this context, we propose a new perspective for the design and 
implementation of optoelectronic systems in emerging application sce
narios, emphasizing the critical role that recycled organic photodetec
tors can play in the transition toward more sustainable and functionally 
adaptive electronics.

3. Conclusions

This study has demonstrated that OSCs, after completing their use
ful life as photovoltaic generators, can be repurposed as OPDs. This 
approach maximizes the utilization of employed materials, reduces envi
ronmental impact, and fosters a more sustainable and circular economic 
model.

From a technical perspective, the OPDs manufactured from repur
posed OSCs have shown satisfactory performance in various charac
terization tests. The voltage-frequency graph evidences that the device 
maintains a stable response up to a frequency of 1000 𝑘𝐻𝑧, indicat
ing its capability to operate in VLC systems without significant signal 
degradation. This behavior positions it as a viable option for high-speed 
applications in telecommunications. The analysis of the voltage-distance 
graph at different frequencies shows that the voltage generated by the 
OPD progressively decreases with increasing distance from the transmit
ter. However, this reduction is more pronounced at frequencies above 50 
𝑘𝐻𝑧, suggesting the need to optimize the system design to ensure effec
tive transmission in longer-distance environments. At lower frequencies, 
the device maintains a reliable signal up to a distance of 20 cm.

This result confirms the OPD’s ability to provide robust data trans
missions, even in scenarios with moderate noise levels, which is essen
tial for critical applications in IoT and optical communications. These 
findings confirm the technical feasibility of repurposing OSCs as OPDs, 
highlighting their potential for practical applications in telecommunica
tions and sensors. Moreover, the positive environmental impact derived 
from reducing electronic waste and extending the lifecycle of the mate
rials used in their manufacture is underscored.

From an environmental and economic standpoint, the proposed 
reuse and recycling approach represents an effective solution to min
imize waste and reduce the manufacturing costs associated with new 
devices. The OPDs’ ability to operate in a self-powered mode, utilizing 
light as an energy source, underscores their suitability for applications 
in remote or energy-restricted environments. Finally, this study em
phasizes the need for continued research to enhance the stability and 
efficiency of OSC-based OPDs, as well as the establishment of policies 
that promote the industrial implementation of these technologies. The 
use of these devices in communication systems, sensors, and IoT devices 
could represent a significant step towards a more sustainable integration 
of optoelectronic technologies across various industrial sectors.
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