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Interfacial engineering for high
performance carbon-based
perovskite solar cells

Megan Brown and Dawen Li*

Department of Electrical and Computer Engineering, The University of Alabama, Tuscaloosa, AL,
United States

Perovskite solar cells fabricated with carbon-based counter electrodes
demonstrate decreased cost, enhanced simplicity and speed of production,
and increased stability compared to those produced with standard metallic
electrodes. This significant improvement of device stability, cost reduction,
and production scalability indicates a promising direction for commercial
development and availability of perovskite solar technology. The main
limitation of carbon-based perovskite devices is the flawed contact between
the carbon electrode and perovskite film which decreases device quality and
performance, thereby necessitating treatment of the carbon/perovskite interface.
This review provides an overview of the current state of carbon-based perovskite
devices, discusses progress in carbon/perovskite interface modification methods,
and suggests future directions for the research of carbon electrode/perovskite
film interface manipulation.
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1 Introduction

Perovskite solar cells (PSCs) have developed rapidly since 2009, when the material was
first investigated for use in photovoltaic devices as a light absorption layer. Due to the halide
composition of perovskite material, perovskite precursor is cheap, easy to produce, and has
a versatile and bandgap tunable crystal structure (Cheng and Lin, 2022). Perovskite
materials can be produced in a wide variety of organic, inorganic, and hybrid makeups
(Li et al, 2022; Zhang et al, 2023; Ling et al., 2019). As of 2024 PSCs have reached
photoelectric conversion efficiency (PCE) values of over 26%, which is comparable to the
PCE of silicon-based solar cells. However, the technology struggles with long-term device
stability and is especially vulnerable to perovskite degradation due to moisture and
increased temperature during operation (Bogachulk et al., 2020; Bidikoudi and Stathatos,
2023; Wu et al., 2019; NREL; Wang R. et al., 2019; Grancini et al., 2017).

PSC structures typically contain the layers of conductive glass substrate, electron
transport layer (ETL), perovskite absorber, hole transport layer (HTL), and metallic
electrode. These layers can be configured to form negative-intrinsic-positive regular
(n-i-p) structures and positive-intrinsic-negative/inverted (p-i-n) architectures that are
additionally categorized as planar or mesoscopic depending on the inclusion of an extra
mesoporous layer. The low crystallization energy of perovskite precursor allows perovskite
film to be fabricated by solution processing at room temperature, which establishes the
potential for cost-effective large-scale production of perovskite solar cells (McMeekin et al.,
2019). However, the metallic electrode layer of PSCs—which is usually composed of gold or
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silver—introduces high material costs and additional time and
energy consumption to the fabrication process through the
necessity of vacuum deposition (Gan et al, 2023). Atom/ion
migration and corrosion of the metallic electrode also decrease
the stability of PSCs. As such, an alternative for metallic
electrodes has been found in carbon electrodes (CEs). CEs are
low cost, can be fabricated with simple processes in ambient
conditions, and have a chemically stable nature and hydrophobic
properties that can improve the stability of PSCs. The switch to
utilization of CEs introduces vast improvements to the primary
issues of PSC commercialization: long-term device stability and
scalable production (Baranwal et al., 2016). This review aims to
discuss the current state-of-the-art carbon-based PSCs (C-PSCs)
and recent developments related to the technology’s main issue:
poor contact between the carbon electrode and perovskite light
absorption layer. Interfacial engineering shows great potential as a
method for improving C-PSC performance and long-term stability
(Dong et al, 2021; Ye et al, 2019). Pertinent background
information related to this technology includes the strengths and
weaknesses of C-PSCs, typical device structure, and the material
compositions of carbon electrodes (Section 2). This comprehensive
discussion of interfacial engineering for the improvement of C-PSC
performance will examine methods including the addition of buffer
layers and layer treatments (Section 3), CE doping and CE solvent
choice (Section 4), perovskite crystallization control (Section 5), and
the impact of these methods on perovskite solar module (PSM)
production (Section 6).

2 Background

2.1 Benefits and limitations of carbon-based
perovskite solar cells (C-PSCs)

The use of carbon counter electrodes for PSCs has the primary
benefit of increased device stability compared to reference metal-
based PSCs. This is due to the hydrophobic properties, thermal
stability, and chemical inertness of the carbon material, as well as
that carbon does not exhibit the atom/ion migration and corrosion
that affects PSCs with metallic electrodes (Wang et al., 2020; Qiu
etal,, 2019; Fagiolari and Bella, 2019; Zhao et al., 2024). Degradation
due to moisture is a significant source of instability for perovskite
materials, making the hydrophobicity of carbon an essential factor
of C-PSC stability improvement (Boyd et al., 2019; Calabro et al.,
2020). Carbon is less expensive than the materials that make up
metallic electrodes—most often the precious metals gold and
silver—but has a work function value close to that of gold
(Zouhair et al, 2024). In addition, carbon electrodes can be
fabricated through solution processing in ambient conditions,
making the production process more simple and cost-effective
than the vacuum deposition which is necessary for metallic
electrode formation (Beynon et al, 2023; Zhu et al, 2021;
Tountas et al, 2023). In particular, C-PSCs can be produced
without a hole transport layer (HTL), reducing fabrication costs
and complexity and eliminating a source of recombination loss of
charged carriers within the device (Sulistianto et al., 2024). These
factors increase the commercialization and large-scale production
viability of carbon-based devices compared to metal-based PSCs (Yu
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et al., 2023). CEs can also be utilized in the fabrication of flexible
PSCs (Peng et al,, 2021). Current C-PSCs have lower PCE values
than reference metal-based devices, which is attributed to multiple
factors including the lower conductivity of carbon electrodes versus
metallic electrodes, poor contact between the carbon electrode and
perovskite film layer (causing voltage loss), and unfavorable
mismatch between the CE and perovskite film energy levels
(Nazir et al., 2022; Chen and Yang, 2019; He et al., 2019; Zhang
etal, 2020). Currently, the highest certified PCE value for C-PSCs is
21.9% (Wang Y. D. et al., 2022; Aji et al., 2024).

2.2 C-PSC device structure

Nowadays, C-PSCs are typically fabricated at low-temperature
conditions (LT) with planar architectures. Since this review focuses
on the current state-of-the-art C-PSCs, the historical development,
including obsolete high-temperature processing and complex
mesoscopic architectures, can be found in the referenced review
articles (Bogachuk et al, 2020; Bidikoudi and Stathatos, 2023;
Gonzilez et al., 2022). Due to the similarity to metallic electrode
device structures, previously explored perovskite device
modifications such as crystallization control techniques and
passivation methods can be applied to C-PSCs. In contrast with
standard PSCs, HTL inclusion is optional in C-PSC fabrication
(Maniarasu et al., 2018; Chen and Yang, 2017). Due to poor contact
and high rates of recombination at the carbon electrode/HTL
interface, many C-PSCs are fabricated without a HTL (Gonzdlez
et al., 2022). As such, carrier extraction efficiency is an important
metric for device performance in HTL free C-PSCs and is affected by
the quality at the perovskite/carbon contact (Chen et al,, 2019). The
exclusion of HTLs can also decrease production cost and
complexity, facilitating commercial scalability (Zhang et al,
2019). However, the addition of modified HTLs into C-PSC
structure can improve device performance and has been explored
in cases with resulting improvement to the carbon/perovskite

interface quality, PCE, or device stability (Aung et al., 2022).

2.3 Carbon electrode composition

The material characteristics of the type of carbon selected for a
CE have a significant impact on the performance of C-PSCs. The
most common carbon compositions utilized in C-PSCs include
graphite, graphene, carbon black, carbon nanotubes, and
composites of these carbon allotropes (Pandey et al, 2023).
Factors affecting the conductivity of the CE include the carbon
particle size, the interconnection of the particles, and the
film thickness.

Graphite is a common, inexpensive allotrope of carbon and has
multiple variants with beneficial characteristics. The size of graphite
particles is related to improved CE/perovskite layer contact and hole
collection efficiency, with smaller particle sizes having a larger area
of surface contact and increased contact quality. The microcrystal
height of graphite flakes is indirectly related to the sheet resistance of
the resulting CE. Porous graphite is highly hydrophobic, which
improves PSC stability, and ultra-thin graphite has increased surface

area without a change in the material conductivity, which results in
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air and with maximum power point tracking (Lu et al., 2023).

improved contact and hole collection. Nevertheless, graphite CEs
have a relatively high defect density compared with metallic
electrodes. Graphene is a single layer of honeycomb-structured
carbon atoms with high conductivity and strength. These
characteristics, along with the transparency of graphene sheets,
make graphene CEs well suited for flexible applications. Carbon
black (CB) has a hexagonal sheet structure consisting of aggregate
carbon particles. CB has a relatively low resistivity and nano-CB has
reduced pore space, which improves the conductivity, CE/perovskite
contact, and hole extraction capabilities. Carbon nanotubes (CNT's)
are hollow cylinders made from sheets of graphene that exhibit high
conductivity, strength, and flexibility (Zhang et al., 2024a). They are
also transparent and can be used in flexible and bifacial PSCs, but are
vulnerable to oxidation and corrosion. The incorporation of CNT's
into perovskite material has resulted in passivation effects and
improved charge mobility (Lin et al., 2020).

Composite CEs are created from multiple types of carbon with
the goals of the resulting CE having high conductivity, ease of
processing, and low cost. Common composite CE compositions
include CB mixed with graphite or graphene. For a comprehensive
discussion of carbon allotropes for CE applications please refer to
Reference (Meng et al., 2024). A variety of fabrication methods can
be utilized to produce CEs for photovoltaic applications. Methods
such as blade/doctor coating, screen printing, inkjet printing, and
slot-die coating are often chosen for their low costs, scalability,
adaptability, and compatibility with low-temperature production
environments. The composition of the CE and its compatibility with
the perovskite film is one of the factors that determines the interface
quality between device layers (Yue et al., 2016).

3 Carbon electrode/perovskite layer
interface manipulation

As discussed, poor contact between the CE and perovskite film
layer is one of the primary obstacles to be overcome to improve the
PCE of C-PSCs (Zhang et al.,, 2018; Meng et al., 2019; Chu et al,,
2020). Interface contact quality is also a determining factor of long-
term device stability (Xiao et al., 2017; Niu et al., 2016). To this end,
the CE/perovskite
improvement via enhancing the compatibility between the two

interface can be modified for possible

layers. The properties that can be enhanced include CE layer
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extraction,
and moisture

conductivity, transfer and material
morphology, CE/

perovskite contact quality also significantly impacts charge

charge
defect density, resistance.
recombination at interfaces (Qiu and Yang, 2020). In general,
interface modification techniques involve manipulating the
carbon material, the perovskite film, or both, as well as the
addition of a distinct interfacial layer. Section 3 of this review
focuses on strategies for the addition of interfacial buffer layers.
The addition of a buffer layer at the CE/perovskite film interface
is a common method used to improve the interface contact and
overall device performance and stability, though the inclusion of a
buffer layer can add additional fabrication steps and costs to C-PSC
production. The interfacial layer typically passivates surface defects
to reduce nonradiative recombination and serves as a bridge to
facilitate charge transport and collection by establishing a favorable
energy level alignment. Lu et al. (2023) added a polythiophene
(P3HT) layer in between the NiOx HTL and perovskite film,
resulting in a PCE of 20.8% with high stability. The device
structure of ITO/SnO,/MAPbI;/P3HT/NiOx/CE,
including a blade coated carbon black and graphite powder

followed a

electrode. This CE was modified (m-Carbon) and consisted of a
diluted carbon layer followed by an undiluted layer to facilitate
charge collection. The P3HT buffer layer reduced charged carrier
recombination loss, prevented corrosion of the perovskite absorber
from the CE, and inhibited moisture infiltration. The inorganic/
organic NiOx and P3HT composite HTL is a dense and pin-hole free
film, working together to minimize degradation of the perovskite
film. The performance enhancement is also partially ascribed to the
improved alignment between the MAPbI; perovskite and NiOx
energy levels with addition of P3HT buffer layer. The incorporation
of the P3HT buffer layer, along with modified carbon electrode,
increased the PCE to 20.8% as compared to the 13.4% from the
reference devices with NiOx HTL only, as shown in Figure 1A. As
the P3HT layer also enhanced the hydrophobicity of the underlying
perovskite film, the champion device retained over 80% efficiency
after 300 h in ambient air at 40%-50% relative humidity and at its
maximum power point, as shown in Figure 1B. The optimal
thickness for the P3HT layer was found to be approximately 25 nm.

The same group, Li Y. Q. et al. (2023) achieved a device with
20.14% PCE with a PSC structure of ITO/SnO,/FAq¢ MA 4Pbls
perovskite/P3HT/CTAB-doped NiOx (m-NiOx)/CE by adding alkyl
ammonium bromide (CTAB) to the NiOx layer. The device included
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(LiY. Q. etal, 2023).

ablade coated CE and a FA( sMA 4Pbl; perovskite composition and
developed ohmic contact at the CTAB-doped NiOx/CE interface.
The CTAB-doping modified the NiOx work function to facilitate
hole transport at the P3HT/m-NiOx interface and collection at the
CE contact as shown in Figure 2A. Compared to those PSCs with
P3HT and composite P3HT/NiOx HTLs, the PSCs with P3HT/
modified NiOx composite HTLs demonstrated enhanced PCE, as
shown in Figure 2B. The bilayer HTL again demonstrated reduced
degradation of the perovskite layer from the CE solvents during
fabrication. Compared to the PSCs with P3HT HTLs only, which
retained 80% of the initial PCE after 150 h, the PSCs with composite
P3HT/m-NiOx HTLs demonstrated a stability of 95% efficiency
retained after 275 h when measured at maximum power point.

Interface manipulation at multiple layer boundaries can also be
applied to improve the favorable properties of C-PSC devices. Li S.
Q. et al. (2023) fabricated a HTL free device with dual interface
modification, applying FABr to the bottom of the perovskite
absorber and FAI to the top of the perovskite layer. The ITO/
SnO,/FABr/MAPDI3/FAI/CE structured device was fabricated in
ambient air conditions and included a blade coated CE consisting
of a commercial carbon paste. The FAI solution was deposited on
top of the CE and was allowed to stand on the surface prior to
annealing, filling in gaps between the CE and perovskite layers. This
interface manipulation resulted in increased CE/perovskite layer
contact quality, perovskite crystallinity, and hydrophobicity for the
device. The underlying FABr layer was used to regulate the
composition at the bottom region of the MAPDbI3 perovskite
films and enhance the SnO,/perovskite interface quality. The
inclusion of dual interface modifications also reduced the
interface defect density and resulted in a favorable energy level
alignment. The champion device had a PCE of 17.49% in air and a
stability of 96% efficiency retained after 1,440 h in ambient air
conditions. A vast improvement in stability performance resulted
from both bottom interface modification (BIM) only and dual
interface modification (DIM).

Zou etal. (2023) added a mixture of zinc phthalo cyanine (ZnPc)
and CsPbBr; quantum dots on the top of the CsPbBr; perovskite as
an interfacial layer, resulting in a passivation effect, improved layer
contact, and optimized energy alignment at the CE/perovskite
interface. Although the PCE was just above 10%, the device

Frontiers in Energy Research

exhibited decreased surface roughness and unencapsulated
stability of 99.5% efficiency retained after 6 months (or approx.
4,380 h) in ambient air at approx. 30% relative humidity. The
improved performance with the ZnPc mixed CsPbBr3 QDs
modification layer was attributed to passivation of interface trap
states and optimized energy level alignment, enhancing carrier
extraction and reducing non-radiative charged carrier
recombination. Though the device PCE is less than 50% of the
current highest C-PSC PCE, the extended ambient air stability of
this device is highly promising for the long-term stability necessary
for C-PSC commercialization—demonstrating the significance of
interfacial buffer layers in the advancement of C-PSC technology.

Zhang et al. (2024b) utilized a surface passivating agent,
potassium laurate (KLA), for effective dual-active-site passivation
in a ITO/SnO,/FAMAPDI;/KLA/CE structured device. The KLA
passivator with both carboxylate groups and K+ cations
synergistically passivated uncoordinated Pb** and I" anionic
defects, thereby
recombination at the perovskite/CE interface. The KLA materials

suppressing non-radiative charged carrier
within the perovskite film at optimal concentrations also improved
the morphology of the perovskite film and increased the perovskite
grain size. In addition, the KLA treated device showed improved
energy level alignment between the perovskite film and both the
SnO, ETL and CE. The champion device resulted in a reduction of
hysteresis, a PCE of 16.10%, and retained 85% of its initial PCE after
1,440 h of storage in an ambient air environment at 20°C-25°C and
50%-60% relative humidity. In comparison, the reference device
retained only 64% of its initial PCE under the same duration and

conditions.
Tang et al. (2024) utilized various alkylammonium
chlorides—including  butylammonium  chloride = (BACI),

octylammonium chloride (OACI), and decylammonium chloride
(DACI)—as passivating interface layers within their HTL free ITO/
SnO,/FAMAPDI;/CE structured devices. These alkylammonium
chlorides were used to form 2D perovskite structures at the 3D
perovskite boundary as shown in Figure 3A. The surface passivation
with alkylammonium chlorides resulted in improved uniformity of
perovskite grain sizes, reduced defects at grain boundaries, and
created favorable energy level alignment between the perovskite film
and the composite carbon black/graphite flake CE. The DACI device
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showed the best performance, demonstrating reduced nonradiative
recombination, the lowest defect density, and a PCE of 16.56%
compared to the reference’s 14.43% (Figure 3B). The devices
underwent multiple stability tests, including 700 h of ambient
storage at approximately 20°C and 20%-60% relative humidity
where the OACI and DACI devices retained over 80% of their
initial PCE:s to the reference device’s over 55% as seen in Figure 3C.

Interface engineering at interfaces other than the CE/perovskite
film contact also exhibits significant improvements in C-PSC
performance and stability. Wang H. L. et al. (2024) demonstrated
improved perovskite crystal size and film morphology, efficient
carrier extraction, and passivation of defect states through the
inclusion of a thin naphthaleneimide derivative (CATNI) based
interfacial layer between the perovskite layer and SnO, ETL. The
fabricated PSC device was fully printed, utilizing a 2D
FA(4MA, ¢Pbl; perovskite and resulting in a 18.9% PCE, which
is primarily attributed to the enhanced open-circuit voltage (Voc).
This PSC had a stability of 95.5% after 1,000 h in dark conditions at
30% relative humidity and 25°C where the reference device retained
only 88% efficiency. In another stability test the CATNI modified
device retained 44% efficiency after 300 h under continuous 1 sun
illumination versus the reference device’s 23% retained.

The quality of the ITO/ETL interface can also affect C-PSC device
performance. Tian et al. (2021) fabricated C-PSCs with a device
structure of ITO/APTES-linked C4, ETL/CsMAPDI;/CE, in which
a self-assembled monolayer of 3-aminopropyl triethoxysilane
(APTES) serves as a “molecular glue” to strengthen the adhesion
at the ITO/Cyy ETL interface through chemical interaction and
bonding. The research group utilized a premade carbon paste and
blade coating for the CE fabrication process. The APTES-modified
ITO preserved the integrity of the C¢o ETL upon blade coating of
perovskite layer, resulting in a self-encapsulation effect and reduced
hysteresis as well as improved contact quality at the ETL/perovskite
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film interface to facilitate the interfacial charge extraction and decrease
the charged carrier recombination. The champion device had a PCE
of 18.64% and retained almost 100% efficiency after 3,000 h in
ambient storage without exhibiting measurable degradation,
possibly due to the increased hydrophobicity from the self-
encapsulation effect of APTES-linked Cgo ETL.

Xiao et al. (2023) added a tunnel oxide insulating layer at the
interface of a mesoporous TiO, ETL and perovskite absorber. The
resulting HTL free C-PSC with a FTO/c-TiOp/meso-TiO,/TOP/
MAPDI;/CE device structure demonstrated a PCE of 14.96% with
significantly high stability. This champion device was air processed
and fabricated with a ZrO, tunnel oxide passivating (TOP) layer and a
doctor bladed CE. The insulating TOP layer decreased recombination
and improved contact at the interface in addition to creating a
passivation effect. This resulted in a device with a stability of
88.9% efficiency retained after 11,520 h of ambient storage.
Passivation effects within C-PSC device structures reduce layer
defect density and increase charged carrier lifetimes, improving
device performance (Sun et al, 2021). Figure 4 shows the
impressive stability of device parameters over an extended storage
period. Xu et al. (2024) incorporated GUA,SO, as a dual interface
passivation material within their printable mesoscopic C-PSCs. This
passivator primarily affected the buried interface—the interface
between the perovskite film and the TiO, ETL—and produced
low-dimensional ~perovskite ~structures near the film grain
boundaries. The inclusion of GUA,SO, resulted in improved
energy level alignment, carrier extraction, and a device PCE of 18.70%.

Carbon materials can be integrated into other areas of C-PSC
device structure in addition to the CE to improve interfacial contact
and device performance (Wang Y. et al,, 2019; Hui et al,, 2020).
Wang Y. D. et al. (2022) incorporated defective multi-walled CNTs
(D-MWCNTs) into a spiro-OMeTAD HTL, improving the contact
quality between the HTL and the graphene CE for rapid charge
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Measurement of unencapsulated device photovoltaic
parameters over duration of storage in room temperature, dry air at
50% relative humidity (Xiao et al., 2023).

transfer and collection, as seen in Figure 5. This carbon incorporation
resulted in a certified PCE of 21.9%, which is the current record
efficiency for C-PSCs (Wang Y. D. et al, 2022). The addition of
D-MWCNTs allowed improved energy level alignment between the
HTL and CE, and the seamless connection between the HTL and
carbon electrode increased conductivity at the interface. The device
reached a PCE of 22.07% (uncertified) compared to the unaltered
spiro-OMeTAD reference device’s 17.57% and retained 95%
efficiency after 800 h at continuous illumination and MPP tracking.

Carbon quantum dots (CQDs) are nanoscale particles that have
high stability and are easily dispersed within solvents (Kim et al.,
2020). Tang et al. (2021) used functionalized CQDs to passivate the
surface of the MAPDI; perovskite film surface in their FTO/TiO,/
MAPDI;/CQD/commercial CE structured device. The addition of
the CQDs interfacial layer resulted in larger perovskite crystal
grains, increased carrier lifetime due to reduced defect density,
and favorable energy level alignment. The hydrophobic properties
of the device were also improved, which decreased moisture induced
degradation. The A-CQD device had a PCE of 13.97% with a
stability of 80% efficiency retained after 840 h of storage at 35%
relative humidity. Moreover, the incorporation of carbon materials
into PSCs shows positive impacts even for devices with metallic
electrodes. The same group Xu et al. (2021), incorporated CQDs into
the perovskite precursor, the ratio of which was determined through

w/o D-MWCNT

Perovskite

S0, o
——— §00nm

FIGURE 5

10.3389/fenrg.2024.1463024

the relative weight of CQD to MAI precursor mass. This modification
resulted in the growth of larger CH;NH;Pbl; perovskite crystals with
less defects for improved charge transport and recombination
reduction and a highly hydrophobic surface to improve stability.
Liu et al. (2023) embedded CQDs into the SnO, ETL of a PSC with a
metallic electrode, resulting in improved contact quality and charge
transfer at the ETL/perovskite film interface. This method reduced the
ETL surface roughness and increased ETL conductivity as well as
increasing the grain size of the FAPDI; based perovskite and creating
passivation and energy level alignment effects. The champion device
showed a PCE of 24.05% and stability of over 84% efficiency retained
after 1,000 h at 1 sun illumination. The device stability was also
evaluated in dark storage, in which the device retained 80% efficiency
after 500 h at 85°C compared to 65% from the reference device. In
addition, the reference device showed significant structural
degradation after this test.

4 Manipulation of carbon electrode
composition and solvent

4.1 Doping of carbon electrode

Non-carbon materials integrated into the carbon counter electrode
layer can serve to improve CE/perovskite contact. CE compositions are
often modified to improve the morphology and energy level alignment
with the perovskite film (Xiao et al., 2017). Particularly, CE doping is an
efficient and scalable way to improve performance of C-PSC devices
through the improvement of the CE electrical conductivity and CE/
perovskite film interfacial contact, facilitating charge transport and
collection. Yu et al. (2024) utilized liquid gallium doping of the
commercial paste CE, resulting in a device with a PCE of 13.99%
and improved stability compared to the undoped reference device.
When doped at a ratio of 1:30 Ga/C and integrated uniformly into the
CE, the nontoxic liquid gallium diminished CE surface pores without
compromising the CE structural integrity and suppressed nonradiative
recombination, improving the contact quality at the CE/perovskite
interface. This effect is due to gallium’s high conductivity and
density; however, at higher ratios overfilling of liquid metal created
recombination sites within the CE. The champion liquid gallium doped
device had a FTO/Sn0,/CsyFAgs5MAg14PbL, 57Brg 43/CuSCN/CE
structure and retained 67% efficiency after 3.5 h at 80°C versus the
reference device’s 58%. In additional tests the unencapsulated champion
device retained 65% efficiency after 30 h at 80°C, demonstrating the
device’s thermal stability. Figure 6 shows the improvement in stability of

w D-MWCN

Seamless.-ConiEction

D-MWCNT: Spiro-OMeTAD

Perovskite

Cross-sectional SEM images of devices (A) with and (B) without D-MWCNT inclusion © 2022 Wiley-VCH GmbH (Wang Y. D. et al., 2022).
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(A) Stabilized current density and power outputs under 1 sun illumination. (B) Normalized PCE in ambient air conditions at 55°C-60°C with 50%—-60%
relative humidity under continuous illumination. (C) Normalized PCE of thermal stability test in nitrogen at 80°C © 2023 Solar RRL published by Wiley-

VCH GmbH (Yu et al., 2024).

the liquid gallium doped PSC compared to the reference device under
multiple stability testing conditions, including moisture and temperature
stability measurements. Reduction of device stability from ion migration
and crystal transformation due to the CuSCN HTL was also reported in
the same paper.

Lin et al. (2024) also demonstrated performance improvement from
CE doping, utilizing octylammonium iodide (OAI) as dopant in the
carbon black and graphite powder CE. The fabricated device had a
planar structure of FTO/SnO,/FAMAPDL,/CE with a PCE value of
19.42%. The OAI doping resulted in a change of the carbon contact
angle, increasing the hydrophobicity and creating an internal
encapsulating effect. Though the inclusion of OAI dopant did not
change the CE conductivity, the doping slightly increased the CE
work  function—establishing favorable energy level alignment for
charge transport and collection. The presence of OAI also affects the
perovskite film, creating a layer of 2D perovskite material at the interface
and decreasing the perovskite defect density, thereby reducing the
recombination at the CE perovskite interface. The unencapsulated
champion device retained 80% efficiency after over 450 h in a closed
chamber with 85% relative humidity compared to the reference device’s
109 h. Figure 7 shows the positive impact of OIA doping on the device
performance. At optimal doping level, all photovoltaic parameters
related to PCE—including short-circuit current density (Jsc), open-
circuit voltage (Voc) and fill factor—were enhanced, demonstrating
the benefit of OAI doping on overall C-PSC performance. Gou et al.
(2024) doped the CE of their HTL free C-PSC with 30 wt% Mn;O,,
which allowed the tuning of the CE work function. This improved
contact and charge transfer between the perovskite film layer and CE
resulted in a PCE of 19.03% compared to the reference device’s 10.4%.
The CE in the FTO/SnO,/MAPbI;/PEAI/CE structured device consisted
of amorphous carbon black and crystalline graphite and was blade
coated. It was also observed to be denser with the addition of Mn;O,,
improving the connections within the CE. The champion device was
fabricated with a PEAI passivation layer and retained 90% of its initial
PCE after 2000 h of storage in environmental conditions.

4.2 Carbon solvent selection to prevent
perovskite film degradation

An aspect of C-PSC production that affects each of the
aforementioned interface modification methods is the interaction
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between the perovskite film and carbon solvents used during device
fabrication. CEs are composed of carbon, binders, and solvents—the
properties of each having a significant impact on the behavior of the
resulting carbon contact material (Tsuji et al., 2023). The choice of
carbon solvent influences perovskite film morphology and
crystallization quality at the perovskite film/CE interface (Chen
et al, 2016). Poor perovskite film/solvent compatibility can
significantly degrade or even damage the perovskite lattice,
lowering contact quality between layers as well as overall PSC
performance. Though this can occur from interaction with any
solvent or binder used during device fabrication, the solvents and
binders utilized in the CE paste formulation are especially impactful
(Xie et al,, 2020). Polar solvents in particular can lead to harmful
degradation of the underlying perovskite film (Hwang et al., 2015).
As such, the components of each C-PSC layer and their respective
elements must be carefully evaluated to avoid degradation within
the device.

Kartikay et al. (2020) studied HTL free C-PSCs with different
carbon solvents and binders to evaluate the compatibility between
the resulting CE and perovskite film layer. The binders chosen were
ethyl cellulose (EC), PMMA, and PVP and the solvents utilized
included chlorobenzene, toluene, and terpineol. The CEs in the ITO/
¢-TiO,/m-TiO,/FA, (MA,PbI5  Br,/CE structured devices were
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composed of carbon black and graphite and were ~5 pum thick. The
group reported that the CEs based on the PMMA binder had a better
distribution of carbon particles and higher conductivities than the
PVP-based CEs, which also showed higher rates of perovskite film
degradation. Xie et al. (2020) obtained positive results in CE/
perovskite film compatibility by using low polar alkane solvents,
avoiding polar CE components. Jiang et al. (2018) fabricated highly
compatible CEs by adding TTIP and acetic acid in the CE paste,
resulting in CEs with improved conductivity and electrical
interconnection as well as a homogeneous perovskite film
surface. Further investigations on the compatibility between the
perovskite film and CE solvents/binders are necessary to avoid
degradation, improve contact quality, and reduce losses at the
CE/perovskite interface.

5 Control of perovskite crystallization

The contact quality and electrical characteristics of the CE/
film
crystallization control of the perovskite material. Increases in the

perovskite interface can also be improved through
grain size of perovskite crystals generally improve perovskite film
quality and overall device performance (Chen et al, 2022). Grain
boundary reduction has been shown to increase charged carrier
lifetime, decreasing charge carrier losses from nonradiative
recombination (Wu et al,, 2021). Li L. C. et al. (2023) fabricated
ambient air processed, HTL free C-PSCs with a PCE of 17.69%
including spin coated FA(4Csy4Pbl; perovskite film in a FTO/
TiO,/perovskite/commercial CE structure. This group added FAAc
to the perovskite precursor, which reduced the formation of
intermediate (1D) perovskite crystals and facilitated creation of
high-quality, pinhole defect free film. The incorporation of FAAc
resulted in the formation of large perovskite grains (2-3 pum), thereby
reducing the device defect density and nonradiative recombination.
The FAAc molecules decomposed during the annealing process and
do not affect the perovskite lattice structure. The champion FAAc
treated device achieved a stability of 92% efficiency retained after
1,000 h as an unencapsulated device in an ambient environment with
20%-25% relative humidity. In addition, this crystallization control
method positively impacted the ambient air processing of the
formamidine based perovskite, which was noted to be a difficult
task without the FAAc treatment. This study demonstrates the benefit
of perovskite crystallization control on the CE/perovskite interface
characteristics, device performance, and fabrication scalability.
Wang W. R. et al
crystallization with dimethylamine oxalate, resulting in improved
film morphology and a PCE of 18.84%. Dimethylamine oxalate was
added into the CsPbl; perovskite precursor of the FTO/TiO,/
perovskite/CE The
demonstrated increased perovskite grain size, reduced defect

(2024) manipulated the perovskite

structured  devices. champion  device
density, and decreased hysteresis. Xiang et al. (2024) added a
multifunctional fluorinated molecule, 6FDA, to the perovskite
precursor of a printable mesoscopic C-PSC to improve the
perovskite crystallization. The addition of 6FDA enhanced the
hydrophobicity of the perovskite film and created a passivation
effect, resulting in a PCE of 20.15%. Due to the inclusion of 6FDA,
the interfacial charged carrier recombination was reduced in the

FTO/c-TiO,/m-TiO,/CsFAMA perovskite/m-ZrO,/commercial CE
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structured device, specifically improving charge extraction between
the perovskite absorber and ETL. Under ambient air, MPP tracking
stability testing conditions of approximately 55°C at 50% relative
humidity the encapsulated 6FDA device retained 90% of its PCE
after 640 h, demonstrating reduced perovskite degradation over time
compared to the reference device.

Du et al. (2024) manipulated the crystallization of CsFAPbI; by
reformulating the perovskite precursor, using pre-synthesized single
crystals rather than powders. In creating perovskite precursor with
increased ink volatility, this group also increased the size of the
perovskite grains and reduced the presence of defect clusters. The
process of gas quenching treatment of the perovskite film is cited to
be one of the most significant factors on the quality of the film’s
morphology. The champion ITO/SnO,/CsFAPbI;/TaTm/PEDOT/
commercial CE structured device demonstrated a PCE of 19.3% and
retained 80% of its initial PCE after 1,000 h at MMP tracking in 85°C
and under 1 sun illumination. The performance of the
crystallization-controlled PSCs was drastically improved from
that of the reference device, which reached 80% of its initial PCE
after 200 h under the same conditions. The switch to pre-synthesized
single crystals reduced the presence of insoluble impurities within
the perovskite precursor and reduced the perovskite precursor
material costs by as much as 80%.

Yang et al. (2021) utilized a PDCBT/Ta-WO, HTL in their ITO/
SnO,/MAGAPbI;/PDCBT/Ta-WO,/CE structured device. The fully
printed, solution processed device was fabricated in ambient
conditions and resulted in a PCE of 18.1%. GACI was added to the
perovskite precursor, which increased the perovskite grain size and
consequently improved the layer’s diffusion length, reduced carrier
recombination, and increased hydrophobicity. Under stability testing
in ambient atmosphere and 30% relative humidity, the unencapsulated
device retained 100% of its initial PCE after 5,000 h, whereas the
metallic electrode device retained less than 40% of its PCE after 300 h.
This significant stability improvement approved the effectiveness of the
proposed device engineering strategies.

In addition to the incorporation of additives into perovskite
precursors to improve the crystallization of perovskite thin films,
other strategies were also developed. Li et al. (2024) utilized the
presence of moisture to trigger secondary perovskite crystal growth
through the formation of intermediates. The moisture-induced
secondary crystal growth improved the crystalline quality and
optimized the energy level of perovskite film for favorable
alignment with CE contact, resulting in a HTL free C-PSC device
with a 19.52% PCE. Formation of metastable intermediates is typically
regarded harmful for perovskite crystallization. For instance, the
suppression  of intermediate formation during perovskite
crystallization is a means for improving the performance of all-
inorganic PSCs, with Liu et al. (2020) reporting increased grain size
of CsPbL,Br perovskite film after treatment with a lead reactant. Here
the intermediates were demonstrated to trigger secondary crystal
growth, which improved crystallinity, enlarged grain sizes, and
created better quality morphology in the perovskite films, thereby
reducing the defect density and nonradiative recombination. The
secondary growth also modulated the surface composition to attain
favorable energy level alignment for charge transport and collection.
Control of the 2D and 3D crystallization proportion of the perovskite
composition has also been applied in other studies to affect energy level
alignment at the CE/perovskite film interface as well as C-PSC device
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TABLE 1 Summary of devices referenced.

Interface Device structure/Information Stability Stability test Stability test
modification test conditions PCE
category duration retention (%)
CE Doping FTO/Sn0,/Csgg7FAg.gsMAg 14Pbl, 57Brg 43/ 13.99% 30 h  Unencapsulated device 65 Yu et al.
CuSCN/CE at 80°C (2024)
CE Doping FTO/SnO,/MAPbI;/PEAI/CE 19.03% 2000 h Storage in 90 | Gou et al.
environmental (2024)
conditions
CE Doping FTO/SnO,/FAMAPbBI,/CE 19.42% 450 h =~ Unencapsulated device 80 Lin et al.
at 85% RH (2024)
Crystallization Control FTO/TiO,/FA¢Cs.4Pbls/CE 17.69% 1,000 h = Unencapsulated device 92 LY. Q
at 20%-25% RH et al.
(2023)
Crystallization Control ITO/SnO,/MAGAPbI3/PDCBT/Ta- 18.1% 5,000 h |~ Ambient atmosphere at 100 | Yang et al.
WO,/CE 30% RH (2021)
Crystallization Control FTO/TiO2/CsPbls/CE 18.84% Wang W.
R et al
(2024)
Crystallization Control ITO/SnO,/CsFAPbI3/TaTm/PEDOT/CE 19.3% 1,000 h MPP tracking at 85°C 80 Du et al.
(2024)
Crystallization Control FTO/Ti02/ZrO2/CE scaffold filled with 19.35% Cheng
MAPDI; perovskite via drop coating et al.
(2023)
Crystallization Control FTO/c-TiO,/m-TiO,/CsPbl,Br/CE 19.52% Li et al.
(2024)
Crystallization Control = FTO/c-TiO,/m-TiO,/CsFAMA perovskite/ 20.15% 640 h MPP tracking at 55°C 90 Xiang
m-ZrO,/CE and 50% RH et al.
(2024)
Interface Layer/Treatment D-MWCNTSs incorporated into spiro- 22.07% 800 h MPP tracking 95 Wang Y.
OMeTAD HTL (21.9% D et al.
cert.) (2022)
Interface Layer/Treatment perovskite/ZnPc and CsPbBr; perovskite 10.20% 4380 h  Unencapsulated device 99.50 | Zou et al.
quantum dots/CE at ~30% RH (2023)
Interface Layer/Treatment A-CQD, FTO/TiO,/MAPbI;/IPA/CE 13.97% 840 h Storage at 35% RH 80 | Tang et al.
(2021)
Interface Layer/Treatment FTO/c-TiO,/meso-TiO,/TOP/MAPDI;/CE 14.96% 11,520 h Ambient storage 88.90 | Xiao et al.
(2023)
Interface Layer/Treatment ITO/SnO,/FAMAPbI;/KLA/CE 16.10% 1,440 h Ambient storage at 85 Zhang
20°C-25°C and 50%- et al.
60% RH (2024b)
Interface Layer/Treatment ITO/SnO,/FAMAPDI;/CE 16.56% 700 h Ambient storage at ~80 | Tang et al.
~20°C and 20%- (2024)
60% RH
Interface Layer/Treatment ITO/SnO,/FABr/MAPDI;/CE/FAI 17.49% 1,440 h Ambient storage 96 LiS. Q
et al.
(2023)
Interface Layer/Treatment Carbon ET, ITO/APTES-linked Cq/ 18.64% 3,000 h Ambient storage ~100 | Tian et al.
CsMAPbI;/CE (2021)
Interface Layer/Treatment GUA,SO, at ETL/perovskite interface 18.70% Xu et al.
(2024)
Interface Layer/Treatment FAy4MA, cPbl;/CATNI/CE 18.90% 1,000 h = Dark conditions at 30°C 95.50 | Wang W.
and 30% RH R et al.
(2024)
(Continued on following page)
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TABLE 1 (Continued) Summary of devices referenced.
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Interface Device structure/Information PCE Stability Stability test Stability test
modification test conditions PCE
category duration retention (%)
Interface Layer/Treatment FApsMA( 4Pbl;, CTAB doped NiOx 20.14% 275 h At maximum power 95 LY. Q
point et al.
(2023)
Interface Layer/Treatment ITO/SnO,/MAPBI;/P3HT/NiOx/CE 20.80% 300 h  Ambient air with 40%- 80 Lu et al.
50% RH (2023)
Interface Layer/Treatment CH;NH;PbI; perovskite, A-CQD 13.28% 200 h 90 Xu et al.
- Metallic PSCs (2021)
Interface Layer/Treatment FTO/Sn02 with CQDs/FAPbIs/spiro- 24.05% 1,000 h 1 sun illumination 84 Liu et al.
- Metallic PSCs OMeTAD/Au (2023)
PSM FA¢4MA( ¢Pbl;/CATNI/CE, 25 cm?® area 14.60% Wang H.
L et al.
(2024)
PSM ITO/SnO,/MAGAPDI;/P3HT/CE PSM, 15.3% Yang et al.
25 cm? area (2021)
PSM 6FDA treated, 56.4 cm? area 15.41% Xiang
et al.
(2024)
PSM ITO/SnO,/CsFAPbI;/TaTm/PEDOT/CE, 16.2% Du et al.
25 cm? area (2024)
PSM FTO/Ti02/ZrO2/CE scaffold filled with 16.53% 600 h Continuous work 93 Cheng
MAPDI; perovskite via drop coating, at ~55°C et al.
52.3 cm? area (2023)

performance and stability (Schmitz et al., 2024; Almalki et al., 2024;
Wang H. L. et al, 2022). Another group, Cheng et al. (2023) utilized
perovskite crystallization control to improve film homogeneity in
printed mesoscopic C-PSCs without HTLs. In this process a
chamber was built on the wet MAPbI; perovskite precursor to
control the solvent vapor removal process. The crystal orientation
was directed and the film homogeneity increased through the method’s
pore filling effect. The champion PSC had a commercial carbon paste
CE and a recorded PCE of 19.35% for a 1 cm® area. This scalable
perovskite crystallization control method exhibited improvement of
device performance, stability, and production scalability.

6 Production and commercialization of
carbon-based perovskite solar
modules (PSMs)

Continued advances in PSCs with carbon electrodes create a
positive outlook for improving the producibility and quality of
PSMs.
methods applied to C-PSCs were also utilized in PSM fabrication.
The interface modification demonstrated by Wang H. L. et al. (2024)
utilizing CATNI was also applied to production of a four-unit
module PSM, which had an area of 25 ¢m® and an efficiency of

Various previously discussed interfacial engineering

14.6%. Crystallization control was applied to PSM fabrication by
Cheng et al. (2023) which resulted in a PCE of 16.53% for a 52.3 cm?
area module and a stability of 93% efficiency retained after 600 h of
continuous work at approx. 55°C. Xiang et al. (2024) applied the
crystallization control and passivation effect created by 6FDA
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incorporation to a 56.4 cm?® area PSM, which resulted in a PCE
of 15.41%. Du et al. (2024) fabricated a PSM with their pre-
synthesized single crystal perovskite precursor. The PSMs
demonstrated an active-area PCE of 16.2% over 25 cm’. Yang
et al. (2021) also used the GACI perovskite precursor addition to
fabricate a 25 cm? ITO/SnO,/MAGAPbI;/P3HT/CE structured
PSM. This resulted in a four-cell PSM with a PCE of 15.3% and
high potential for large scale, roll-to-roll production.

There are a great many challenges currently hindering the
widespread commercialization of C-PSMs. Fabrication methods for
PSCs must be adapted to large device areas while retaining sustainable
costs and scalable production (Weerasinghe et al., 2024). Some of the
primary limitations for PSM production include the homogeneity and
quality of large area thin films and the degradation of perovskite
material at cell interconnection areas. These drawbacks necessitate
progress in the quality, consistency, and scalability of perovskite
device production in order to improve PSM efficiency and cost.
The use of CEs greatly decreases the cost of materials and
production compared to that of metallic electrodes and increases
production scalability through the feasibility of low-temperature
device fabrication with simplified solution processes. C-PSCs also
have the prospect of high stability because of increased
hydrophobicity, restricted carbon diffusion into perovskite, or even
encapsulation effects due to the inclusion of the carbon contact in the
device structure. Herein, C-PSC interface modification methods show
significant promise in the improvement of device efficiency and
stability, of which the increased performance consistency of both
has substantial potential for the further development of PSMs. Table 1
summarizes the performance of all C-PSCs referenced.
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7 Conclusions and outlook

The use of CEs in PSC production has marked advantages over
that of metallic electrodes, and the main disadvantage—poor contact
quality at the CE/perovskite film interface—could be minimized
with further advances in interface modification. The application of
interface modification methods such as interface layer additions and
treatments, CE doping and solvent choice, and crystallization
control of perovskite films in C-PSC fabrication has resulted in
the improvement of device efficiency and long-term stability.
Favorable results from interfacial engineering in C-PSCs include
the increase of contact quality between layers, CE conductivity,
energy level alignment, and defect passivation effects. The
improvements resulting from interface modifications show great
promise in the future development of C-PSC technology as well as in
the large-scale production of PSMs.

The specific topic of interface modifications in C-PSCs, as well as
the research development areas of C-PSC technology in general,
holds significant potential for advances and commercialization in
perovskite-based photovoltaics. Based on the information assessed
in this review, there are multiple areas of inquiry that are
recommended for future research directions. The use of low-
temperature C-PSC structures—including those with planar
architectures, no HTL, or otherwise simplified structures—allow
for cost-effective mass production of PSC and PSM devices.
Fabrication techniques with the means for large-scale production
such as layer-by-layer deposition, solution processibility, and fully
printable devices are essential for the continued expansion of C-PSC
technology’s feasibility.

Explicit consideration of the material properties of device
components during development, especially with focus on
material compatibility, encourages high-quality, high consistency
production. This can be applied to the properties of any device layer,
such as the CE morphology related to compositional factors and the
interaction between the perovskite material and carbon solvents and
binders utilized during fabrication. For interface modification in
particular, high promise directions include the methods of CE
doping, the addition and treatments of the interface buffer layer,
favorable energy level alignment, crystallization control, and carbon
integration. Simultaneous modification of multiple layer interfaces
also shows noteworthy results for enhancing CE/perovskite film
interface quality, passivating defects to reduce nonradiative
recombination, and establishing favorable energy level alignment
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