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Abstract

As global energy demand continues to rise and the need for environmental conservation grows more
urgent, solar energy has attracted substantial attention owing to its inherent cleanliness and
sustainability.Perovskite solar cells (PSCs), an innovative photovoltaic technology, have shown
significant improvements in photoelectric conversion efficiency (PCE) since their
introduction.Nevertheless, significant challenges remain in enhancing efficiency and ensuring long-
term stability.Naturally abundant and environmentally benign carbon materials represent a
promising alternative.Incorporating carbon materials into PSCs can yield beneficial effects, such as
controlling the crystallization rate of the perovskite layer, improving carrier transport properties, and
realizing interface modification between various functional layers.This article systematically reviews
the application of carbon materials in PSCs, including carbon nanotubes, carbon dots, carbon
nanofibers, fullerenes, and their derivatives.

Keywords: perovskite solar cells; carbon-based material; modification strategies

1. Introduction

As the global energy demand continues to rise and environmental protection becomes
increasingly important, solar energy has emerged as a key area of research [1-3]. Among the various
advancements in photovoltaic technology, PSCs are currently regarded as one of the most promising
photovoltaic devices. Researchers have focused primarily on improving their power conversion
efficiency [4,5]. Since their first report in 2009, the efficiency of PSCs has risen remarkably from an
initial 3.8% to a certified 27.3%. This rapid progress has established PSCs as the fastest-developing
photovoltaic technology, showing great potential for future solar energy applications [7,8].

Although the PCE of PSCs has improved significantly, the inherent drawbacks of these devices
cannot be ignored. On one hand, the functional layers of PSCs are generally fabricated via spin-
coating a precursor solution, followed by annealing to form the crystal lattice [9,10]. This
crystallization process is strongly affected by temperature, humidity, and oxygen concentration.
Moreover, other annealing parameters, including duration and atmospheric conditions, also exert
notable influences on crystallization behavior. On the other hand, non-radiative recombination
occurs between functional layers, which impairs the overall performance of PSCs [11,12]. Each
functional layer possesses unique physical properties and processing requirements, which affect not
only its own performance but also the interfacial compatibility between adjacent layers.

To address the challenges encountered in PSCs, researchers have utilized various strategies,
including additive engineering, interface modification, and anti-solvent engineering. For instance,
Shin and colleagues [13] added methylammonium chloride (MACI) to the perovskite light-absorbing
layer. This addition increased the average size of the perovskite lattice, leading to a dominant (100)
orientation. As a result, non-radiative recombination within the perovskite film was reduced,
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generating a more uniform photocurrent. Similarly, Xiong and his team [14] introduced biguanide
hydrochloride (BGCI) between the SnO:2 and perovskite layers. BGCI can chemically bond with SnO2
through Lewis coordination or electrostatic coupling, which helps anchor PblL. This optimization
improves electron extraction and transport at the SnOz/perovskite interface, achieving better energy
alignment, reducing interface defects, and resulting in more uniform perovskite films. Additionally,
Xu and his team [15] treated the perovskite layer with methylamine bromide (MABr) in ethanol
(MABT1-Eth) as an anti-solvent. MABr reacts with Pbl2 to compensate for the loss of formamidinium
iodide that occurs due to perovskite decomposition. Furthermore, MABr helps passivate surface
defects. This treatment not only enhances the crystallinity of the perovskite film but also results in
larger grain sizes and longer carrier lifetimes, thereby reducing non-radiative recombination centers
and improving charge collection efficiency. While these advancements significantly enhance the
performance of PSCs, it is also important to consider the associated preparation costs and fabrication
processes involved.

Carbon materials are abundant and cost-effective, diverse and exceptional properties that
enhance the functional layers within PSCs. For instance, graphene demonstrates outstanding
electrical conductivity. Carbon nanotubes (CNTs) [16] and carbon nanofibers (CNFs) [17] function as
conduits for electron and photon transport, thereby facilitating charge transfer. Furthermore,
incorporating carbon dots (CDs) [18] into the perovskite layer promotes the crystallization of the
perovskite material. Chemical modification of carbon materials can introduce specific functional
groups, enabling targeted interactions with the various functional layers of the perovskite and their
interfaces. The stability of PSCs is critically dependent on humidity. The inherent hydrophobicity of
carbon materials effectively mitigates the detrimental impact of moisture on device stability [19,20].
Due to their low cost and wide availability, using carbon materials to overcome existing limitations
in PSCs is highly practical. Moreover, ongoing research in this domain continues to yield significant
advancements, indicating that the latest findings will prove both valuable and influential within the
field.

This review begins with an introduction to the fundamentals of PSCs. It then summarizes the
classification of carbon materials, their modification sites, electrical transport characteristics, and
modification strategies, as well as their interactions with perovskite structures. Furthermore, it
outlines recent progress in the application of carbon-based materials in key components of PSCs,
including the perovskite layer, electron transport layer (ETL), and hole transport layer (HTL). Finally,
current challenges and future prospects for carbon material modification in PSCs are summarized
and prospected.

2. Materials and Methods

Perovskite has the chemical formula ABXs, with its structure illustrated in Figure 1A. In this
formula, A represents a monovalent cation, which can be an organic cation such as methylammonium
(MAY) or formamidinium (FA*), an inorganic cation such as Cs* or rubidium (Rb*), or a mixture of
these cations [21-23]. B denotes a divalent metal cation, typically lead (Pb?*) or Sn?*. Lastly, X stands
for a halide anion, which can be chloride (CI-), bromide (Br-), or iodide (I"). The main challenge facing
perovskite materials is their long-term stability [24,25]. When exposed to humidity and oxygen in the
environment, the perovskite layer can undergo degradation and eventually decompose [26,27].

The architecture of PSCs has seen significant advancements over the past decade. PSC structures
can be broadly classified into two categories [28-30]: planar (or mesoscopic) structures and inverted
structures. In these configurations, n, i, and p represent electron-transporting, intrinsic, and hole-
transporting semiconductors, respectively.In a planar structure, the ETL is deposited onto a
transparent electrode, followed by the perovskite active layer. The HTL is then coated onto the
perovskite film, with a back electrode such as silver (Ag)[31] or gold (Au)[32] completing the
device.In contrast, in a mesoporous structure, a thin compact TiO; layer acts as a hole-blocking layer,
while a mesoporous TiO,[33,34] or ZnO scaffold serves as an electron-extracting layer that is
infiltrated with the perovskite layer.In the inverted structure, the HTL is positioned underneath the
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perovskite layer, whereas the ETL is deposited above it and connected to a back electrode, typically
copper (Cu)[35].

PSCs are primarily categorized into formal and inverted structures[36-38]. A typical PSC
consists of five essential components: (1) a transparent electrode, (2) an ETL, (3) a perovskite light
absorption layer, (4) an HTL, and (5) a back electrode[39-42]. As illustrated in Figure 1B, the basic
operating principle of a PSC involves the absorption of sunlight, which generates electron-hole pairs
in the perovskite layer. The generated holes move to the HTL, while electrons migrate to the ETL.
Subsequently, electrons and holes are extracted to the transparent electrode and the back electrode,
respectively. This establishes an external circuit between the two electrodes[43-45]. For efficient
electron and hole extraction, proper alignment of the valence band and conduction band energy
levels among the functional layers is critical[46]. Favorable energy alignment improves charge
transport and boosts the overall photovoltaic performance of the device.
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Figure 1. (A) Lattice structure. (B) PSCs' working principle. PSCs with different structures.

3. Carbon nanomaterials

Carbon nanomaterials exhibit excellent conductivity, stability and hydrophobicity. However,
integrating high-density carbon nanomaterials into PSCs presents challenges because many of these
materials are insoluble in common solvents, which is a characteristic inherent to carbon materials. To
enhance their solubility and functionality, these carbon nanomaterials must be modified to
incorporate specific functional groups that improve their compatibility with solvents [47].

3.1. Common Carbon Materials Applied in Perovskite Solar Cells

Common carbon materials can be classified into 0-dimensional (0D), 1-dimensional (1D), 2-
dimensional (2D), and 3-dimensional (3D) carbon materials according to their dimensional structure
[48]. Among them:0D carbon materials include fullerenes [49], carbon quantum dots (CQDs) [50],
etc.;1D carbon materials include CNTs [51], CNFs [9], etc.;2D carbon materials include graphene
[52,53], graphene oxide (GO) [54,55], graphyne, etc.;and 3D carbon materials include graphite, porous
carbon, diamond, etc. Common carbon materials used for modification include fullerenes, CQDs [56],
CNTs [57], graphene, and their modified derivatives.

CQDs are 0D carbon materials that exhibit excellent optical properties and good water solubility.
They have a suitable optical band gap and can be derived from various raw materials, making them
environmentally friendly and available in controllable sizes [58,59]. Due to these characteristics,
CQDs are promising candidates for use as additives or dopants. They can enhance the conductivity
of both ETL and HTL, and they can also modify the perovskite layer or its interface, leading to
improvements in PCE and the long-term stability of PSCs [60]. However, CQDs prepared as additives
or as intermediate energy level materials have limitations. They contain a limited number of oxygen-
containing functional groups, which limits their ability to effectively passivate ionic defects within
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the perovskite thin film [61]. As a result, these CQDs cannot fully eliminate undesirable factors affect
the performance of PSCs, thus limiting overall improvements in efficiency.

CNTs are recognized as ideal pathways for electron transport and as effective charge carriers
due to their remarkable charge mobility, chemical stability, mechanical flexibility, high conductivity,
and ability to be processed in solution [51]. They have found a wide range of applications in PSCs,
serving roles such as transparent conductive electrodes, charge transport layers, perovskite layers,
and back electrodes. CNTs have been shown to inhibit interfacial recombination, reduce hysteresis,
and improve the stability of PSCs [62]. Additionally, CNTs as additives in the perovskite layer can
modify the crystallization kinetics of the perovskite, leading to improved crystal quality and
enhanced charge separation, which ultimately boosts the device's performance. Nonetheless, the
dispersion of CNTs within the perovskite active layer poses a significant challenge. Aggregation of
CNTs can result in critical short circuits in PSCs [63].

Fullerenes are 0D, cage-like structures known for their high electron affinity and low
recombination energy [64]. They serve as excellent electron acceptors, which benefits the separation
and transport of electrical charge. Fullerenes can be used as an additive in several ways: at the
interface between the charge transport layer and the perovskite light-absorbing layer or within either
of those layers [65,66]. This application helps improve the morphology of the perovskite, increases
its crystal grain size, and passivates charge defects at the surface and grain boundaries [67].
Fullerenes plays a crucial role in reducing hysteresis and enhancing electron extraction. Moreover,
due to their hydrophobic nature, fullerenes can act as a moisture barrier, reducing the corrosion
caused by moisture exposure to the perovskite [68].

Graphene consists of sp? hybrid carbon atoms organized in a honeycomb lattice. It possesses
remarkable mechanical, optical, and bipolar electrical properties, as well as exceptional flexibility
[68]. Graphene and its derivatives are increasingly utilized in the production of high-performance,
low-cost, lightweight, and flexible energy devices to address the world's limited energy resources
[69]. Additionally, graphene and GO play crucial roles in various components of PSCs, including the
electrodes, charge transport layers, light absorption layers, and interfaces between different
functional layers.

3.2. Common Methods for Preparing Carbon Materials

Carbon materials exhibit exceptional photoelectric properties, environmental compatibility, and
cost-effectiveness, which have generated significant research interest in PSCs. They are frequently
integrated into functional layers or interfaces to enhance the PCE and stability of PSCs. However, the
utilization of carbon materials is often limited to specific configurations, such as single-atom
incorporation or additive roles. This limits their ability to effectively address internal device defects.
The primary constraint arises from the insufficient density of active functional groups inherent to
carbon materials, thereby impeding their capacity to achieve maximal defect passivation within the
device architecture. Enhancing the performance of PSCs can be facilitated via chemical modification
techniques, which improve the solubility of carbon materials, augment the density of effective
functional groups, and elevate the abundance of oxygen-containing moieties.

3.2.1. Solid-Liquid Reaction

Solid-liquid modification is a technology that enhances the properties of materials by utilizing
the interaction between solid materials and liquid reaction media. This process promotes the chemical
or physical adsorption of carbon materials with various liquid substances, leading to different
performance changes in the carbon materials. However, the liquid reaction substances must possess
high permeability and high reactivity. This process enhances the properties of solid materials. Duan
and colleagues [70] obtained a SnO: layer with fullerene-ethylenediamine derivatives (Ceo-EDA and
Cn-EDA) by first completely dissolving fullerene in ethylenediamine (EDA). Following this, they
removed the EDA using a rotary evaporator, dissolved the remaining solid in hydrochloric acid
(HCI), neutralized the solution with sodium hydroxide (NaOH), and finally performed freeze-drying
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post-treatment using a cellulose dialysis bag and ion exchange resin. The pre-treatment of the SnO:
layer and the post-treatment of the CsPbL:Br perovskite film with 5-aminopentanoic acid
hydrobromide (5-AVABr) resulted in high photovoltaic and electroluminescent (PV/EL) performance
(Figure 2B). Improvements in the film formation characteristics of SnO2: Ceo-EDA and SnOz: Cro-EDA
led to the production of CsPbI:Br thin films with lower defect densities and superior interface
connectivity, as illustrated in Figure 2A. These combined pre-treatments and post-treatments
effectively balance charge transfer at the n-i-p interface for both injection and extraction, thereby
achieving efficient inorganic perovskite dual-function devices. Using SnOz: Ceo-EDA as the ETL
enables the formation of a high-quality CsPbL:Br film with complete coverage and large grain sizes.
This reduces non-radiative recombination of photo-generated carriers, which enhances both charge
extraction and injection, as shown in Figure 2C. Additionally, modifying SnOz with Ceo-EDA and Cro-
EDA significantly improves the Voc and PCE of CsPbl:Br photovoltaic cells.

3.2.2. Hydrothermal Method

The hydrothermal method is a chemical technology used for synthesizing or modifying chemical
substances within a closed system. This process creates a reaction environment using a high-
temperature hydrothermal reactor, which maintains conditions of high temperature and high
pressure. As a result, water can interact with carbon materials in either sub-critical or super-critical
states. These interactions result in changes to the properties of the carbon materials. This approach is
often employed to modify carbon materials, including CDs [71], CQDs [61], and MWCNTs [72]. For
instance, Fang and colleagues [71] dissolved lignin in deionized water, added hydrogen peroxide,
stirred the mixture, and then introduced ammonia. They placed the resulting solution in a stainless-
steel autoclave lined with polytetrafluoroethylene to prepare L-CDs (as illustrated in Figure 2D). The
inherent aromatic structure and high carbon content of lignin facilitate its direct carbonization into
L-CDs (shown in Figure 2E). Lignin was utilized as a precursor to create a liquid crystal material,
which helped address the surface defects of SnO2 and enhance the performance of PSCs. The
substance acts as both a dopant and a passivator, mitigating defects in SnO: and improving the
performance of PSCs. Due to the good compatibility between SnO: and L-CDs, along with the
abundance of surface groups, the defects in SnO:2 can be effectively passivated. This process leads to
an 11.8% reduction in trap state density, a 251.7% increase in electron mobility, and a 15.2% increase
in PCE (as shown in Figure 2F). Liu et al. [60] synthesized red CQDs (0.5-3.0 nm) rich in carboxyl and
amino groups on the surface using citric acid (CA) and neutral red (NR) as precursors through a
hydrothermal method (Figure 2G). These synthesized CQDs were introduced as a modifier into SnO,
treated with a low-temperature solution, improving its electrical properties (as shown in Figure 2H).
This modification also adjusted the interface properties between the ETL and the FAPbI;, embedding
the CQDs within SnO,. The CQDs-5SnO, composite enhances the morphology of SnO,, boosts electron
mobility, and reduces interface defects. Furthermore, the functional groups on the surface of the
CQDs facilitate the crystallization of perovskite into larger grains. Various complex characterizations
confirmed these multiple positive effects on interface modulation (see Figure 2I).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. (A) Fourier-Transform Infrared Spectroscopy (FTIR) spectra of SnOz, SnO2: Ceo-EDA, and SnOz: Cro-
EDA as ETL. (B) Flow chart for preparation of CsPbl:Br films post-treated with different ETL and 5-AVABr. (C)
Schematic diagram of the interaction between Ce-EDA and SnO: [70]. Reprinted from Ref. 70. Copyright 2021,
American Chemical Society. (D) Infrared Spectroscopy (IR) spectra of modified L-CDs. (E) Preparation and
modification of L-CDs for PSCs and passivation of SnO: were studied. (F) Lignin with inherent aromatic
structure and high carbon content is used as a raw material to prepare L-CDs [71]. Reprinted from Ref. 71.
Copyright 2025, Elsevier. (G) Schematic diagram of the synthesis process of CQDs. (H) FTIR of CQDs, SnOz, and
CQD-SnO:z powders in the ranges of 3100 ~ 3700 cm™ and 500 ~ 2000 cm-. (I) Crystallization mechanism of
perovskite thin films grown on SnO2 ETL modified with CQDs [73]. Reprinted from Ref. 73. Copyright 2022,

Elsevier.

3.2.3. Hummer's Method

The Hummer Method is a chemical process divided into three main stages: low-temperature
embedding, medium-temperature oxidation, and high-temperature hydrolysis. In this process,
strong oxidants are utilized to modify graphite, transforming it into graphene oxide. The properties
of graphene oxide can be adjusted by manipulating the conditions during the three stages of the
production process. Yao et al. [74] prepared GO using the Hummers method as follows: Graphite
powder was added to concentrated nitric acid, followed by the addition of potassium permanganate
at a temperature of 20°C . Once the temperature reached 30°C, deionized water was added. After
allowing the mixture to react for one hour, a large volume of deionized water and hydrogen peroxide
was added to the suspension. After this, the suspension was cleaned in order to obtain graphene.
Subsequently, Ti2AIC2 powder was stirred into the mixture, resulting in a new 2D TisC2Tx MXene-
repaired GO heterojunction (as illustrated in Figure 3A, B). The formation of this heterojunction arises
from nucleophilic substitution and dehydration reactions between the MXene (Ti-O-) and GO (-
C=0HH+) (see Figure 3C, D). The oxygen-containing functional groups create a negative charge center,
which is stabilized through this interaction. Consequently, this hetero junction not only aligns the
energy levels of perovskite and carbon, providing a pathway for carrier transport, but it also
effectively stabilizes the soft perovskite lattice. The MXene interacts with oxygen-containing
functional groups to eliminate negative centers, effectively contributing to hole transport and
passivating film defects. The champion CsPbIBr, PSC with the M/G treatment achieved a high PCE
of 11.1% with a Voc of 1.3 V, while the CsPb:Br C-PSC achieved an improved PCE of 15.0% with a
Vocof 1.3 V. Sun et al. [75] generated GO using the Hummer method and then modified it via a high-
temperature hydrothermal reaction to produce multifunctional brominated GO (as shown in Figure
3E). This modified GO was added to CsPbls, successfully delaying the crystallization process and
leading to the formation of high-quality perovskite thin films with larger grain sizes (as shown in
Figure 3G, H). The Br-GO material has passivated grain boundary defects and neutralized positively
charged trap states, resulting in a significant reduction in defect state density and a delay in non-
radiative recombination of carriers (as illustrated in Figure 3], ]). The Br-GO, exhibiting strong p-type
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behavior and a suitable work function, was incorporated into perovskite films, effectively enhancing
the performance of CsPbBrs PSCs. Due to its good work function matching and high hole mobility,
the addition of Br-GO notably improved the hole mobility in the CsPbBr:@Br-GO photoactive layer.
This enhancement facilitated better charge separation and transfer while suppressing the radiative
recombination of carriers.
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Figure 3. (A) (B) Reaction mechanism of GO and Mxene. (C) Schematic diagram of M/G heterojunction forming
a Ti-O-C bond. (D) X-ray Diffraction (XRD) of Mxene, GO, M/G. FTIR spectra of (E) GO and Br-GO [74].
Reprinted from Ref. 74. Copyright 2023, Elsevier. (F) Crystal structure diagram of perovskite after Br-GO
addition. (G) Structure diagram of Br-GO modified to the perovskite layer and (H) Scanning Electron Microscope
(SEM) section. (I) Dark Ji2-V curves of FTO/NiO/CsPbBr:@Br-GO/HTM with or without Br-GO/Carbon. (J)
Photoluminescence Spectroscopy (PL) spectra and TRPL attenuation spectra of CsPbBr:@Br-GO deposited on
TiO2 layers with or without Br-GO HTM [75]. Reprinted from Ref. 75. Copyright 2021, Elsevier. (K) Schematic
diagram of CNPs modified into the perovskite layer. (L) Microwave pyrolysis of CNPs. (M) FTIR spectra of
sample A (microwave-assisted 5 min), sample B (microwave-assisted 5 min). (N) Comparison of the (100) peak
of the original CsPbL:Br thin film and the CsPbl:Br thin film modified with 1.0 wt% Cd. (O) SEM (left) and atomic
force microscope (AFM) (right) images of unmodificated CsPbl:Br films and (P) modified 1.0 wt% CNDs on ITO
glass [76]. Reprinted from Ref. 76. Copyright 2022, Elsevier.

3.2.4. Microwave-assisted Method

The microwave-assisted method is an enhanced technique that uses microwave radiation to
accelerate the modification reactions of carbon materials. Wang et al. [76] dispersed CA and urea in
deionized water and reacted them in a microwave oven. Afterward, they dissolved the mixture in
ethanol and obtained CNDs via centrifugation, as illustrated in Figure 3L, M. When CNDs is
appropriately introduced (shown in Figurer 3K), the defect density and surface roughness of the
CsPbLBr layer are reduced, resulting in enhanced crystallinity and moisture resistance. This
enhancement can significantly lower trap density and enhance the overall crystallinity of the material,
as demonstrated in Figure 3N, O, P.
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3.2.5. Solvthermal Process

The solvothermal process is a chemical technique used to modify carbon materials by applying
specific thermodynamic and kinetic conditions within a sealed, high-temperature system. When
different solvents, which are characterized by low viscosity, high diffusivity, and strong solubility,
are added to the carbon materials under supercritical or subcritical conditions, the types and
concentrations of functional groups on the carbon materials can change. These alterations depend on
the types of solvents used and the duration of the reactions. For instance, Huo et al. [77] dispersed p-
phenylenediamine in DMF to create a solution (as illustrated in Figure 4A, B). This solution was then
subjected to a high-temperature reaction inside a PTFE-lined stainless-steel autoclave, resulting in
the dispersion of CQDs. When the TiO»>-CD dispersion is spin-coated onto a dense layer of C-TiO;,
an appropriate amount of CdS can significantly reduce electron recombination at the interface. The
TiO2-CdS layer enhances the lattice growth of the subsequent perovskite and effectively facilitates the
extraction of electrons from the perovskite to TiO2. Notably, the electron mobility of TiO: increases
from 3.0x10 to 4.1x105 cm?-V-1-s7! as a result of incorporating CDs, as shown in Figure 4C, D. Gu et
al. [18] prepared B-CD powder by dispersing o-phenylenediamine and phloroglucinol in ultrapure
water. They mixed this solution with concentrated nitric acid in a polytetrafluoroethylene-lined
autoclave. After the reaction was complete, they adjusted the pH and obtained the material through
silica gel column chromatography (as shown in Figure 4E). The functionalized B-CD was proposed
as an interface passivation layer (Figure 4G) to enhance the efficiency and long-term stability of all-
inorganic CsPbl:Br PSCs. The study found several key benefits of using these blue CQDs. First, the
B-CD, which contains abundant N-H, C-N, C-O, and C=0 functional groups, effectively passivates
defects by forming hydrogen bonds and coordination bonds with I and Pb? ions in the perovskite.
Second, the p-type B-CD modifiers form P-N junctions with n-type perovskites, creating efficient
pathways for hole transfer while blocking electrons. Finally, the incorporation of B-CD increases the
hydrophobicity of the perovskite film, thereby enhancing the stability of CsPbl.Br PSCs (Figure 4F).
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Figure 4. (A) Schematic diagram of CDs synthesis, starting materials: p-phenylenediamine, o-phenylenediamine,
N, N-dimethylformamide. (B) Photographs of four samples under ultraviolet light [77]. Reprinted from Ref. 77.
Copyright 2018, Elsevier. (C) (D) Dark current-voltage characteristic curves of PSCs containing control TiO2 and
TiO2-CDs [18]. Reprinted from Ref. 18. Copyright 2023, Elsevier. (E) Preparation of B-CDs. (F) FTIR spectra of
Pbl> and B-CDs solutions with and without Pbl: addition. (G) Preparation of CsPbl:Br-B-CDs thin films [78].
Reprinted from Ref. 78. Copyright 2021, Wiley-VCH.
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3.2.6. Electrospinning

Electrospinning is an advanced technology that utilizes an electric field to create micro- and
CNFs. This process works by applying a high voltage to overcome the surface tension of a polymer
solution or melt. As a result, an electrically charged jet is produced, which is then stretched and
swirled. This stretching causes the solvent in the solution to evaporate or the melt to solidify under
the influence of the electric field, ultimately forming CNFs. Changing the type of polymer solutions
or melts will produces different CNFs, and by altering these solutions or melts, it is possible to modify
the properties of the resulting CNFs. In a study conducted by Xu et al. [17] an electrospinning solution
was prepared using PAN in DMF. The researchers established specific conditions for electrospinning
to produce polymer fibers, which were then subjected to a two-step high-temperature treatment in a
tubular furnace. This process involved pre-oxidation at 250°C for 60 minutes, followed by a gradual
increase to 800°C at a rate of 5°C/min in a nitrogen atmosphere for another 60 minutes, resulting in N-
CNFs. When these N-CNFs, enriched with nitrogen-containing functional groups, were incorporated
into perovskite films, they provided numerous nucleation sites and fibrous templates. This
incorporation facilitated preferential crystal orientation growth and reduced defect density within
the films. Another study by Batmunkh et al. [79] focused on preparing TiO: CNFs through
electrospinning a sol-gel solution. This solution comprised titanium (IV) n-butoxide (TIB, 5.0 g),
polyvinyl pyrrolidone (PVP, 1.0 g), and glacial acetic acid (1 mL) dissolved in ethanol (10 mL). Their
research explored the impact of CNTs on the photovoltaic performance of PSCs that utilized 1D TiOz
NF photoelectrodes.

3. Modifying PSCs with Carbon Materials

The typical structure of PSCs comprises five primary functional layers. Multiple factors influence
the PCE of PSCs. Material modifications encompass a charge transport layer, a perovskite light
absorption layer, an interface layer positioned between the charge transport layer and the perovskite
light absorption layer, a second interface layer situated between the perovskite light absorption layer
and the carbon electrode, as well as the electrode itself. These modifications serve to enhance overall
device performance. This chapter focuses specifically on charge transport layers, perovskite light
absorption layers, and carbon materials employed as interface layers, while excluding those carbon
materials utilized in electrodes.

4.1. Modify the Charge Transport Layer

In recent years, the PCE of metal halide PSCs has seen significant advancement. Improving the
PCE of wide bandgap PSCs is particularly challenging due to non-radiative recombination [69]. To
reduce non-radiative recombination, it is essential to achieve optimal interface and energy level
alignment at the absorption interface of the transport layer [80].

Although strategies such as grain boundary passivation, surface post-treatment, and process
management can enhance the stability of PSCs, many PSCs still face a significant hysteresis issue
[73,81]. The main causes of hysteresis in PSCs are charge carrier trapping and detrapping, slow
capacitance response, and band bending from ion migration [63,81]. Researchers have already
studied ways to enhance the performance of PSCs by improving the charge transport layer (see Table
1). For instance, Zhu et al. [73] incorporated graphene into SnO, as illustrated in Figure 5E. This
approach significantly enhances electron extraction efficiency, leading to reduced charge
recombination at the interface between the ETL and the perovskite. As a result, the PCE exceeds
18.0% (refer to Figure 5A-D), and the hysteresis index decreases from 0.08 to 0.02, making the
hysteresis nearly negligible.

The charge transfer layer is a crucial functional component of PSCs, and its properties
significantly impact the photovoltaic performance of these cells [70,82]. Inefficient charge transfer
within the charge transport layer can reduce electron extraction from the perovskite light-absorbing
layer, leading to degradation of the perovskite and increased charge recombination [83,84]. Carbon
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materials serve as additives in the charge transfer layer of PSCs, which enhances the charge collection
pathways and accelerates electron extraction at the interface [85,86]. In a study by Hui et al. [80] SnO:
was doped with red CQDs rich in carboxyl and hydroxyl groups through a temperature treatment
(Figure 5I). This doping resulted in an increase in electron mobility from 9.3 x 104 to 1.7 x 102 cm?-V-
Ls1 representing a 20-fold improvement (Figure 5F, G). Additionally, the PCE improved
significantly, rising from 19.2% to 22.8%. The devices also demonstrated excellent stability in
humidity conditions ranging from 40% to 60% (illustrated in Figure 5H).

The performance of PSCs is influenced by the conductivity of the charge transport layers and
the energy level alignment within the device [42,87]. The HTL is critical for improving PSC
performance [60]. Metal oxides, which are often used as hole-transporting layers, generally exhibit
insufficient conductivity, resulting in increased series resistance and a reduced fill factor (FF)
[57,88,89]. To mitigate this limitation, researchers have modified these materials with elements such
as cobalt, cesium (Cs), lithium (Li), copper (Cu), and silver (Ag) to enhance conductivity. High
conductivity is crucial as it enhances charge extraction and carrier mobility while suppressing defect-
mediated recombination of photogenerated carriers [90]. For instance, Ryu et al. [57] developed a
composite HTL utilizing NiOx combined with CNTs, systematically varying the CNT content from 0
to 20 vol% (Figure 5]). This modification significantly improved both conductivity (Figure 5K, L) and
charge extraction performance (Figure 5M, N). Consequently, the average PCE of the PSCs increased
substantially from 3.1% to 15.1%, with a maximum recorded PCE of 16.9%.
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Figure 5. (A) J-V curves of optimal PSCs in forward and reverse directions for SnOz and SnOz-graphene prepared
PSCs. (B) External Quantum Efficiency (EQE) spectra for optimal cell performance. (C) Stable PCE measured as
a function of time at Vmpp of 0.925 V and 0.872 V. (D) Normalized Time-Resolved Photoluminescence
Spectroscopy (TRPL) response of perovskite thin films. (E) Preparation process of ETL based on SnO2-graphene
[73]. Reprinted from Ref. 73. Copyright 2018, American Chemical Society. (F) J-V characteristics of pure
electronic devices based on SnO2-RCQs and SnO:2 ETL. (G) Conductivity of SnO2 and SnO2-RCQs prepared thin
films. (H) Normalized PCE as a function of time for PSCs prepared based on SnO2 and SnO2-RCQs in a dark
environment at a relative humidity of 40-60% and a temperature of 25 °C [80]. Reprinted from Ref. 80. Copyright
2019, Wiley-VCH. (I) Crystallization mechanism of perovskite thin films prepared on SnO2-RCQs as ETL. (J)
Raman spectra of NiOx and NiOx /CNTs hybrids prepared on white glass. (K) Schematic diagram of
conductivity measurement. (L) Conductivity of hybrid materials with different CNT content (0-20 vol%). (M)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1508.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 April 2026

d0i:10.20944/preprints202604.1508.v1

11 of 30

Schematic diagram of inverted planar PSCs. (N) Nyquist diagram of different perovskite devices with NiOx and
NiOx/CNTs mixed layers as HTL [59]. Reprinted from Ref. 59. Copyright 2020, Elsevier.

Table 1. The Use of Modified Carbon Materials in the Charge Transport Layers.

Jsc Voc FF PCE
T Refs.
Structure (mA/cm?) W) %) (%) ype efs
FTO/compact-TiOz/TiO2- (carbon dots)
CDs/FAossM Ao.15Pb(lossBro.s)s 26.0 1.2 70.0 21.1 CDs 18
/PCBM/Ag
ITO/NiOx/Me- Indanones
4PCAZ/Cso.04(FAo9ssMAoos)oosPb(lo.  24.8 1.2 783  22. (tBu-FIDO) 49
95Bro.s)s/tBu -FIDO/BCP/Ag
FTO/b-TiO:/TiO2@r- GOM .
GO/CH:NH:PbL/Spiro-OMeTAD ~ 22.0 09 707 145 CUOPOT 54
ous TiO2
/Ag
ITO/Sn0O@GQDs/CHsNHsPbIs/S
23. 1.1 754 19.7 D
piro-OMeTAD /Au 3.0 > ? GQDs %
ITO/NIOX@CNFSZ;MAPMS/PCBM/ 22.0 1.0 75.9 169 CNT 57
FTO/SnO/CQD-
SnO:/FAPDI3/Spiro-OMeTAD /Ag 256 12 812 241 CQDs 60
CNTs/poly(3-
FTO/TiO2/CsPblBr/P3HT/CNT/C  14.6 14 785 15.6 hexylthiophe 63
ne)
Ceo-
ITO/SnO@Ces-EDA/CsPbl.Br/5- ethylenediam
AVABz/ Spiro-OMeTAD 154 1.3 80.3 16.6 ine 70
/MoOs/Ag derivatives
(Co-EDA)
Ag/L- Lignin
CDs@SnO:/Perovskite/Spiro- 23.8 1.1 813 209 carbon 71
OMeTAD/Ag dots(L-CDs)
FTO/Graphene@SnO>/MAPbI5/S graphene—
23.1 1.1 72. 18.1 7
piro-OMeTAD/Au 3 0 8 SnOs 3
FTO/cp- Smilier;v;/ea_lled
TiO.@SWCNTs/CHsNHsPbL:/Spi 21.4 1.0 67.0 14.0 Wallej(SW C 79
ro-OMeTAD/Au NTY/TIO:
ITO/SnO2@RCQs/Cso.0sF AosiM Ao. rec;CC(;QDs
14Pbl2.55Br0.45/Spiro- 24.1 1.1 829 228 fun(ction:liize 80
OMeTAD/MoOx/Au 4 NiOx
FTO/TiO2/FAossCso.17Pbl2sBros/f- (ENiOx) and
NiOWCNT/C 18.3 0.6 640 114 CNT(f-NiOx 83
+ CNT)
FTO/c-TiO2/m-
TiO2/CsPbBris/MoO.@
MoO2/N-
/N-doped carbon nanospheres 72 1.5 852 94 00/ 85
. doped NC
composites)/carbon
FTO/SnO2/@CQDs/FAMAo2Pb1.11
/SnOx/@CQDs/ 2P 016 11 780 186 SnOxGQDs 94

22B10,6/Sprio-OMeTAD/Ag

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202604.1508.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 April 2026 d0i:10.20944/preprints202604.1508.v1

12 of 30
FTO/GQDs@TiO2NRs/Csx(MAo.17 )
GQDs- TiO
FAoss)a-oPb(lossBroin)y/Spiro-  22.1 08 640 117 QNSR 2 g5
OMeTAD /Au °
ITO/PTAA/MAPD(losBro2)s/PCB
17.6 14 812 189 ICBA 96
M@ICBA/BCP/Ag
FTO/PEDOT:PSS/CHsNHsPbls/P Ceo doped
23.0 1.0 780 175 97
CeaBM@Coo/Ag PCsBM
FTO/TiO2 TiOzcarbon
:CNDs/CHsNHsPbls/Spiro- 23.3 1.1 752 195 nanodots 98
OMeTAD /Au (CNDs)
ITO/SnO,@NDI- 2D
Graphene/FAo7sMAo15Cso1iPblaes  22.7 11 82.1 20.2 naphthalene 99
Bross/Spiro-OMeTAD/Au diimide-
. incorporating
1o/ NIO@;\%E/SSZNHE’PM?’/ PC 202 11 772 169 CQDsintoa 100
& NiOx
Multi-Walled
FTO/MWCNT/TiO,/CHsNH:PbIs Carbon
28. 1.1 733 214 101
/Spiro-OMeTAD/Au 0 Nanotube 0
(MWCNT)
Fullerene-bis
FTO/NiOx/MAPbL:/Cso@PMME/ 9 10 796 184 (pyridin-2- 100
BCP/Ag ylmethyl)
malonate

The charge transport layer is primarily prepared using the solution spin coating method.
However, this method often results in a layer that is relatively thin and uneven, which can lead to the
formation of pinholes and significant surface roughness [85,91]. These defects are detrimental to the
performance of PSCs. Pinhole defects in the charge transport layer can degrade the perovskite
absorption layer, ultimately reducing the efficiency of the PSCs [92,93]. Poor surface morphology of
the thin film can adversely affect the deposition of subsequent thin film layers, further impairing PSC
performance. Lu et al. [94] have addressed this issue by introducing graphene quantum dots (GQDs)
into SnOz. This approach effectively enhances the morphology of SnO: thin films, improves
conductivity, promotes electron transfer, reduces surface roughness, and increases ohmic contact
between the SnO:z and perovskite layers.

4.2 Modified Perovskite Layer with Carbon Materials

To improve the PCE of PSCs, it is essential to reduce defects in the perovskite films. Achieving
uniform, pinhole-free, and large-grain perovskite films can minimize the number of grain boundaries,
which in turn increases charge mobility [76,103,104]. Fewer grain boundaries help inhibit charge
recombination, leading to enhanced PCE and greater environmental stability of the solar cells.
Researchers are currently investigating ways to enhance the perovskite layer by incorporating carbon
materials. For more details, please refer to Table 2.

According to the theory of crystallization kinetics, introducing multifunctional additives into the
precursor solution of a perovskite optical absorption layer can effectively adjust the crystallization
process of perovskite crystal grains and passivate uncoordinated ion defects [105,106]. This leads to
the preparation of perovskite films with improved quality and fewer defect states. Carbon materials
can serve as additives that modify the chemical and electronic properties of perovskite, allowing for
the production of larger grain sizes and fewer grain boundaries, which in turn reduces carrier
recombination at those boundaries [20,107]. Research conducted by Ma et al. [62] indicates that
modifying the perovskite layer with three different types of CNTs (as shown in Figure 6A) can
enhance crystallization. Specifically, the use of COOH-NH: promotes improved crystallization of the
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perovskite film. Compared to the original modification with CNTs, incorporating COOH-CNTs into
the perovskite film has resulted in a tenfold increase in hole mobility. This shows that functional
groups on carbon materials play a crucial role in regulating the nucleation and growth of perovskite
thin films (as shown in Figure 6B). By adjusting the functional groups on the CNTs, stable perovskite
films can be produced with low defect density, high quality, and enhanced stability. Additionally,
CNTs can effectively improve carrier transport performance in perovskite films, thereby increasing
the PCE of PSCs (as shown in Figure 6C). Furthermore, Gong et al. [108] observed that by adding
black phosphor quantum dots (BPQDs) to the perovskite precursor solution, significant
improvements in crystallization and morphology occur. BPQDs can act as seed-like sites that regulate
the nucleation and growth of perovskite crystals. The lone pair of electrons in BPQDs reduces the
Coulomb repulsion between the molecules of the perovskite precursor solution and phosphorus
atoms. Additionally, the BPQDs/CsPbl:Br core-shell structure enhances the stability of the perovskite
crystals and inhibits the oxidation of the BPQDs.
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Figure 6. (A) Schematic diagram of maximum conversion efficiency and influence of preparing PSCs. (B)
Schematic diagram of the preparation of thin films. (C) Fourier transform infrared spectra (FTIR) of perovskite
thin films, COOH-CNTs, and COOH-CNT-modified perovskite thin films [62]. Reprinted from Ref. 62.
Copyright 2020, American Chemical Society. (D) Structure diagram of CQDs with bromine functional groups
(Br-CQDs), crystal grain growth diagram of perovskite thin films with Br-CQDs. (E) Schematic diagram of tensile
strain state in perovskite thin films [61] . Reprinted from Ref. 61. Copyright 2020, American Association for the

Advancement of Science.

Carbon materials have been integrated into perovskite layers or interfacial layers due to their
excellent photoelectric properties, suitable optical band gap, environmental friendliness, low cost,
and controllable size [109]. In the perovskite light-absorbing layer, incorporation of carbon-based
additives can help improve performance, but they cannot eliminate the adverse effects on the device
[55]. This limitation arises from the relatively low number of oxygen-containing groups present in
the carbon materials, leading to weak passivation of ionic defects in the perovskite film [76]. Chemical
modification of carbon materials with specific functional groups and halogen elements exerts positive
effects on perovskite light-absorbing layers and PSCs. Zhu and colleagues [61] utilized CQDs
containing bromine functional groups as additives and for buried interface modification to enhance
perovskite film quality. The Br-CQDs, which include both bromine and oxygen groups, can interact
with uncoordinated Pb? and Cs* ions. By embedding within the perovskite lattice, these CQDs act as
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a "binder", helping to reduce charge recombination and energy loss within the perovskite absorption
layer (Figure 6D). This improvement is attributed to the effective delay of the nucleation and growth
process, the repair of trap states in the perovskite film, the reduction of lattice strain, and the
adjustment of interface energy levels (Figure 6E). Carbon materials can have a beneficial impact on
perovskite layers and photovoltaic cells through their modification. This enhancement arises from
their ability to introduce functional groups, such as hydroxyl, carboxyl, and epoxy groups. Research
has demonstrated that modifying perovskite with carbon materials can promote crystallization,
facilitate charge extraction, inhibit ion migration, reduce hysteresis phenomena, and improve
environmental stability.

Table 2. Application of Carbon Material Modification to the Perovskite Light Absorption Layer.

Jsc Voc FF PCE
truct T Refs.
Structure mA/em?) (V) (%) (%) ype e
ITO/SnO2/FAPbI;@N-CNFs/Spiro-OMeTA nitrogen-doped
25. 1.2 1. 24.1 17
D/Ag 53 81.5 CNFs (N-CNFs)
ITO/SnO:/(FAPDbI3)0.97(MAPbBr3)0.0:@COO H-
23. 1.1 76. 18. H-CNT 20
CNTs/TPA-PEABr/Spiro-OMeTAD/Au ? 6.0 9 €00 S
FTO/TiO2/FAM A0.2Cs0.065°b1.3212.165Br0.64@ Lewis-base
23. 1.2 79. 21.7 1
CNTs/Sprio-OMeTAD/Au 33 ?8 polymer-CNTs >
FTO/TiO/CsPbBrs@Br-CQDs/C 7.84 1.7 83.4 108 Br-CQDs 61
FTO/PEDOT:PS-S/CHsNHanla@COOH-C 219 11 768 171 COOLLCNTSs @
NTs/Spiro-OMeTAD/Au
Six chlorine
ITO/SnO2/PEA.15F Ao.s5Sn1:@CeoCl/PCBM/BCP attached to the
/Ag 20.3 09 760 133 fullerenecage 67
brominated
FTO/c-TiO»/m-TiO2/CsPbBr:@Br-GO/C 7.9 16 800 101 gra}zgf_“é (;’)X‘de 75
ITO/SnO,/CDNS@CsPblBr/P3HT/Ag 15.1 1.2 77.0 139 CNDs 76
FTO/c-TiO2/Si02/CHsNH:Pb:@MWCNT/C 21.3 0.9 62.3 116 MWCNTs 103
ITO/PEDOT:PSS/BA:2MA3Pb4li13@SWCNT/PC 144 10 630 90 MWCNTs 104
BM/Al
ITO/NiOx/CHsNHsPbIz(MAPbIs)@CNDs/ 232 11 790 195 CNDs 105
PC61BM/BCP/Ag.
ITO/SNO2/ZnO/CsPbl:Br@DIM/P3HT/Au 16.1 12 825 164 diiodomethane 106
ITO/SnO,/CsPbl.Br@BPQDs/Spiro-
15. 1. 78. 15. BPQD 1
OMeTAD/Au 59 3 8.0 55 QDs 08
ITO/SnO2/MAPbL:@DPD+SWCNT/Spiro- 4.0 11 759 197 DOC-SWCNTs 109
OMeTAD/Au
ITO/SnO/MAPbI;:@SWCNT+DPB/Spiro- DPB-SWNTs
OMeTAD/Au 24.1 1.1 782 207 109
P3HT+
ITO/c-TiOz/m-
TiO/MAPbL@P3HT+MWCNT/Spiro- MWCHTs
23.6 1.0 76.0 174 110
OMeTAD/Ag HBC-PMMA-
ITO/PEDOT:PSS/MAFA:-
. . 8 129 MWCNT 111
PbI@MWCNT/PCBM/Ca/Al 182 072 °
FTO/SnO2/(F Ao.ssMAo.17)0.95Cs0.05Pb(lossBro.17)s
20.8 1.1 69.0 161 ODA-SWCNT: 112
@SWCNT/Spiro-OMeTAD/Au >
ITO/SNO/FAXMA1xPblBrs;,@MWCNTs/C 20.5 1.0 59.7 123 MWCNTs 113
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4.3. Carbon Materials as Surface Modifiers

PSCs now feature a sandwich structure, which consists of a light-absorbing perovskite layer
situated between an electron-transporting layer and a hole-transporting layer [118-120]. In this
configuration, the buried interface between the perovskite layer and the charge transport layers is
crucial for both the PCE and the stability of the PSCs [64]. Despite the implementation of various
strategies to enhance the stability of PSCs-such as grain boundary passivation, surface post-treatment,
and improved process management-the overall operational stability remains inadequate [55]. This is
primarily due to the insufficient attention given to the interface contact between the charge transport
layers and the perovskite light-absorbing layer.

This concealed interface not only impacts the extraction of electrons from the ETL and the
collection of photons from the HTL, but it also affects the quality of the perovskite crystal and the
formation of trap states [74]. Incomplete connections at the interface can negatively influence the
performance of PSCs, resulting in hysteresis effects, decreased PCE, and reduced environmental
stability [121]. While buried interfaces are often implemented to minimize interface defects, achieving
effective molecular design that provides excellent charge transport and defect passivation capabilities
remains a significant challenge. Researchers have conducted thorough studies on this topic, and the
findings are summarized in Table 3. Gao et al. [122] introduced imidazole bromide functionalized
graphene quantum dots (I-GQDs) (Figure 7A) as the interface between the ETL and the lead
formamidine iodide (FAPbIs) perovskite layer. The multifunctional groups on the surface of the
GQDs help reduce interface trap states, promote the formation of high-quality perovskite films, and
decrease non-radiative recombination. This improves the overall quality and stability of PSCs while
inhibiting non-radiative recombination. The incorporation of I-GQDs improves the conductivity of
the SnO: ETL, eliminates surface defects, achieves better conduction band alignment to enhance
carrier transport (Figure 7B, D), and suppresses interface charge recombination to minimize voltage
loss (Figure 7C). As a result, planar FAPbI: PSCs with I-GQD modulation achieve a high efficiency of
22.4% and demonstrate enhanced long-term stability. Wang et al. [50] achieved a PCE of 10.4% for
carbon-based CsPsBrs photovoltaic devices by using a post-treatment interface modification method
involving MBA/CQD. This process, illustrated in Figure 7F, involved a dehydration condensation
reaction between the carboxyl groups on the surface of the CQDs and the amino groups in MBA, as
shown in Figure 7G. This reaction reduces the edge defects of CQDs and lowers their oxygen content.
Additionally, the functionalization of the MBA molecules increases the sp? hybrid carbon content in
the CQDs and enhances carrier transport behavior, thereby minimizing the edge defects. The
modified MBA/CQDs also create an intermediate energy level at the interface between the perovskite
and the carbon back electrode. This facilitates better charge extraction and reduces energy loss.
Overall, MBA/CQDs modify the interfaces of perovskite films, thereby suppressing the cation and
anion defects. These modifications optimizes the energy band structure between the perovskite layer
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and the carbon electrode, as depicted in Figure 7H, which leads to improved hole extraction, reduced
charge recombination, and decreased energy loss.

Improving the performance of solar cells relies heavily on two key factors: effective charge
extraction at interfaces and suppression of charge recombination [53]. In addition to passivating non-
radiative recombination traps, enhancing the charge extraction and transport rates across perovskite
grains is crucial [50]. This type of interface modification can effectively reduce issues such as poor
conductivity and inadequate light stability of the perovskite layer. Interface engineering plays a vital
role in adjusting the properties of the interface, passivating surface defects in perovskite thin films,
promoting charge extraction, and preventing moisture intrusion [123]. Together, these strategies
contribute to enhancing the PCE and the long-term stability of PSCs. Energy loss at the interface can
occur due to several factors, including energy level mismatches, non-intimate contacts, and interface
defects [68]. These issues can lead to specific charge distribution imbalances and high charge
accumulation, ultimately resulting in performance degradation of the PSCs. Hysteresis and stability
losses are often associated with energy barriers and carrier recombination at the interface. Thus,
effective charge extraction at the interface is critical for maximizing the performance of PSCs. Zhou
et al. [53] can improve the quality of the perovskite film and significantly reduce harmful non-
radiative recombination by adding N or S atoms (Figure 7I) to Pb?* defects located on the surface of
the perovskite film due to the interaction between GQDs (Figure 7N) and uncoordinated Pb? based
on Lewis’s acid-base chemistry. In addition, the energy levels of GQDs are modulated. Meanwhile,
the energy levels of GQDs were modulated. N/S-doped GQDs (Figure 7]) acted as an interfacial
mediator (Figure 7K) to passivate defect sites and facilitate charge extraction (Figures 7L,M). Tang et
al. [118] passivated the CHsNHsPbls surface (Figure 7D) by using carbon quanta with functional
groups (A-CQDs), containing -OH, -CO, -CHs, and -CH:- groups (Figure 7B, C). The carbonyl group
of A-CQDs positively interacts with the non-coordinating Pb% on the perovskite film (as shown in
Figure 7A), promoting the crystallinity enhancement and defect density reduction of the A-CQDs
passivated perovskite film. Compared with pure perovskite and MAPbI:/CA-CQDs thin films, the
modified films exhibit superior charge transfer characteristics, and the average carrier lifetime tavg
is significantly prolonged (Figure 7F). The passivation layer of A-CQDs reduces the energy mismatch
between the MAPDL film and the carbon electrode, and can effectively transport selective carriers.
The introduction of an A-CQDs passivation layer not only forms large grains, reduces the defect
density of the perovskite film, but also adjusts the energy level matching between the perovskite film
and carbon electrode well, thus promoting efficient carrier transport (Figure 7E).
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Figure 7. (A) Structural diagram ofI-GQDs. (B) Energy level diagrams of SnO2, SnO2/I-GQDs, and perovskite
layers. (C) Normalized transient photovoltage decay curves of PSCs with different structures prepared by SnO:
and SnO2/I-GQDs. (D) EQE of LEDs prepared by SnO:z and SnO2/I-GQDs, respectively [122]. Reprinted from Ref.
122. Copyright 2021, American Chemical Society. (E) Reverse scanning J-V curves of PSCs prepared by SnO2 and
SnO2/I-GQDs. (F) Schematic diagram of MBA functionalized CQDs. (G) FTIR of CQDs, MBA, and MBA/CQDs.
(H) Schematic diagram of carbon-based CsPbBrs PSCs prepared using MBA/CQDs [50] Reprinted from Ref. 50.
Copyright 2024, Elsevier. (I) Experimental setup diagram of GQDs prepared by the solid-liquid interface
stripping technique. (J) Structure diagram of GQDs. (K) X-ray Photoelectron Spectroscopy (XPS) spectra of GQDs.
(L) Dark J-V curves of FTO/CsPbIBr2/GQDs/Ag devices. (M) Voc as a function of illumination intensity of
controlled and N-GQDs customized devices. (N) Scanning electron microscope (SEM) images of carbon fiber

raw materials and carbon fibers after electrolysis for 5 min [53]. Reprinted from Ref. 53. Copyright 2022, Elsevier.

Incorporating carbon-based materials into the perovskite light-absorbing layer can mitigate
moisture-induced degradation, thereby enhancing the humidity stability of PSCs [54]. However, the
significantly lower conductivity of these polymers compared to the perovskite can impede charge
transport within the perovskite lattice [122]. This impediment may lead to reduced photocurrent and
diminished PCE of the PSCs. Furthermore, insufficient charge extraction can lead to charge
accumulation, causing hysteresis and consequent operational instability of the PSCs. Wang et al. [124]
synthesized four novel fullerene dimers, designated DCeo-R1-R2 (where Ri1 = H or Cl; R2 = H or MeO),
serving as intermediate layers between metal oxides and perovskites (Figure 8G-J). Research revealed
that the polar substituents of these dimers significantly influence their intermolecular interactions
(Figure 8L). Among them, DCe-Cl-MeO exhibited superior intermolecular charge transfer and
passivation capabilities, due to the significant push-pull effect generated by the electron-accepting Cl
and MeO groups (Figure 8K). In a planar heterojunction configuration, unencapsulated
(FAPDbIs)x(MAPDBrs)1x PSCs utilizing DCe-Cl-MeO as the interlayer achieved a maximum PCE of
23.3%. Additionally, a series of PSCs with enhanced sandwich structures was developed by
incorporating push-pull functionalized substituents into the fullerene dimer (Figure 8M). The
augmented dipole-dipole intermolecular interactions from these substituents not only optimize the
ni-stacking configuration (Figure 8L) but also enhance the passivation efficacy of the fullerene dimer.
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This enhancement facilitates efficient electron extraction and minimizes interfacial recombination
losses in the PSC (Figures 8N-O).
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Figure 5. (A) illustrates the interaction mechanism of A-CQDs with MAPbIs films. (B) Transmission Electron
Microscope (TEM) images of A-CQDs and CA-CQDs, scale size 20 nm. (C) The proportional size is 5 nm. (D)
Process diagram for preparing C-PSCs by surface passivation of CQDs. (E) Performance comparison of PSCs
prepared by A-CQDs and CA-CQDs. (F) High-resolution XPS spectra of control perovskites, MAPbIs/CA-CQDs
(0.2 mg/mL), perovskite/A-CQDs (0.5 mg/mL), and perovskite @A-CQDs (0.1 wt%): full measurement spectra
[118]. Reprinted from Ref. 118. Copyright 2021, American Chemical Society. (G) Chemical structure of fullerene
dimer DCeo-Ri-R2 with different substituents. (H) ESP distribution of substituents. (I) Chemical structure of
fullerene dimer (left), Density Functional Theory (DFT) results of ESP (center), HOMO electrons (yellow part on
right), and LUMO electrons (blue part on right). (J) Preparation process. (K) Ultraviolet-visible absorption
spectra of fullerene dimer. (L) Changes in the conductivity and mobility of fullerene dimer with 7 -7t stacking
frequency. (M) Energy levels of fullerene dimer calculated from DFT simulations. (N) DFT simulation of
adsorption configurations and adsorption energies (Eabs) of different fullerene dimers on SnO2. (O) Schematic
diagram of 7 -7t stacking and passivation ability of fullerene dimer [124]. Reprinted from Ref. 124. Copyright
2023, Springer.

Defective interfacial contacts adversely affect the performance of PSCs by inducing hysteresis,
diminishing PCE, and compromising operational stability. To improve the interface properties
between the perovskite light-absorbing layer and the charge transport layer or the electrode, carbon
materials are integrated into this interfacial region [78]. This modification enhances the crystallization
and functionality of the contact layers, optimizes energy band alignment, and facilitates improved
energy level matching.
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Table 3. Carbon material as an interface layer.
Jsc Voc FF  PCE
Structure Type Refs.
(mA/cm?2) V) (%) (%)
FTO/c-TiO2/m-
TiO/CsPbBrs/MBA@CQD
7.82 1.6 825 104 MBA/CQDs 50
s/C
FTO/c-TiO,/CsPbIBr2/N-
GQDs/C 119 1.3 65.4 9.8 N- GQDs 53
GO Interlayer with 4-
ITO/TiO2/MAPDLIxCls-/rG
21.5 11 78.6 18.8 fluorophenyl-hydrazi ne 55
O-4FPH/Sprio-
hydrochloride

OMeTAD/Au

9-(1-(6-(3,5-bis(hydrx

ymethyl)phenoxy)-1-hexyl)-1H-
ITO/SnO2/C9/(FAPbIs)x(M
1,2,3-triazol-4-yl)-1-nonyl
APDbBr3)1+/Sprio- 24.1 1.1 789 21.3 64
fluoroacetate (C9)
OMeTAD/Au

FTO/TiO,/CsPbl.Br/Mxen

149 1.3 783 15.0 TisC,Tx-Patched-GO 74
e+Go/C
FTO/TiO,/CsPbl.Br/B-
CDs/Spiro-OMeTAD/Au 15.8 13 80.0 16.8 p type blue CDS 78
FTO/c-TiO2/m-
TiO»/MAPbI:/A-CQDs/C 23.5 11 56.7 14.0 A-CQ 118
ITO/TiO2/CHsNH;PbI5/S
WCNTS/PbS-QDs/C 17.5 1.0 87.0 14.5 SWCNTs 121
ITO/SnOx/1-

GQDs/FAPbI:/PCBM:Ceo/

254 1.1 82.0 224 [-GQDs 122
Ag

FTO/TiO2/Cso.05(MAo.15F Ao

85)095Pb(lo.ssBro.14)3/1IE/C 23.3 1.0 71.0 164 acetylene black 123
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ITO/SnO2/DCs-H-
H/(FAPbL)x(MAPDbBrs)1-~/
247 11 740 211 DCeo-H-H 124
Spiro-OMeTAD /Ag
ITO/SnO>/DCs-H-
MeO/(FAPbIs)x(MAPbBrs3) 25.0 11 790 216 DCe-H-MeO 124
1-x/Spiro-OMeTAD/Ag
ITO/SnO2/DCe0-Cl-
H/(FAPbL)x(MAPbBrs3)1-~/ 25.2 11 800 228 DCs0-Cl-H 124
Spiro-OMeTAD /Ag
ITO/PTAA/CNDs@Na/C

Natrium

H:;NHsPbl;/PCBM/BPHE 231

1.1 80.7 20.6 ion-functionalized CNDS 125
HE/Ag

3. Summary and Prospectives

Recent research on PSCs has yielded significant improvements in PCE. Consequently, enhancing
the performance and stability of PSCs has emerged as a primary research focus. Progress has been
achieved through the implementation of additives and interface modification strategies. Under the
influence of moisture in the air, perovskite films are prone to problems such as disordered
crystallization and poor film quality, which seriously affect their performance. To avoid this situation,
traditional methods usually require strict control of environmental conditions, ensuring factors such
as air humidity and temperature. However, this is not only costly but also difficult to achieve in large-
scale production. Carbon materials, recognized for their cost-effectiveness and efficiency, have
garnered attention for their potential to enhance PSC performance. The incorporation of carbon
materials into various PSC components-including the perovskite absorber layer, charge transport
layers, electrodes, interfaces, and as passivation layers-has been demonstrated to improve
crystallization, conductivity, and oxidation resistance within the functional layers.

The position functions for integrating carbon materials within PSCs has been thoroughly
researched. However, the specific types of carbon materials employed for modification warrant
further exploration. Existing research predominantly focuses on CNFs, CDs, CNTs, graphene, and
fullerenes (including derivatives). Investigations into other carbon materials remain limited, despite
their potential to exhibit distinct advantageous properties compared to commonly studied variants.
The integration of these less-explored carbon materials could similarly enhance PSC performance.
These common carbon materials can have a positive effect on perovskite solar cells. While single-
material modification enhances PSC performance, the underlying mechanisms and resultant effects
vary significantly. Utilizing combinations of two distinct carbon materials for modification could
potentially yield synergistic performance enhancements.

The properties of carbon materials can be substantially augmented through modification,
subsequently influencing PSC performance. Current prevalent modification techniques include solid-
state heating, hydrothermal processing, and electrospinning. However, alternative methods such as
ion implantation, laser modification, and pyrolytic deposition remain less explored. Carbon material
modification primarily targets functional groups such as carboxyl, hydroxyl, amino, bromide, and
chloride. Nevertheless, numerous other functional groups-including bromine, fluorine, aldehyde (-
CHO), and carbonyl (>C=0)- demonstrate potential to positively impact PSC performance when used
as components of additives. Incorporating these functional groups onto carbon materials could
further enhance their properties. Moreover, precise modifications of carbon materials may yield more
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targeted and beneficial effects on PSC performance. It is crucial to note that different modification
methods and functional groups elicit varying outcomes. Even employing the same modification
approach, variations in reaction conditions and resultant products can lead to distinct impacts on
PSCs.

Research on the modification of carbon materials for PSCs has been conducted. However,
considerable opportunities remain for further studies specifically aimed at enhancing PSC
performance. Furthermore, the precise mechanisms by which modified carbon materials influence
PSC behavior are inadequately understood. Addressing these knowledge gaps presents significant
potential for advancing PSC efficiency.

3. Appendix Table
Full name Abbreviation
Perovskite solar cells PSCs
Photoelectric conversion efficiency PCE
Carbon nanotubes CNTs
Electron transport layers ETL
Hole transport layers HTL
Silver Ag
Gold Au
Methylammonium MAt
Formamidinium FA*
Rubidium Rbt
Lead Pb2t
Chloride Ccl
Bromide Br
Iodide I
0-dimensional 0D
1-dimensional 1D
2-dimensional 2D
3-dimensional 3D
Carbon quantum dot CQD
Carbon nanofiber CNF
Lithium Li
Copper Cu
External Quantum Efficiency EQE
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Time-Resolved Photoluminescence
Spectroscopy
Graphene quantum dots
Fullerene Indanones
Carbon dots
Multi-Walled Carbon Nanotube
Lignin carbon dots
Black phosphor quantum dots
Fourier transform infrared spectra
CQDs containing bromine functional groups
Carbon nanodots
Graphene Oxide
Brominated graphene oxide
Nanodot
Imidazole bromide functionalized graphene
quantum dots
Lead formamidine iodide
N, N-methylenebisacrylamide-functionalized
CQDs
Carbon quanta with functional groups
X-ray Photoelectron Spectroscopy
Photoluminescence Spectroscopy
Scanning electron microscope
Transmission Electron Microscope
Density Functional Theory
Single-Walled Carbon Nanotube
Hydrochloric acid
Sodium hydroxide
5-aminopentanoic acid hydrobromide
Citric acid
Neutral red
Infrared Spectroscopy

X-ray Diffraction
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TRPL

GQDs
TBu-FIDO
CDs
MWCNT
L-CDs
BPQDs
FTIR
Br-CQDs
CNDs
GO
Br-GO
ND

I-GQDs

FAPbI;

MBA/CQDs

A-CQDs
XPS
PL
SEM
TEM
DFT
SWCNT
HCl
NaOH
5-AVABr
CA
NR
IR

XRD
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