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Perovskite solar cells (PSCs) are among the most promising photovoltaic technologies, with their power con-
version efficiency (PCE) rising from 3.8 % in 2009 to 26.95 % in 2025. However, their commercialization re-
mains hindered by challenges such as the high cost of noble metal back-contacts. Finding affordable alternatives
for back-contacts is therefore a key research focus. Carbon-based materials have attracted growing interest due to
their abundance, low cost, chemical stability, electronic conductivity, sustainability, and suitability for large-
scale deposition. In this work, the effective use of carbon paper (CP) as a back-contact in inverted PSCs was
demonstrated. To facilitate charge extraction, a thin metal interlayer, consisting of ca. 7 nm of gold (Au) or silver
(Ag), was introduced between the electron transport layer and the CP. Five different CPs were tested, yielding
PCEs of 6.35 % and 8.65 % for devices incorporating 7 nm Au + CP and 7 nm Ag + CP, respectively. To further
enhance charge extraction, the impact of a thermally evaporated molybdenum trioxide-doped gold (7 nm Au:
MoOs3) was explored, resulting in enhanced interface quality and reduced recombination losses. A champion
device with a PCE of 15.6 % was achieved, making one of the highest reported values for carbon-based inverted

Carbon electrode
Carbon paper
Inverted perovskite solar cells

PSCs.

1. Introduction

According to a recent report from the International Energy Agency,
the world’s demand for electricity is rising at its fastest rate in years,
driven by robust economic development, intense heat waves, and an
increased uptake of energy-powered technologies. Simultaneously,
renewable energy sources are rapidly expanding, with solar photovol-
taic on track to set new records. For the first time, renewables are ex-
pected to generate more power than coal in 2025, and solar
photovoltaics alone are predicted to supply about half of the rise in
global energy demand between 2024 and 2025 [1].

Among all photovoltaic technologies developed to harvest renewable
sunlight energy, perovskite solar cells (PSCs) have made the most
remarkable progress. The increase in power conversion efficiency (PCE)
from 3.8 % in 2009 [2] to 26.95 % in 2025 [3] has made this technology
comparable to commercial silicon solar cells. A PSC is a multilayered
device composed of a back-contact (BC), an n-type electron transport

layer (ETL), a p-type hole transport layer (HTL), and a light-absorbing
perovskite active layer, all assembled on a glass substrate coated with
a transparent conductive oxide (TCO). Depending on the deposition
order of the charge-transporting layers, PSCs can have regular (n-i-p) or
inverted (p-i-n) architectures. Perovskite absorbers present several ad-
vantageous properties, including high bandgap tunability, long charge
carrier diffusion length, high carrier mobility, compatibility with flex-
ible and scalable manufacturing processes, and low production costs
[4-6]. However, some challenges remain, including the accelerated
degradation of PSCs under real operating conditions (oxygen, moisture,
heat, and ultraviolet light), lead toxicity, scaling up manufacturing, and
the use of noble metals for BCs [7].

Typically, high-PCE benchmark laboratory cells use noble metals like
gold (Au) or silver (Ag) as BCs. However, these materials increase the
manufacturing cost of PSCs and may also impact their stability. For
instance, Domanski et al. [8] demonstrated that exposing PSCs to tem-
peratures of 70 °C is enough to induce the migration of Au or Ag atoms
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toward the perovskite layer, which promotes device degradation.
Furthermore, ambient conditions may trigger the decomposition of the
perovskite, and the out-diffused halides can react with the Ag electrodes,
forming silver iodide, which further impacts the overall PSC perfor-
mance [9,10]. Substituting Au and Ag with other metals, such as
aluminum, copper, and chromium (Cr), is encouraged to reduce the
overall cost of PSCs. However, exposing these metals to oxygen and/or
moisture induces oxidation, diffusion, and reactions with perovskite
decomposition products, also leading to degradation [11-14]. Nickel, an
earth-abundant and cost-effective material with a work function (WF)
comparable to that of Au, can also serve as BC. However, in inverted
PSCs, its WF leads to suboptimal band alignment, hindering charge
carrier extraction and ultimately reducing key photovoltaic perfor-
mance parameters [15].

As a result, finding inexpensive alternative materials for the BC re-
mains one of the primary goals for researchers working on PSCs. Carbon-
based materials have gained increasing attention due to their abun-
dance, low cost, sustainability, and ease of large-scale deposition.
Moreover, their excellent chemical inertness, electronic conductivity,
hydrophobic properties, and similar WF to noble metals make carbon
materials suitable for BC applications in PSCs [15-19]. Commercial
carbon materials are available in many forms, including carbon paste,
carbon black, carbon ink, carbon nanotubes, graphene and graphite.
These can be deposited using simple techniques such as doctor-blading,
printing, spraying, rolling transfer and painting [17,20].

The first report of a PSC with a carbon-based BC was made in 2013 by
Ku et al. [21], demonstrating a reasonable PCE value of 6.64 %. Since
then, numerous publications on regular PSCs using various forms of
carbon materials have been published [22-32]. However, such appli-
cations in inverted PSCs are rare. The use of carbon-based materials as
BCs in inverted PSCs is limited by: 1) the poor contact between the ETL
and BC, 2) mismatching energy level between the carbon WF and the
lowest unoccupied molecular orbital (LUMO) of the ETL, and 3)
degradation of the ETL and/or perovskite layer due to solvents when
carbon pastes are used [15]. Nonetheless, there have been a few reports
of carbon-based BCs in inverted PSCs. In 2017, Luo et al. [33] employed
a tin oxide (SnOs)-coated cross-stacked carbon nanotube
(SnO,@CSCNT) film as a cathode for both rigid and flexible substrates.
The SnO,@CSCNT-based PSCs showed enhanced photovoltaic perfor-
mance compared to pristine CSCNT-based devices, attributed to reduced
charge recombination. The rigid and flexible devices achieved PCE
values of 14.3 % and 10.5 %, respectively. However, the best performing
device presents a very complex structure: fluorine-doped tin oxide
(FTO)/nickel oxide (NiO)-perovskite/aluminum (III) oxide (AlyO3)--
perovskite/SnO2@CSCNT-perovskite. Jeon et al. [34] also demonstrated
that single-walled carbon nanotube (SWNT) films and graphene could
be used as bottom electrodes in flexible inverted PSCs. They further
reported the use of carbon nanotubes (CNT) as top electrodes, showing
that applying [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) solu-
tion directly on top of the CNTs improved the interfacial contact and the
electron-transporting ability of the devices. It was concluded that PCBM
had an n-type doping effect on CNT films, resulting in enhancedcon-
ductivity. As a result, a PCE value of 10.5 % was achieved in a device
with  the structure indium-doped tin oxide (ITO)/poly
(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS)/per-
ovskite/CNT-PCBM. In 2018, Zhou et al. [35] used polyethylenimine
(PED)-modified cross-stacked super-aligned carbon nanotube (CSCNT:
PEI) film as BC in inverted PSCs with the structure FTO/NiO,/per-
ovskite/PCBM/CSCNT:PEI. By modifying CSCNT with 0.5 wt% of PEI,
they achieved suitable energy level alignment and improved interfacial
charge transfer at the PCBM/CSCNT interface, which resulted in a sig-
nificant enhancement in photovoltaic performance, with a champion
PCE of 10.8 %.

Despite these promising results, all these studies employed complex
and expensive procedures to fabricate the CNT films, including chemical
vapor deposition, annealing processes, and cross-stacking of CNTs.
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These methods are not suitable for large-scale production. In 2020, Babu
et al. [36] successfully used commercial carbon paste as a BC in inverted
PSCs. After optimizing thickness and annealing conditions, they ach-
ieved a device structure of polyethylene terephthalate-indium zinc oxide
(PET-1ZO)/poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA)/-
perovskite/PCBM/Cr/carbon. They tested various buffer layers to act as
a mechanical shield, protecting the underlying layers from damage
caused by carbon film deposition. They found that a thin layer of ther-
mally evaporated Cr between the ETL and carbon electrode enabled
efficient electron collection. The champion Cr/carbon-based device
reached 15.18 % of PCE. Following the same strategy, Lukas et al. [37]
introduced a buffer layer of atomic layer deposited SnO, to prevent the
damage of the ETL induced by the carbon paste solvents. Furthermore,
to enhance electrical contact between the SnO5 and the carbon elec-
trode, an interlayer of PEDOT:PSS was also considered to suppress the
formation of an energy barrier, reaching a maximum PCE of 16.1 %.

While carbon pastes simplify BC fabrication, some challenges
remain, such as solvents migration from the carbon pastes into the inner
layers of the device, leading to degradation. Additionally, as demon-
strated by Babu et al. [36] and Lukas et al. [37], an interlayer is always
required to shield the underlying layers from damage during carbon film
deposition. An alternative carbon material with high conductivity is
carbon papers (CPs), originally developed as gas diffusion layers for
proton-exchange membrane fuel cells and later adapted as BCs in mes-
oporous regular PSCs [38,39]. However, to the best of the authors’
knowledge, CPs have never been used as BCs in inverted PSCs. Their
application is straightforward, as they can be used as received and
simply placed on the device surface, making them an attractive option
for large-scale PSC production.

In this work, the effective use of carbon paper as a BC in inverted
PSCs (electron collection at the BC) was demonstrated. This was ach-
ieved by introducing a thin layer of metal (7 nm) between the ETL and
the carbon electrode interface, enabling ohmic contact between these
layers and facilitating efficient electron collection. A combination of five
different carbon papers with metal interlayers of gold, silver, and mo-
lybdenum trioxide-doped gold (Au:MoOs) was tested, and the PSC de-
vice’s photovoltaic performance was evaluated. As a result, a champion
inverted PSC with a PCE of 15.6 % was obtained for a device with a 7 nm
film of Au:MoOj3 + CP as BC. Moreover, this strategy shows promise for
large-scale and/or flexible inverted PSC production.

2. Experimental
2.1. Materials

The FTO-coated glass substrates (7 Q-sq~!) were purchased from
Greatcell Solar Materials. PTAA and PCBM were purchased from Ossila.
Bathocuproine (BCP) was purchased from Sigma-Aldrich. The 4-fluoro-
phenethylammonium iodide compound (F-PEAI) was purchased from
TCI Europe N.V. Perovskite films were fabricated using lead iodide
(Pbl,) and lead bromide (PbBr3) from TCI Europe N.V., cesium iodide
(CsI) from Sigma-Aldrich, formamidinium iodide (FAI) and methyl-
ammonium bromide (MABr) from Greatcell Solar Materials. Acetone
and 2-propanol were purchased from VWR. Anhydrous solvents (2-
propanol, chlorobenzene, dimethyl sulfoxide (DMSO), N,N-dime-
thylformamide (DMF) and toluene) were purchased from Sigma-
Aldrich. Ag, Au and molybdenum oxide (MoO,) pellets were pur-
chased from Photon Export.

Five different commercially available carbon papers were tested:
LT2400W named here as CP1, was acquired from ELAT®, H14C10,
H23C7 and H24C5, named here as CP2, CP3 and CP4, were acquired
from Freudenberg group, and 28BC, named here as CP5, was acquired
from SIGRACET®. Table S1 in the Supplementary Information presents
the properties of the five carbon papers used in this study.
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2.2. PSC fabrication

The procedure used to fabricate the inverted PSCs was based on
methods reported elsewhere [40]. FTO-glass substrates were washed
with a 10 % Hellmanex aqueous solution followed by distilled water.
The glass substrates were then sequentially cleaned by ultra-sonication
with acetone and 2-propanol for 15 min in each solvent. The cleaned
substrates were dried with a nitrogen flow and treated with oxygen
plasma at 100 mW for 10 min before the deposition of active layers. All
depositions, except for the BC layer, were performed using a spin-coater
inside a No-filled glovebox.

First, the PTAA layer (1.5 mg mL! in toluene) was spin-coated at
2000 rpm for 40 s and then annealed at 100 °C for 10 min. After the
annealing step, the samples were washed with a 5 mg mL~! solution of F-
PEAI in DMF by spin-coating at 4000 rpm for 30 s. Next, the perovskite
film was deposited. A perovskite precursor solution of 1.2 M
Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 was prepared by mixing
different cations (Pb, Cs, FA, and MA) and halides (I and Br) in a solvent
mixture of DMF/DMSO 4:1, using an excess of Pbl; of 10 %. The
perovskite layer was fabricated using a two-step spin-coating procedure:
first at 1000 rpm for 12 s and then at 5000 rpm for 27 s. At 21 s during
the second spin-coating step, the antisolvent (a 0.125 mg mL ™! solution
of F-PEAI in a mixture of chlorobenzene/2-propanol 9:1) was dripped
onto the spinning substrate. Subsequently, the samples were annealed at
100 °C for 30 min. After the annealing process, the substrates were
cooled, and a 20 mg mL~! PCBM solution in chlorobenzene was spin-
coated onto the perovskite layer at 2000 rpm for 30 s (with a ramping
speed of 1000 rpm s~ 1). The PCBM films were then annealed at 100 °C
for 10 min. Next, a 0.5 mg mL ™! BCP solution in 2-propanol was spin-
coated at 4000 rpm for 30 s (with a ramping speed of 1000 rpm s 1)
as the buffer layer. For the carbon-based devices, different metal in-
terlayers made of Ag, Au, and Au:MoOs were thermally evaporated
under high vacuum (<3 x 10~® mbar) on top of the BCP layer. PSCs with
80 nm of Ag and Au were also prepared as references. The deposition of
all these layers was carried out applying the following deposition rates:
1) 0.01 nm-s~! until 4 nm, 2) 0.04 nm-s~! until 7 nm, 3) 0.07 nm-s~!
until 10 nm, 4) 0.10 nm-s~ ! until 20 nm, 5) 0.13 nm-s~ ! until 30 nm, 6)
0.15 nm-s~! until 50 nm, and 7) 0.20 nm-s~* until 80 nm. After depo-
sition was complete, the vacuum was released, and the PSCs were
removed to characterization.

2.3. Dummy cells fabrication

The preparation of dummy cells was similar to that of the complete
inverted PSCs, but only some of the layers were deposited: FTO/PCBM/
BCP/BC.

2.4. Characterization of films and devices

The PSCs were first characterized with only the metal interlayer
(Fig. 1a) to assess the main photovoltaic parameters. Then, the carbon
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papers were randomly placed on top of the stacked device, and the de-
vices were characterized again (Fig. 1b). Several batches of 16 cells were
prepared to assess reproducibility, and the results were statistically
analyzed.

The photocurrent-voltage (J-V) characteristics curves of the PSCs
were obtained by applying an external potential load and measuring the
generated photocurrent using a Zennium workstation (Zahner Elektrik,
Germany) controlled by the Thales software package (Thales XT 5.1.4).
The measurements were performed under AM 1.5 irradiation at 100
mW cm 2 (1 sun), supplied by a solar simulator (150 W Oriel class A).
The simulator was calibrated using a single-crystal Si photodiode
(Newport, USA). The scan speed and voltage step used were 20 mV s+
and 10 mV, respectively. The devices were characterized immediately
after their preparation, at room temperature and in ambient air. The
active area of the solar cells was defined by a shadowing black mask
with an aperture area of 0.196 cm?. Cyclic voltammetry was performed
on the dummy cells. These measurements were carried out by applying
an external potential load and measuring the generated photocurrent
using the same Zennium workstation (Zahner Elektrik, Germany),
controlled by the Thales software package (Thales XT 5.1.4). The work
functions of metallic BCs and carbon papers were determined using an
ultra-high vacuum Kelvin Probe (KPTechnology, Series 10) at ambient
pressure. X-ray photoelectron spectroscopy (XPS) was performed using a
KRATOS Axis Ultra HAS-Vision X-ray photoelectron spectrometer with a
monochromatic X-ray source (Al). Scanning electron microscopy (SEM)
characterization was carried out using a Phenom XL desktop SEM.
Digital microscope images were obtained using an achromatic lens and
CMOS image sensor. The surface morphology of the samples was
analyzed using an atomic force microscopy (AFM) (MFD-3D Infinity,
Oxford Instruments). Electrochemical impedance spectroscopy (EIS)
was conducted with a potentiostat (Metrohm Autolab, Netherlands) in
the frequency range of 100 kHz to 0.1 Hz, with an AC modulation signal
of 10 mV. EIS measurements were performed in dark conditions under
different applied potentials, ranging from open circuit potential to 0 V,
with 50 mV steps.

3. Results and discussion

Carbon papers are carbon-carbon composites consisting of carbon
fibers held together by a carbon matrix, typically formed after heat
treatment. CPs can be made hydrophobic by adding PTFE and can
feature a microporous layer to minimize contact resistance.

To identify the best-performing CP, each was tested by evaluating the
current-voltage (I-V) characteristics of dummy cells with the structure
FTO/PCBM/BCP/CP. Additionally, dummy cells with the structure
FTO/PCBM/BCP/metal were tested for Ag and Au, both with a thickness
of 80 nm. The results, shown in Fig. 2, revealed that the Ag and Au
devices exhibited linear -V characteristics between —1 V and 1 V,
indicating that metals formed an ohmic contact with the PCBM/BCP
layer, as expected. In contrast, the CPs showed slightly curved I-V
characteristics (non-ohmic contact) between —1 V and 1 V, suggesting

b

Metal

F-PEAI

F-PEAI
PTAA

Glass and FTO

Fig. 1. — PSC architecture used in this work a) without and b) with the carbon paper as back-contact.
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Fig. 2. - I-V curves of dummy devices (FTO/PCBM/BCP/BC). Insets: device
scheme and slope values (R) of the I-V curves.

charge accumulation at the PCBM/BCP and CP interface. Among the
carbon papers, CP1 exhibited the lowest ohmic resistance (highest
slope), followed by CP4, CP2, CP5 and CP3. Due to its high resistance,
CP3 and CP5 were discarded at this stage.

Complete inverted PSC devices with carbon papers as BC were
fabricated following the procedure described in section 2.2. It was
observed that charge extraction was not possible when using only car-
bon paper as BC, resulting in near-zero device performance. Previous
studies suggest that two main factors limit the use of carbon-based
materials as BC in inverted PSCs: 1) poor contact at the PCBM/carbon
electrode interface, and 2) energy level mismatch between the LUMO
level of PCBM and the WF of the carbon-based electrodes [35,37,41]. To
investigate the latter, the WF of Ag, Au, and CPs was measured. The
values obtained were —4.61 eV for CP1, -4.68 eV for CP2, -4.73 eV for
CP4, -4.71 eV for Ag, and —4.79 eV for Au. The observed differences
between the WF of CPs and noble metals are not sufficient to create a
potential energy barrier for charge carriers. Therefore, the poor device
performance may be attributed to the high ohmic resistance at the
PCBM/carbon interface, hindering charge collection. To address this
issue, an interlayer was introduced between the ETL and CP. Different
interlayer thicknesses, ranging from 4 nm to 15 nm, were tested using
either Au or Ag (Table 1 and Fig. S1-S11 in Supplementary Informa-
tion). Analyzing all these results, it can be concluded that the optimal
thickness of the metal interlayer should be determined based on the
relative performance improvement achieved when a CP is added. In this
study, a gold thickness of 7 nm was found to allow a 28 % PCE
improvement, while for 15 nm only 1.5 % is reached. This behavior can
be explained by the morphology of the metal layer: at 7 nm, the inter-
layer forms sharp peaks that establish discrete contact points with the
CP, resulting in low electrical resistance. For thicknesses below 7 nm,
there is insufficient material to create effective contact points.
Conversely, at thicknesses well above 7 nm, the metal tends to form a
continuous thin film, supporting efficient charge extraction alone; thus,
the addition of CP does not provide a significant improvement in
photovoltaic performance compared to thinner interlayers. This sug-
gests that CPs can effectively serve as electrodes in these devices. The
metal interlayer appears to play a crucial role in facilitating efficient
electron transfer to the CP, as indicated by enhanced performance.
However, despite the improvements, the high resistance at the ETL/CP
interface limits the overall PCE of PSC devices, preventing this approach
from being competitive with previously reported carbon-based BCs.
Consequently, an alternative strategy was explored to further optimize
the device performance.
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Table 1

Results of open-circuit voltage (V,.), short-circuit current (Js.), fill factor (FF)
and PCE of the best-performing PSCs under study, with and without CPs, under 1
sun (100 mW cm™2, AM 1.5 G, room temperature). In parathesis, the average
values and the standard deviation are presented.

Voe [V] Jse [mA - FF PCE [%]
cm ]
Au (80 nm) 1.08 (1.09 24.0 (22.7 0.773 (0.733 20.0 (18.1
+0.0163) + 0.693) + 0.0375) + 0.998)
Au interlayer (7 1.01 (0.981 12.8 (10.7 0.358 (0.325 4.59 (3.45
nm) + 0.0485) +1.61) + 0.0330) +0.795)
Au interlayer (7 1.04 (0.989 14.9 (13.4 0.408 (0.386 6.35 (5.11
nm) + CP =+ 0.0620) + 1.23) =+ 0.0296) + 0.837)
(Best-
performing
devices)
Ag (80 nm) 1.06 (1.07 23.5 (22.8 0.759 (0.687 18.8 (16.7
+ 0.0246) +1.13) + 0.0346) +1.01)
Ag interlayer (7 1.03 (1.02 13.9 (125 0.440 (0.414 6.26 (5.29
nm) =+ 0.0240) + 1.23) =+ 0.0752) + 0.964)
Ag interlayer (7 1.05 (1.04 16.2 (15.4 0.512 (0.476 8.65 (7.63
nm) + CP + 0.0244) + 0.570) + 0.0251) + 0.558)
(Best-
performing
devices)

Molybdenum oxide has emerged as a promising material for
enhancing the performance of carbon-based electrodes in inverted PSCs.
Jeon et al. [42] demonstrated the use of MoOj3 to dope a carbon-based
bottom electrode, leveraging its well-known stability and compati-
bility with carbon nanotubes and graphene electrodes [43-45].
Furthermore, MoO, has also been widely explored in regular PSCs, both
as a standalone BC material [46] and in combination with metals such as
aluminum [47] or gold [48], as well as an interlayer between the
HTL/BC interface [49,50]. Additionally, a recent work of Jiang et al.
[51] highlighted the effectiveness of a magnetron-sputtered molybde-
num rear electrode coupled with a bismuth buffer layer prepared by
thermal evaporation as a bilayer electrode in inverted PSCs. Despite
achieving a notable PCE this approach is not suitable for flexible sub-
strates nor for large-scale production due to the deposition methods
selected and the high temperatures reached during the deposition of the
active layers. Moreover, some literature suggests that bismuth’s life
cycle impact may be worse than lead in certain categories [52].
Nevertheless, the study proposes that molybdenum not only improves
charge extraction but also enhances the overall device stability, making
it a key material in the development of high-performance carbon-based
back-contacts.

Therefore, in this work, molybdenum oxide was used as a doping
agent for the metal back-contact. PSC devices with a thin 7 nm film of
thermally co-deposited Au:MoO, were fabricated. Films of Ag:MoOy
were not successfully deposited in our laboratory due to equipment
limitations and the proximity of the melting points of these materials.
XPS analysis was employed to investigate the surface chemical compo-
sition and elemental chemical states of the deposited interlayer (Fig. 3).
The survey spectrum reveals the presence of Mo, O, and Au elements on
the device surface (Fig. 3a). The Mo 3d spectrum (Fig. 3b) shows the 5/
2-3/2 spin-orbit doublet at 233.2 eV (Mo 3ds,2) and 236.3 eV (Mo 3d3,
2), corresponding to Mo®* in the MoOs state. Additionally, the O 1s
spectrum (Fig. 3c) displays a peak at 531.3 eV, attributed to O?>~ ions in
the oxide [53,54]. The O/Mo atomic ratio was determined to be 3.4,
which is close to the theoretical value of 3.0, confirming the formation of
MoOs. The Au 4f spectrum (Fig. 3d) shows two peaks at binding energies
of 84.5 eV and 88.2 eV, with a 3.7 eV separation between the spin-orbit
components, corresponding to elemental gold [55,56]. The atomic
concentration of Au in the Au:MoOs composite film was calculated to be
1.3. Additionally, the WF of the Au:MoO3 composite film was measured
to be —4.57 eV, matching the energetic levels of the CPs, as can be seen
in Fig. 4.
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Fig. 3. — a) XPS survey spectrum of the Au:MoOj3 film deposited as interlayer;
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Fig. 4. — Energy diagram of PSC materials and carbon papers. The energy levels
marked with * were measured by the authors, while the others were taken from
the literature [57-60].

Table 2 presents the best-performing devices and the statistical
analysis of the results obtained from the inverted PSCs with 7 nm Au:
MoOs interlayer, with and without CPs. From this table, it is clear that
the addition of the thin interlayer combined with the CPs improved the
photovoltaic performance of the devices. The best performance was
achieved with the Au:MoO3 + CP1 combination, resulting in a PCE of
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Table 2

— Solar cell parameters for the best-performing PSCs with 7 nm Au:MoO3
interlayer, with and without CPs, under 1 sun (100 mW cm ™2, AM 1.5 G, room
temperature). In parathesis, the average values and the standard deviation are
presented.

Voe [V] Jse [MA - FF PCE [%]
cm’2]

Au:MoO3 1.07 (1.06 + 9.04 (6.24 0.270 (0.468 2.61 (2.38
interlayer (7 0.0333) + 3.05) + 0.360) + 0.479)
nm)

Au:MoOs 1.12(1.12 + 21.6 (20.4 0.646 (0.644 15.6 (14.7
interlayer (7 0.00577) + 1.07) + 0.00667) + 0.801)
nm) + CP1

Au:MoOg 1.12(1.11 + 18.7 (17.7 0.527 (0.496 11.0 (9.82
interlayer (7 0.00878) + 1.00) + 0.0575) + 1.67)
nm) + CP2

Au:MoO3 1.09 (1.09 + 18.5 (18.4 0.497 (0.458 10.1 (9.20
interlayer (7 0.0188) + 0.568) + 0.0357) + 0.970)
nm) + CP4

15.6 %. The corresponding J-V characteristic curves are shown in Fig. 5.
Additionally, Table 2 shows that, although the CPs were used randomly,
CP1 delivered the best performance compared to CP2 and CP4.
Furthermore, during the characterization of the PSCs, it was also
observed that CPs can be reused multiple times without compromising
their performance. This reusability further motivates the use of CPs as
BCs, improving the sustainability of PSCs and reducing their
manufacturing costs.

Fig. 6 shows SEM and AFM images of PSC devices with 7 nm Au and
7 nm Au:MoOs interlayers. The SEM images reveal that the 7 nm Au
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Fig. 5. — J-V characteristic curves for the champion PSC devices with 7 nm Au:
MoOj; interlayer, with and without the CPs, under 1 sun (100 mW cm~ 2, AM
1.5 G, room temperature).

interlayer consists of discrete gold spots (Fig. 6a). Additionally, the
surface roughness of the 7 nm Au sample (Fig. 6¢) is higher than that of
the 7 nm Au:MoOs interlayer, as the thin Au interlayer does not fully
cover the PSC surface. In contrast, the SEM and AFM images of the Au:
MoOs interlayer (Fig. 6b and d, respectively) show a more uniform and
smoother film, with Au more evenly distributed across the surface rather
than forming agglomerated spots, resulting in reduced surface rough-
ness. It is hypothesized that the improved surface coverage of the Au:

a
C
A \
oTem
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<000
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MoOgs interlayer reduces charge recombination at the PCBM/BC inter-
face. The smoother, more continuous surface likely minimizes defects
and irregularities at the interface, which are commonly associated with
recombination losses. This enhanced interface quality, combined with
more efficient charge extraction, contributes to the higher photovoltaic
performance observed with the Au:MoOs interlayer compared to the Au-
only interlayer.

To further investigate the charge transfer, EIS analysis was per-
formed on the complete devices with 7 nm Au:MoOs + CPs as BC. The
interfacial charge transfer and interfacial transport resistance at the BC
were modeled as a parallel constant phase element (CPE) and a resistor
element circuit, as illustrated in Fig. 7 [39]. The parameters of this
model for the characterized devices are provided in Table 3. Consistent
with the results in Table 2, CP1 exhibits the lowest interfacial electric
resistance, followed by CP2 and CP4. This can be attributed to the
well-organized and dense matrix of carbon fibers beneath the micro-
porous layer in CP1, as shown in Fig. 8a-d; comparing CP2 and CP4,
both present similar fiber organization. However, the lower density of
carbon fibers and the presence of voids between them may explain why
CP2 (Fig. 8g-h) outperforms CP4 (Fig. 8k-1), despite the similar orga-
nizational structure.

As previously mentioned, in addition to cost considerations, the
sustainability of materials used in PSC is crucial. Equally important is
understanding the environmental impact of these materials. This can be
effectively evaluated using the life cycle assessment (LCA) methodology,
which is currently the most prevalent method for assessing the envi-
ronmental impacts of a product across its entire life cycle [61,62]. So, a
LCA study was conducted to understand the environmental impacts of
the novel BC under study: 7 nm Au:MoOs + CP. Moreover, the envi-
ronmental performance of the noble metal-based BCs with 80 nm Ag and
80 nm Au was also assessed. A “cradle-to-gate” approach was employed,
focusing exclusively on the manufacturing phase of the BCs. Since this
analysis concentrates solely on the production stage of the BC, the active

053w

Fig. 6. — SEM and AFM surface morphology analysis: SEM top-view images of a) 7 nm Au interlayer, b) 7 nm Au:MoOj interlayer (the scale bar is 2 pm for both

images); AFM images of ¢) 7 nm Au interlayer and d) 7 nm Au:MoOs interlayer.
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Fig. 7. — Nyquist plots for PSCs with the combined 7 nm Au:MoOj interlayer +
CPs. Inset: equivalent circuit.

Table 3
— Fitting results of the RC impedance model used to characterize the systems 7
nm Au:MoOs interlayer + CPs.

Carbon paper R [kQ] CPE [F] n

CP1 24.10 2,914 x 1078 0.95
Cp2 37.75 2.718 x 1078 0.95
CP4 41.08 2.867 x 107® 0.95

Carbon 245 (2025) 120830

area of a PSC (2.88 c¢cm?) was selected as the functional unit (FU).
Choosing a unit area as the FU enables a more objective and direct
comparison between the different BCs, independent of their efficiency or
power output.

The ReCiPe 2016 midpoint method with an egalitarian perspective
was used to evaluate environmental impacts [63]. The egalitarian
perspective was chosen for its precautionary nature, as it considers all
potential environmental impact pathways. This perspective is also
considered the most conservative, or pessimistic, in its assessment [64].
The ReCiPe 2016 method evaluates the following 18 potential envi-
ronmental impact categories: Global Warming (GW, kg CO;y eq.),
Stratospheric Ozone Depletion (SOD, kg CFC-11 eq.), Ionizing Radiation
(IR, kBq Co-60 eq.), Ozone Formation Human Health (OFHH, kg NOx
eq.), Fine Particulate Matter Formation (FPMF, kg PM2.5 eq.), Ozone
Formation Terrestrial Ecosystems (OFTE, kg NOx eq.), Terrestrial
Acidification (TA, kg SO3 eq.), Freshwater Eutrophication (FETP, kg P
eq.), Marine Eutrophication (METP, kg N eq.), Terrestrial Ecotoxicity
(TECT, kg 1,4-DCB), Freshwater Ecotoxicity (FECT, kg 1,4-DCB), Marine
Ecotoxicity (MECT, kg 1,4-DCB), Human Carcinogenic Toxicity (HCT,
kg 1,4-DCB), Human Non-Carcinogenic Toxicity (HNCT, kg 1,4-DCB),
Land use (LU, m?a crop eq.), Mineral Resource Scarcity (MRS, kg CU
eq.), Fossil Resource Scarcity (FRS, kg oil eq.), and Water Consumption
(WG, m®).

Since environmental impacts are attributed to the FU, this is an
attributive LCA study designed to facilitate direct comparison between
the BCs. Portuguese and/or European conditions were considered
wherever possible. The life cycle inventory (LCI) relies on primary data

Fig. 8. — Digital microscope and SEM images of CPs surfaces: a), b) microporous layer and c), d) carbon fibers of CP1; e), f) microporous layer and g), h) carbon fibers

of CP2; and i), j) microporous layer and k), 1) carbon fibers of CP4.
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obtained from laboratory-scale manufacturing of the BCs. The back-
ground processes include the production and transportation of raw
materials to the production site, as well as the generation of the
consumed energy, considering the distance from the supplier to the
laboratory. For silver, gold, and molybdenum, LCI data were sourced
from the Ecoinvent database v3.9.1, accessed via SimaPro™ v9.5.0.1
software (PhD version). For the carbon paper, data were gathered from
the literature, with calculations performed to adjust the data to the FU
chosen for this study. Material and energy inventory data for the
manufacturing of BCs are provided in Table 4.

Fig. 9 presents the environmental impact results for the various BCs
under study. The absolute values are provided in Table S3 of the Sup-
plementary Information. As expected, the 80 nm Au BC exhibits the
highest environmental impact across all categories. Depending on the
impact category, the 80 nm Ag may either exceed or fall below the
impacts associated with the 7 nm Au:MoOs BC. In particular, for the
categories MRS, HNCT, MECT, and FECT, the 80 nm Ag BC demonstrates
lower environmental impacts compared to the 7 nm Au:MoOs. This
trend can be attributed to the comparatively higher ecological burden of
gold extraction, which involves the use of toxic substances such as
mercury and cyanide, as well as significantly greater energy re-
quirements than silver mining. Conversely, for the remaining categories,
the 7 nm Au:MoOs3 BC presents a lower environmental impact than the
80 nm Ag BC. Notably, in the global warming category, which is closely
associated with carbon emissions from energy consumption, the 7 nm
Au:MoOs3 BC reports a substantially lower impact of 0.24 kg CO; eq.,
compared to 1.87 kg CO3 eq. for the 80 nm Ag BC.

4. Conclusions

Replacing noble metal-based back-contacts in PSCs with low-cost
alternative materials is essential for reducing production costs and
enhancing the competitiveness of PSC technology against commercially
available options. Carbon-based materials, due to their abundance, low
cost, and sustainability, are gaining increasing attention in this context.
This study demonstrates that carbon papers made from carbon fibers can

Table 4
— Life cycle inventory results for the production of the different back-contacts.
Back- Material/ Amount Unit Comments
contact Equipment
7 nm Au:  Au 1.23 x g Amount of gold deposited in
MoO; 1073 1 PSC. LCI data source
+ CP obtained from the
Ecoinvent v3.9.1.
MoO3 4.07 x g Amount of molybdenum

1074 deposited in 1 PSC. LCI data
source obtained from the
Ecoinvent v3.9.1.

Thermal 4.60 kWh  Energy consumed by the
evaporation equipment during 7200 s.
(Power: 2300 W)
Ccp 1.73 x g Amount of carbon paper
102 used in 1 PSC. LCI data
source obtained from
Ref. [65].
80nmAg Ag 2.50 x g Amount of silver deposited
1072 in 1 PSC. LCI data source
obtained from the
Ecoinvent v3.9.1.
Thermal 5.75 kWh  Energy consumed by the
evaporation equipment during 9000 s.

(Power: 2300 W)
80nmAu Au 5.00 x g Amount of gold deposited in
1072 1 PSC. LCI data source
obtained from the
Ecoinvent v3.9.1.

Energy consumed by the
equipment during 12 600 s.

Thermal 8.05 kwh
evaporation
(Power: 2300 W)
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Fig. 9. — Comparison of the life cycle impact assessment results of different
back-contacts (impact per cm?).

serve as efficient back-contacts in inverted PSCs for electron collection
at the BC. To optimize performance, a thin 7 nm metal interlayer was
introduced between the ETL and the carbon electrode. The best-
performing device with 7 nm of Au + CP interlayer achieved a PCE of
6.35 %, while the device with a 7 nm of Ag + CP interlayer reached a
PCE of 8.65 %. Additionally, it was found that a 7 nm thermally co-
deposited Au:MoOs interlayer significantly improved charge extrac-
tion, resulting in even higher-performing devices. The champion device
with CP1 achieved an impressive 15.6 % PCE, one of the highest re-
ported values for carbon-based inverted PSCs. As previously mentioned,
the carbon papers used in this work exhibit excellent chemical inertness
and hydrophobicity, which are crucial in extreme conditions of moisture
and temperature. In addition to being carbon-based, most CPs undergo
hydrophobic treatment, further enhancing their suitability as BCs for
achieving long-term stable PSCs. The flexibility of CPs and the ability to
pattern them into various shapes are other notable features when
considering large-scale and/or flexible PSC production.
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