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1. Introduction

Despite the growing transition toward the utilization of renew-
able energy sources in contemporary society, the electricity gen-
eration matrix remains predominantly reliant on the utilization
of fossil fuels,[1] as depicted in Figure 1. While a gradual shift
toward more sustainable and clean sources,[2] such as solar

and wind energy,[3] is evident, the persis-
tent dependence on fossil fuels suggests
that society’s energy consumption could
be linked to the combustion of these non-
renewable resources. This phenomenon
underscores the imperative need for a
more accelerated transition toward sustain-
able energy practices, considering the envi-
ronmental impact and the significance of
mitigating the consumption of nonrenew-
able energy sources.

Photovoltaic cells offer a series of signifi-
cant advantages compared to fossil fuels as
an energy solution. First, they directly gen-
erate electricity from solar radiation,[4] ren-
dering it a renewable energy source.[5] This
feature drastically reduces emissions of
greenhouse gases and other pollutants
associated with fossil fuel combustion,[6]

thereby contributing to mitigate climate
change[7] and improving air quality.[8]

Photovoltaic cells are capable of generating electricity in a
decentralized way,[9] meaning they can be installed in a wide vari-
ety of locations, from building rooftops[10] to remote or rural areas
lacking access to the electrical grid.[11] This reduces dependence
on centralized and vulnerable infrastructures, such as fossil-fuel-
powered plants, and enhances the resilience and energy security
of communities by diversifying available energy sources.[11] All in
all, photovoltaic cells represent a sustainable and versatile alterna-
tive to fossil fuels,[12] offering significant environmental,[13]

economic,[14] and social benefits[15] on a global scale.
The development and implementation of photovoltaic panels

are intrinsically linked to the sustainable development goals
(SDGs) of the 2030 Agenda of United Nations.[16] The expansion
of solar energy through photovoltaic panels directly contributes
to SDG 7 of the 2030 Agenda, which aims to ensure access to
affordable, reliable, sustainable, and modern energy. By harness-
ing solar light, a renewable and inexhaustible energy source, pho-
tovoltaic panels help diversify the energy matrix, reduce reliance
on fossil fuels, and facilitate access to electricity in remote or
underserved areas.[17]

Furthermore, the deployment of solar panels supports SDG 13
of the 2030 Agenda, which seeks to take urgent action to combat
climate change and its impacts.[18] By reducing greenhouse gas
emissions and mitigating dependence on fossil fuels, photovol-
taic panels contribute to climate change reduction while fostering
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Organic solar cells (OSCs), especially those employing bulk heterojunction
architecture, present a promising avenue in renewable energy technology. These
devices utilize organic materials and can be doped by solvents such as dime-
thylformamide (DMF), tetrahydrofuran (THF), and dimethyl sulfoxide (DMSO).
Solvent doping (DMF, THF, and DMSO) is observed to augment the efficiency of
OSCs. However, a trade-off exists between the volume of solvent used and the
device’s efficiency. The judicious selection of solvents is crucial as it directly
impacts the environmental footprint of the fabrication process and the power
conversion efficiency. Notably, the use of solvents in OSC fabrication contributes
to reducing the environmental impact across various categories, in particular
Abiotic Depletion, Global Warming, and Human Toxicity. Among the solvents
studied, THF demonstrates the most significant reduction in environmental
impact. Therefore, optimizing the choice and volume of solvents in OSC fabri-
cation is paramount for achieving both enhanced device performance and
minimal environmental footprint.
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the transition toward a low-carbon[18] and climate-resilient
economy.[19]

The development of photovoltaic panels can also support
SDG 9 of the 2030 Agenda, “Industry, Innovation, and
Infrastructure”.[20] Research and innovation in solar technolo-
gies, including more efficient and affordable photovoltaic panels,
are crucial to expand access to solar energy and accelerate the
transition toward more sustainable and equitable energy sys-
tems. Collectively, the development of photovoltaic panels sig-
nificantly contributes to achieving multiple goals of the 2030
Agenda, addressing key global challenges related to energy, cli-
mate, and sustainable development.

Currently, the photovoltaic industry is based on silicon tech-
nology.[21] Silicon production for photovoltaic installations faces
several significant challenges impacting environmental sustain-
ability.[22] The process of obtaining pure silicon is energy inten-
sive and requires a considerable amount of resources, including
electricity[23] and raw materials.[24] In addition, the availability of
high-purity silicon can be a limiting factor in the expansion of
large-scale solar energy. As the demand for photovoltaic panels
increases, especially in the context of transitioning to a low-
carbon economy, a shortage of quality silicon suitable for solar
cell manufacturing could arise. This situation could trigger an
increase in silicon prices, negatively impacting the profitability
of photovoltaic installations and their competitiveness against
other energy sources.

As an alternative, organic solar cells (OSCs) offer a promising
solution to this issue. OSCs emerge as a crucial measure to
address the energy and environmental challenge derived from
the silicon purification, as discussed in ref. [25]. Within OSCs,
devices based on bulk heterojunction (BHJ) stand out.[26–28]

A BHJ-based OSC is a device that converts light energy into
electricity through a photophysical process. In a BHJ OSC, a
heterojunction interface is created by blending a donor (hole-
transporting) polymer and an acceptor (electron-transporting)
polymer. This configuration promotes the efficient separation
of photoinduced excitonic pairs, essential for generating electric
current.[29]

When the light impacts the device, photons generate electron–
hole pairs. The released electrons are transported through the
acceptor material to the electron-transport layer (ETL), while
the holes migrate through the donor material to the

hole-transport layer (HTL). After migrating through the anode
and cathode respectively, an electric current is generated in the
external circuit, Figure 2. The efficiency of this charge transfer
depends on the architecture and morphology of the BHJ
structure, as well as the characteristics of the organic materials
used.

Among the possibilities of OSCs studied by the scientific
community,[30–32] one extensively investigated is formed by
the following structure: indium tin oxide (ITO)/poly(3,4-ethyle-
nedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/
poly(3-hexylthiophene): [6,6],-phenyl-C61-butyric acid methyl
ester (P3HT:PCBM)/aluminum (Al).

This architecture constitutes a BHJ device, where the PEDOT:
PSS polymer blend acts as an HTL, the P3HT:PCBM blend
serves as the donor–acceptor material, and the aluminum func-
tions as the cathode.

The blend of P3HT and PCBM polymers is prepared in a
[1:0.8] weight ratio. The layer formed between these two
polymers is also known as the active layer. PCBM belongs to
the fullerene family and is recognized as an organic n-type semi-
conductor.[33] P3HT is a thiophene with a chain of six carbon
atoms linked in single bonds at the third position. This configu-
ration characterizes it as an organic p-type semiconductor.[34]

The combination of both polymers forms the basis of the BHJ
configuration, where one acts as the donor material and the other
as the acceptor material.[35] In contrast, PEDOT:PSS is employed
to form the HTL. Similar to the case of P3HT:PCBM, PEDOT:
PSS is also composed of two distinct polymers.[36] In this blend,
PEDOT donates charges that are captured by PSS.[37]

Various research efforts have resulted in specific enhance-
ments to the PEDOT:PSS layer of devices under a BHJ structure.
One investigation was focused on annealing PEDOT:PSS films,
adjusting temperatures within a range from 120 to 400 °C,
thereby altering the properties of the PEDOT:PSS layer.[38]

Other research endeavors have focused on doping the
PEDOT:PSS layer with different materials. For instance,
Reddy et al.[39] doped PEDOT:PSS with cadmium sulfide nano-
particles. Consequently, the spectral response of the device
extended from ultraviolet–visible to the near-infrared region.
Not only has doping with nanocrystals been done, but there
are also different studies where the HTL has been doped with

Figure 1. The global distribution of primary energy consumption across
various sources in 2021. The data has been compiled from ref. [1]. Figure 2. Functionality and carrier transport in an organic solar cell based

on bulk heterojunction.
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organic solvents. The PEDOT:PSS layer doped with methanol
increased its conductivity compared to a pristine layer.[40]

The use of organic solvents to enhance the conductivity of the
HTL is highly intriguing, as in addition to the described improve-
ments, there is also a wide range of solvents that can be analyzed
to determine which would offer the most suitable performance
for its operation. This research is focused on studying the effects
on the electrical properties of OSCs, where the HTL was com-
posed of PEDOT:PSS and doped with three different organic sol-
vents (dimethylformamide [DMF], tetrahydrofuran [THF], and
dimethyl sulfoxide [DMSO]). Furthermore, the environmental
impact of their use in manufacturing was assessed and com-
pared with devices without these solvents.

2. Experimental Section

2.1. Materials

For the manufacture of the OSCs, the following materials were
employed: isopropyl alcohol, 1,2,4-trichlorobenzene, chloroben-
zene, PCBM, acetone, DMF, PEDOT:PSS in a 1.3% water solu-
tion, P3HT, THF, and DMSO. These materials were used
without further purification and were acquired from Sigma-
Aldrich.

2.2. Characterization

To conduct the electrical characterization of OSCs, current den-
sity versus voltage ( J–V ) curves were generated. This was accom-
plished by employing a Keithley 2400 Sourcemeter device along
with a Newport Solar Simulator configuration. The Newport
Solar Simulator included a xenon arc lamp and an AM1.5G filter.
Measurements were performed under standard conditions.

2.3. OSC: Fabrication Method

The fabrication of OSCs was based on the spin-coating tech-
nique.[41,42] This method involves the successive deposition of
thin films of semiconductor polymers dissolved in a solution
onto a substrate, in this case, ITO-covered glass. Once the semi-
conductor polymer was deposited, solvent removal from the solu-
tion occurred through substrate rotation and heating processes,
resulting in the formation of the film. The devices used in this
research were fabricated on a glass coated with ITO. A layer of
PEDOT:PSS was deposited on the ITO layer, followed by a layer
of P3HT:PCBM on top of it. The PEDOT:PSS layer was deposited
at 6000 rpm, and the P3HT:PCBM layer was deposited at
300 rpm. Following the completion of these procedures, metalli-
zation was executed via aluminum evaporation within a high-
vacuum environment.

This research focused on the effect of incorporating different
solvents into the PEDOT:PSS layer and its impact on OSCs. To
investigate its effect, three series of devices were fabricated, each
designated for a specific solvent: DMF, THF, and DMSO. Each
series consisted of five different devices. Additionally, an OSC
served as a reference in which the PEDOT:PSS layer was no sol-
vent. In the remaining five devices of each series, the solvent was
gradually included. Table 1 describes the volume of DMF solvent

relative to the volume of PEDOT:PSS used for the fabrication of
the OSCs, while Table 2 details those doped with THF, and
Table 3 details those doped with DMSO. Furthermore, all tables
provide information on the devices without solvent.

3. Results

3.1. OSC: Electrical Characterization

Characteristic curves for the OSCs were measured under stan-
dard conditions. These curves depict the electric current density
generated under 1 sun illumination. From these curves, electrical

Table 1. Volume of PEDOT:PSS and DMF solvent used in the fabrication
of each device.

OSCs PEDOT:PSS/DMF PEDOT:PSS DMF

Volume ratio [μL] [μL]

Reference [1:0.0] 200 0

OSC_1.1 [1:1.0] 100 100

OSC_1.2 [1:1.5] 80 120

OSC_1.3 [1:2.0] 67 133

OSC_1.4 [1:2.5] 57 143

OSC_1.5 [1:3.0] 50 150

Table 2. Volume of PEDOT:PSS and THF solvent used in the fabrication of
each device.

OSCs PEDOT:PSS/THF PEDOT:PSS THF

Volume ratio [μL] [μL]

Reference [1:0.0] 200 0

OSC_2.1 [1:0.5] 133 67

OSC_2.2 [1:1.0] 100 100

OSC_2.3 [1:1.5] 80 120

OSC_2.4 [1:2.0] 67 133

OSC_2.5 [1:2.5] 57 143

Table 3. Volume of PEDOT:PSS and DMSO solvent used in the fabrication
of each device.

OSCs PEDOT:PSS/THF PEDOT:PSS THF

Volume ratio [μL] [μL]

Reference [1:0.0] 200 0

OSC_3.1 [1:1.0] 100 100

OSC_3.2 [1:2.0] 67 133

OSC_3.3 [1:3.0] 50 150

OSC_3.4 [1:4.0] 40 160

OSC_3.5 [1:5.0] 33 167
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parameters characterizing the device can be calculated. The max-
imum short-circuit current density ( JSC) is generated when the
voltage is zero, and the maximum open-circuit voltage (VOC)
occurs when the current density is zero. The power conversion
efficiency (PCE) of OSCs is determined from the J–V curve and
represents the possibility of the device to convert incident light
power into electric power. It is calculated as the ratio of the elec-
trical power output of the device to the incident optical power,
Equation (1). In contrast, the fill factor (FF) describes the unifor-
mity of charge distribution within the device, Equation (2).
A high FF indicates high efficiency in charge collection and good
quality of contacts in the device

PCE ¼ PMAX

PINC
¼ JMPP · VMPP

PINC
(1)

FF ¼ PMAX

JSC · VOC
¼ JMPP · VMPP

JSC · VOC
(2)

where PMAX is the maximum power generated by the OSC, JMPP

and VMPP are the current density and voltage at the maximum
power point, respectively, and PINC is the incident power.

The electrical characteristics of the OSCs doped with different
volumes of DMF in the PEDOT:PSS layer are illustrated in the
Figure 3 and Table 4. The PCE reaches its maximum in the
OSC_1.2 with a value of 1.53% and reaches its minimum in
the OSC_1.5. Additionally, when the PEDOT:PSS layer is formed
with a volume ratio of [1:3.0] (OSC_1.5), it obtains a lower effi-
ciency value than the reference PCE. That is to say that the effect
of using the solvent is no longer effective. This may be due to the
device fabrication model. The fact that increasing the volume of
solvent directly implies a reduction in the use of PEDOT:PSS,
diminishing the effect of the polymer blend in the HTL.
Regarding the maximum power (PMAX), the same trends as those
mentioned for the PCE are observed, reaching its maximum in
OSC_1.2 and the minimum in OSC_1.5.

For OSCs doped with THF (Figure 4, Table 5), it is observed
that the VOC remains more or less constant, while the JSC, PMAX,
and efficiency tend to increase. The PCE reaches its maximum in

the OSC_2.3 device with a value of 1.66%, showing all devices in
the series higher values than the reference.

To complete the electrical characterization of the OSCs, meas-
urements of the J–V curves were conducted on a series of OSCs
doped with DMSO. Furthermore, these results were compared
with those of the OSC utilizing the PEDOT:PSS layer without
solvent, Table 6 and Figure 5.

In this study, the maximum PCE was observed in OSC_3.2. In
this OSC, the HTL consists of one part by volume of PEDOT:PSS
and two parts by volume of DMSO. For larger volumes of DMSO,
the efficiency decreases; furthermore, the PCE is lower than that
generated by the reference.

A similar behavior is observed for the three solvent series stud-
ied in this work. The use of polar solvents leads to an improve-
ment in the efficiency of devices fabricated with selected doping
conditions. Specifically, OSC_1.2 achieves a value of 1.53%,
OSC_2.3 achieves a value of 1.66%, and OSC_3.2 achieves a
value of 1.27%. All of these values surpass the 1.1% efficiency
of the reference OSC. However, after reaching the maximum,
the PCE begins to decrease, and the relationship with the
increase in solvent employed is lost. Studies have indicated that
the increase in efficiency of solvent-doped devices may occur due
to the presence of polar solvents, which decrease the intermolec-
ular distance between PEDOT and PSS. This reduction in inter-
molecular distance generates an enhanced conductivity in the
HTL. The presence of polar solvents reduces repulsions arising
from Coulomb interactions within the PEDOT:PSS polymer

Figure 3. A) Current density and B) power/area versus voltage of the reference OSC and the OSCs doped with DMF.

Table 4. Electrical characteristics of the OSCs doped with DMF and OSC
without solvent (reference).

OSCs Reference OSC_1.1 OSC_1.2 OSC_1.3 OSC_1.4 OSC_1.5

VOC [V] 0.58 0.53 0.53 0.52 0.51 0.50

JSC [mA cm�2] 4.13 4.73 6.82 6.43 6.32 4.70

PMAX [mW cm�2] 1.12 1.27 1.53 1.36 1.20 0.90

FF [%] 47 51 42 41 37 38

PCE [%] 1.11 1.27 1.53 1.36 1.20 0.90
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blend.[29] In that study, it was also dismissed that the increase in
efficiency was due to the thickness of the PEDOT:PSS layer.[29] In
the manufacturing process of the solar cells, the volumes of the
polymer solutions forming the layers of the OSCs are kept con-
stant to maintain device fabrication stability. Similarly, the vol-
ume of the PEDOT:PSS solution is 200 μL for all the OSCs;
thus, the mass of PEDOT:PSS decreases when the volume of sol-
vent increases. This fact might justify the loss of correlation
between the increase in solvent volume and the increase in
PCE. Nevertheless, the maximum efficiency is found with
approximately the same mass of PEDOT:PSS for all the solvents.

According to the data presented in Table 4–6, two trends could
be observed that merit consideration. On one hand, the VOC

could be considered constant regardless of the solvent’s presence
(with maximum variations of 0.16 V), while on the other hand,

the JSC exhibits some variability. Furthermore, the variability in
current density corresponds with variations in PCE. Observing
the study by Khlyabich et al.[43] published in 2014, the results
of the VOC in our research could be considered expected.
They suggested that modifications in the voltage of OSCs based
on BHJs may arise from interactions resulting from the compo-
sition of the donor and acceptor materials. In our study, these
interactions depend on the polymer blend P3HT:PCBM, which
is consistent throughout the experiment and not altered. The
trend in current density could be attributed to two factors.
The increase in current density may be due to the presence of
solvents, which reduces the intermolecular distance between
PEDOT and PSS polymers, thereby enhancing carrier
mobility.[29] However, an excess of solvent in the PEDOT:PSS
layer, arising from the device manufacturing process, results
in a reduced volume of PEDOT:PSS used in fabrication,
potentially explaining the decrease in current density observed
in devices with higher solvent volumes.

An association between PCE values and solvent polarity has
been identified, as depicted in Figure 6. DMSO exhibits lower
efficiency compared to the other solvents (THF with a relative
polarity of 0.207, DMF 0.386, and DMSO 0.444, using water
as a reference with a relative polarity of 1).[44]

The results plotted in Figure 6 appear to contradict the most
widely established explanation for justifying the increase in
PEDOT:PSS conductivity, which would result in an OSC effi-
ciency enhancement. According to several studies,[45] repulsions
originating from Coulomb interactions between PEDOT:PSS
polymer chains could be reduced by adding a polar solvent such
as DMF, THF, and DMSO. This leads to a decrease in the inter-
molecular distance between the polymers, improving charge
transport. Therefore, it was expected that using a solvent with
higher relative polarity would further decrease the intermolecu-
lar distance, enhancing charge transport in the layer. However,
Figure 6 shows the opposite relationship. The solvent with lower
relative polarity leads to higher PCE. Even including the results
from several experiments performed by our research group along
years, we do not obtain a direct trend between polarity of the sol-
vent and PCE increase.

Figure 4. A) Current density and B) power/area versus voltage of the reference OSC and the OSCs doped with THF.

Table 5. Electrical characteristics of the OSCs doped with THF and OSC
without solvent (reference).

OSCs Reference OSC_2.1 OSC_2.2 OSC_2.3 OSC_2.4 OSC_2.5

VOC [V] 0.58 0.44 0.46 0.46 0.47 0.46

JSC [mA cm�2] 4.13 7.16 7.77 8.57 8.52 8.38

PMAX [mW cm�2] 1.12 1.28 1.48 1.66 1.65 1.56

FF [%] 47 41 41 42 42 41

PCE [%] 1.11 1.28 1.48 1.66 1.65 1.56

Table 6. Electrical characteristics of the OSCs doped with DMSO and OSC
without solvent (reference).

OSCs Reference OSC_3.1 OSC_3.2 OSC_3.3 OSC_3.4 OSC_3.5

VOC [V] 0.58 0.44 0.44 0.42 0.43 0.44

JSC [mA cm�2] 4.13 7.81 7.91 7.07 6.63 6.20

PMAX [mW cm�2] 1.12 1.21 1.27 1.07 1.01 0.99

FF [%] 47 36 37 36 35 37

PCE [%] 1.11 1.21 1.27 1.07 1.01 0.99
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This apparent contradiction may indicate that polarity is not
the sole factor involved in this process. Phase segregation in
PEDOT:PSS deposition is another mechanism often related to
its conductivity enhancement. In the spin-coating manufacturing
technique, various factors such as fluid density or viscosity could
modify the layer thickness and consequently affect charge
mobility within the layer.[46] The different density values of the
solvents (1.0957 g cm�3 for DMSO, 0.9445 g cm�3 for DMF, and
0.8833 g cm�3 for THF[47]) and its different viscosity (1.984mPa s�1

for DMSO, 0.801mPa s�1 for DMF,[48] and 0.461mPa s�1 for
THF[49]) could influence the morphology of the interface between
PEDOT:PSS HTL and the active layer altering the electrical char-
acteristics of the device and its PCE value.

3.2. Environmental Impact Study

In Section 2.3 of this document, the manufacturing process of
the devices studied in this work has been described. The process

is very similar for all devices, except for the composition of the
solution that generates the PEDOT:PSS layer. The composition
of this solution is described in Table 1 for DMF, Table 2 for THF,
and Table 3 for DMSO solvent. Since the process only varies at
this step, an environmental impact study will be conducted on
the manufacturing of these films. Furthermore, for the comple-
tion of this study, the guidelines outlined in the article authored
by García-Valverde et al. have been followed.[50] The methodology
used in the environmental impact analysis was the European
center of environmental science of leiden university-impact
assessment baseline method, along with the EU25 normalization
set, by the SimaPro software. The eleven impact categories asso-
ciated with this method and normalization set are Abiotic
Depletion, Abiotic Depletion (Fossil Fuels) (A. Depletion [F.F.]),
Global Warming, Ozone Layer Depletion (Ozone Layer D.),
Human Toxicity, Fresh Water Ecotoxicity (Fresh water E.),
Marine Aquatic Ecotoxicity (Marine A. E.), Terrestrial Ecotoxicity
(Terrestrial E.), Photochemical Oxidation (Photoc. O.),
Acidification, and Eutrophication.

The environmental study data indicate that across all impact
categories (Table 7 and Figure 7), the utilization of the solvent
DMF leads to a reduction in impact. It is noteworthy that the cate-
gory exhibiting the highest influence of DMF is Abiotic Depletion,
decreasing from 3.47E�07 kg Sb eq for solvent-free OSCs to
9.11E�08 kg Sb eq in devices with the highest DMF content in
their PEDOT:PSS layer. Conversely, the category where the use
of DMF solvent in the manufacturing process has the least influ-
ence is Eutrophication. Nonetheless, a significant impact is still
observed within this impact category. The solvent-free device pro-
duces 9.75E�06 kg PO—eq, whereas it decreases to 8.68E�06 kg
PO—eq in the device with the lowest volume of solvent, resulting
in a reduction of its impact by over 10%. Furthermore, this reduc-
tion is directly proportional to the increase in DMF in the manu-
facture of OSCs. During the fabrication of DMF-doped solar cells,
a substitution of PEDOT:PSS with the solvent takes place, thereby
yielding a positive environmental impact for these devices due to
PEDOT:PSS being more contaminating than DMF.

Similarly to the use of the solvent DMF, THF reduces contam-
ination across all impact categories when compared to devices

Figure 6. In black, themaximum PCE values of each of the OSCs doped with
DMSO, DMF, and THF and the relative polarity (blue) of the solvents.
Vertical black line on each PCE value represents the error bar calculated from
several sets of experiments equivalent to the one presented in this article.

Figure 5. A) Current density and B) power/area versus voltage of the reference OSC and the OSCs doped with DMSO.
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without any solvent, see Table 8 and Figure 8. It is noteworthy
that the greatest influence of THF occurs in the same category as
DMF, Abiotic Depletion. In this category, solvent-free OSCs pro-
duce 3.43E�07 kg Sb eq, while the OSC with the highest volume
of solvent produces 1.10E�07 kg Sb eq.

As observed in the DMF and THF series, OSCs fabricated
using DMSO in the formation of the PEDOT:PSS layer also
exhibit a reduction in impact across all categories, with its

influence being greater as more volume of solvent is employed
(Table 9, Figure 9). Furthermore, akin to OSCs using DMF and
THF, the impact category most affected was Abiotic Depletion.

In all series, it was observed that the use of solvents in the
PEDOT:PSS layer leads to a substantial improvement across
all impact categories in environmental impact studies. This
improvement may be attributed to the fact that the use of these
solvents results in a reduction in the volume of PEDOT:PSS used

Table 7. Environmental impact of different categories in relation to the use of DMF in the OSCs production.

Impact categories Units Reference OSC_1.1 OSC_1.2 OSC_1.3 OSC_1.4 OSC_1.5

Abiotic depletion kg Sb eq 3.43E�07 1.78E�07 1.43E�07 1.21E�07 1.03E�07 9.11E�08

A. Depletion (F.F.) MJ 2.39E�01 1.54E�01 1.37E�01 1.25E�01 1.16E�01 1.10E�01

Global Warming kg CO2 eq 1.45E�02 8.78E�03 7.59E�03 6.82E�03 6.22E�03 5.79E�03

Ozone layer D. kg CFC-11 eq 1.40E�09 9.28E�10 8.31E�10 7.67E�10 7.17E�10 6.82E�10

Human toxicity kg 1.4-DB eq 2.13E�03 1.43E�03 1.28E�03 1.18E�03 1.11E�03 1.06E�03

Fresh water E. kg 1.4-DB eq 1.49E�03 1.02E�03 9.28E�04 8.64E�04 8.15E�04 7.81E�04

Marine A. E. kg 1.4-DB eq 6.26Eþ00 4.14Eþ00 3.69Eþ00 3.41Eþ00 3.18Eþ00 3.02Eþ00

Terrestrial E. kg 1.4-DB eq 7.45E�06 4.55E�06 3.95E�06 3.56E�06 3.25E�06 3.04E�06

Photoc. O. kg C2H4 eq 2.12E�06 1.50E�06 1.37E�06 1.28E�06 1.22E�06 1.17E�06

Acidification kg SO2 eq 4.34E�05 2.73E�05 2.39E�05 2.17E�05 2.00E�05 1.88E�05

Eutrophication kg PO eq 9.75E�06 8.68E�06 8.45E�06 8.31E�06 8.20E�06 8.12E�06

Figure 7. Environmental impact of different categories normalized to solar cells without DMF (Reference) in the OSCs production.
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in the manufacturing process. For this reason, the more solvent
was used, the less environmental impact the OSCs produced.

When comparing each of the devices doped with solvents,
Figure 10 (where OSC_1.5 represents the device doped with
DMF at a volume ratio of [1:3.0], OSC_2.5 represents the device
doped with THF at a ratio of [1:2.5], and OSC_3.5 represents the
device doped with DMSO at a ratio of [1:5.0] and impact

categories are defined as follows: IC 01 for Abiotic Depletion,
IC 02 for Abiotic Depletion (Fossil Fuels), IC 03 for Global
Warming, IC 04 for Ozone Layer Depletion, IC 05 for
Human Toxicity, IC 06 for Fresh water Ecotoxicity, IC 07 for
Marine Aquatic Ecotoxicity, IC 08 for Terrestrial Ecotoxicity,
IC 09 for Photochemical Oxidation, IC 10 for Acidification,
and IC 11 for Eutrophication). It can be observed that any

Table 8. Environmental impact of different categories in relation to the use of THF in the OSCs production.

Impact categories Units Reference OSC_2.1 OSC_2.2 OSC_2.3 OSC_2.4 OSC_2.5

Abiotic depletion kg Sb eq 3.43E�07 2.39E�07 1.85E�07 1.51E�07 1.28E�07 1.10E�07

A. Depletion (F.F.) MJ 2.39E�01 1.93E�01 1.69E�01 1.54E�01 1.44E�01 1.36E�01

Global warming kg CO2 eq 1.45E�02 1.18E�02 1.03E�02 9.44E�03 8.85E�03 8.39E�03

Ozone layer D. kg CFC-11 eq 1.40E�09 1.11E�09 9.52E�10 8.56E�10 7.93E�10 7.43E�10

Human toxicity kg 1.4-DB eq 2.13E�03 2.03E�03 1.97E�03 1.94E�03 1.92E�03 1.90E�03

Fresh water E. kg 1.4-DB eq 1.49E�03 1.48E�03 1.48E�04 1.47E�04 1.47E�04 1.47E�04

Marine A. E. kg 1.4-DB eq 6.26Eþ00 6.05Eþ00 5.93Eþ00 5.86Eþ00 5.82Eþ00 5.78Eþ00

Terrestrial E. kg 1.4-DB eq 7.45E�06 6.61E�06 6.17E�06 5.90E�06 5.72E�06 5.57E�06

Photoc. O. kg C2H4 eq 2.12E�06 1.98E�06 1.90E�06 1.86E�06 1.83E�06 1.80E�06

Acidification kg SO2 eq 4.34E�05 3.77E�05 3.46E�05 3.28E�05 3.15E�05 3.05E�05

Eutrophication kg PO eq 9.75E�06 9.02E�06 8.65E�06 8.41E�06 8.25E�06 8.13E�06

Figure 8. Environmental impact of different categories normalized to solar cells without THF (Reference) in the OSCs production.
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inclusion of solvent yields improved environmental impact data
when normalized to the device without solvents.

In Figure 10, the environmental impact assessment of
devices exhibiting the greatest decrease in environmental
impact within each solvent series has been compared.
Among the solvents tested, DMSO yields the most favorable
results, followed by DMF and THF. However, device OSC_3.5

used 167 μL of DMSO solvent in the PEDOT:PSS film,
OSC_1.5 used 150 μL of DMF solvent, and OSC_2.5 used
143 μL of THF solvent. To rule out that the determining
factor for assessing the environmental impact is the amount
of solvent used, devices with an equal amount of solvent will
be compared to analyze the impact of each solvent on environ-
mental impact.

Table 9. Environmental impact of different categories in relation to the use of DMSO in the OSCs production.

Impact Categories Units Reference OSC_3.1 OSC_3.2 OSC_3.3 OSC_3.4 OSC_3.5

Abiotic depletion kg Sb eq 3.43E�07 1.64E�07 1.01E�07 8.12E�08 6.50E�08 5.37E�08

A. Depletion (F.F.) MJ 2.39E�01 1.34E�01 9.48E�02 8.56E�02 7.61E�02 6.95E�02

Global warming kg CO2 eq 1.45E�02 7.52E�03 4.98E�03 4.28E�03 3.65E�03 3.21E�03

Ozone layer D. kg CFC-11 eq 1.40E�09 7.79E�10 5.46E�10 4.90E�10 4.34E�10 3.95E�10

Human toxicity kg 1.4-DB eq 2.13E�03 1.19E�03 8.32E�04 7.47E�04 6.62E�04 6.02E�04

Fresh water E. kg 1.4-DB eq 1.49E�03 8.32E�04 5.84E�04 5.25E�04 4.66E�04 4.24E�04

Marine A. E. kg 1.4-DB eq 6.26Eþ00 3.38Eþ00 2.31Eþ00 2.03Eþ00 1.77Eþ00 1.59Eþ00

Terrestrial E. kg 1.4-DB eq 7.45E�06 3.88E�06 2.57E�06 2.21E�06 1.89E�06 1.66E�06

Photoc. O. kg C2H4 eq 2.12E�06 1.29E�06 9.60E�07 9.01E�07 8.26E�07 7.74E�07

Acidification kg SO2 eq 4.34E�05 2.58E�05 1.89E�05 1.75E�05 1.59E�05 1.48E�05

Eutrophication kg PO eq 9.75E�06 5.28E�06 3.62E�06 3.20E�06 2.79E�06 2.51E�06

Figure 9. Environmental impact of different categories normalized to solar cells without DMSO (Reference) in the OSCs production.
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The comparison between OSCs where the PEDOT:PSS layer
consists of two parts of solvent per volume and one of PEDOT:
PSS (OSC_1.3 for DMF, OSC_2.4 for THF, and OSC_3.2 for the
solvent DMSO) is shown in Figure 11. In this comparative anal-
ysis, the influence of each solvent on environmental impacts can
be examined in more detail, as the ratio between the volume of
PEDOT:PSS and the volume of solvent is the same in all cases. It
is observed that the solvent the lowest environmental impact is
DMSO, followed by DMF, while THF exhibits the least improve-
ment compared to the reference.

4. Conclusion

In conclusion, the results of the electrical characterization of
OSCs doped with different solvents in the PEDOT:PSS layer
reveal significant improvements in energy conversion efficiency,
particularly when employing polar solvents such as DMF and

THF. These solvents appear to promote a better PEDOT:PSS
layer structure, leading to enhance efficiency in electricity gener-
ation from sunlight. However, it is important to note that an
increase in solvent volume may diminish the efficacy of the
PEDOT:PSS layer, highlighting the importance of striking an
optimal balance in the layer formulation to maximize overall
OSC efficiency.

Regarding environmental impact study, it indicates that the
inclusion of solvents in OSCmanufacturing can notably decrease
environmental impact across various categories, particularly
Abiotic Depletion. This suggests that OSCs have the potential
to serve as a more sustainable alternative compared to traditional
silicon-based solar cell technologies. However, further research
is needed to fully assess the life cycle and overall environmental
impact of OSCs compared to other solar technologies. In conclu-
sion, these findings support the feasibility and promise of
OSCs as a cleaner and more sustainable energy option for the
future.

Figure 10. Comparison of the devices that have achieved the best results when normalized to the solvent-free OSC.

Figure 11. Comparison of devices with the same solvent volume when normalized with respect to solvent-free OSC.
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