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HIGHLIGHTS

• Energy transfer is systematically reviewed as a guiding principle for current materials and optimization strategies in perovskite solar 
cells.

• Characteristic mechanisms are identified to classify energy-level optimization strategies into two categories.

• Performance-enhancement strategies for perovskite solar cells are analyzed from a quantum-level perspective.

ABSTRACT Metal halide perovskites, owing to their remarkable optoelectronic prop-
erties and broad application prospects, have emerged as a research hotspot in materials 
science and photovoltaics. In addressing challenges related to energy loss, photoelectric 
conversion efficiency, and operational stability in perovskite solar cells (PSCs), various 
strategies have been proposed, such as improving perovskite crystallization, develop-
ing tandem architectures, and advancing interfacial engineering. However, the specific 
impact of these approaches on internal energy transfer and conversion mechanisms 
within PSCs remains insufficiently understood. This review systematically examines the 
relationship between energy and perovskite materials throughout the photon absorption 
to charge carrier transport process, with particular focus on key strategies for minimiz-
ing energy losses and their underlying influence on energy-level alignment-especially 
in the electron transport layer and hole transport layer. It summarizes optimal absorp-
tion conditions and contributing factors during energy transfer, alongside representative 
case studies of high-performing systems. By elucidating these mechanisms, this work offers valuable theoretical insights for optimizing 
energy-level alignment, reducing energy dissipation, and guiding experimental design in PSCs research. 
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1 Introduction

Perovskite materials, characterized by their  ABX3-type 
crystal structure, have become a focus of active research 
due to their low cost, high efficiency, long lifespan, high 
flexibility, and versatility across various application sce-
narios [1]. Perovskites exhibit exceptional optical and 
electrical properties, such as excellent light absorption, 
high charge carrier mobility, long carrier diffusion length, 
ambipolar conductivity, and a direct bandgap, making per-
ovskite solar cells (PSCs) a promising contender for next-
generation photovoltaic technologies. Currently, PSCs 
have achieved a certified laboratory efficiency of 26.95%, 
which is comparable to leading photovoltaic materials, 
such as crystalline silicon cells and copper indium gallium 
selenide (CIGS) cells [2].

The mechanism of solar cells involves the conversion 
of solar energy into electrical energy through photovol-
taic materials, where achieving higher power conversion 
efficiency (PCE) is crucial for reducing photovoltaic 
costs. However, energy losses occur during the conver-
sion process, primarily including thermalization losses, 
below bandgap losses, optical losses, recombination 
losses, and spatial relaxation losses [3]. The ability of 
a material to absorb solar energy largely depends on its 
energy-level structure. The bandgap width determines 
the maximum wavelength for spectral absorption, while 
the number of electronic states in the valence and con-
duction bands influences the quantity and mobility of 
charge carriers.

To achieve optimal efficiency in solar cells, minimizing 
energy losses during the conversion and transport pro-
cesses in perovskite devices is essential. Experimental 
studies have demonstrated that factors such as film mor-
phology, device configuration, interface losses, and crystal 
quality are critical in determining PCE. Understanding 
the photophysical mechanisms of PSCs, as well as the 
pathways and losses involved in energy transfer between 
different materials, is key to improving the performance 
of PSCs. As shown in Fig. 1, this paper reviews the mech-
anisms of energy flow and loss during the photovoltaic 
conversion process, focusing on strategies to minimize 
energy losses in PSCs, and offers theoretical insights into 
the selection and optimization of organic–inorganic hybrid 
PSC materials.

2  Working Principle of Solar Cells 
and Utilization of Photon Energy

2.1  Photon and Energy Conversion in Solar Cells

Solar cells convert the energy of photons from sunlight 
into electrical energy, achieving photoelectric conversion. 
The energy of photons in sunlight originates from nuclear 
fusion reactions within the sun, where the energy gener-
ated by fusion is transmitted to the sun’s surface through 
radiation and convection and is then dispersed outward in 
the form of electromagnetic waves. Light exhibits "wave-
particle duality", displaying both particle and wave-like 
properties. The particle nature of light is evidenced by 
photons being able to propagate in a vacuum while carry-
ing specific energy, whereas its wave-like nature is evident 
in phenomena such as diffraction and interference, with 
photons having a specific frequency and wavelength. The 
energy of a photon is directly proportional to its frequency, 
which can be calculated using Planck’s equation Ε = ℎν. 
The photon energy of sunlight ranges from 0.5 to 3.5 eV, 
corresponding to wavelengths from 2.48 to 0.354 μm, 
covering infrared, visible, and ultraviolet light, which 
represents the overall solar spectrum. However, the effec-
tive absorption range for solar cell materials is generally 
between 1.1 and 3.5 eV (approximately 1.13 to 0.354 μm), 
mainly covering visible light and part of the near-infrared 
region, making it suitable for efficient energy utilization in 
photoelectric conversion. As sunlight passes through the 
atmosphere, certain specific wavelengths are absorbed by 
ozone, oxygen, and water vapor (Fig. 2a). In experimental 
settings, Air Mass X(AMX) spectral standards (X meas-
ured in multiples of atmospheric thickness) are often used 
to simulate natural light and evaluate the performance of 
photovoltaic devices.

2.2  Photon Absorption Mechanism in Photovoltaic 
Semiconductor Materials

Upon absorbing photons of specific energies, electrons in 
photovoltaic semiconductors are excited to higher energy 
levels. Light absorption mechanisms can be classified into 
intrinsic absorption, exciton absorption, free carrier absorp-
tion, impurity absorption, and lattice vibration absorption, 
with intrinsic absorption being the dominant process in 
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semiconductor materials [7]. As shown in Fig. 2b, when the 
photon energy is equal to or greater than the bandgap energy, 
electrons are excited across the bandgap into the conduction 
band, where they can move freely and contribute to current 
generation. This intrinsic absorption process is the funda-
mental mechanism underlying the photovoltaic effect and 
directly influences the photoelectric conversion efficiency 
of semiconductor materials [5].

Different semiconductor materials have different bandgap 
widths, and only photons with energy greater than or equal to the 
bandgap can be effectively absorbed. At the photon oscillation 
frequency υ = Eg /ℎ (where Eg is the bandgap and ℎ is Planck’s 
constant), the absorption spectrum exhibits a steep absorp-
tion edge, while for υ < Eg/ℎ (incident wavelength λ > 1.24/Eg, 
with Eg in eV), the absorption coefficient is relatively low. The 
absorption coefficient is commonly used to indicate the mate-
rial’s effectiveness in intrinsic photon absorption. For instance, 
Fig. 2c shows the absorption of  CsPbI3 films and target  CsPbI3 
films containing 0.6% CSE (1,2-bis(chlorodimethylsilyl)ethane) 
in the violet-visible spectrum (Tauc plot). The Cl⁻ groups in 
CSE effectively passivate Pb-related defects, suppress non-
radiative recombination, and adjust the energy-level alignment 
of the PSCs to reduce open-circuit voltage (Voc) loss [6]. Both 
the control and target films have a bandgap of 1.71 eV, but the 

target films demonstrate a higher light absorption intensity, 
particularly in the 550–750 nm range. Figure 2d illustrates the 
spectral absorption curves of different photovoltaic materials 
[9], describing their light absorption capacity and response 
characteristics across various wavelengths, thereby allowing 
an evaluation of their potential for photoelectric conversion. 
The absorption coefficient of perovskite  (CH3NH3PbI3) rises 
sharply near its bandgap, indicating its direct bandgap nature. 
Beyond the bandgap, the absorption coefficient quickly jumps 
to the order of  104–105  cm−1 and remains stable, significantly 
higher than that of conventional silicon-based materials such as 
c-Si and a-Si, suggesting that perovskites can achieve efficient 
light absorption even with extremely thin-film thicknesses. The 
high absorption coefficient and direct bandgap characteristics of 
perovskites make them highly advantageous for use in thin-film 
photovoltaic devices.

2.3  Energy Distribution in Sunlight and Photon 
Absorption Efficiency

The total energy of sunlight under the Air Mass (AM) 1.5G 
standard is approximately 1000 W  m−2, with photons car-
rying different energies distributed unevenly (Fig. 2a). In 

Fig. 1  Schematic diagram of strategies to enhance energy-level alignment in perovskite materials based on energy transfer relationships [3]. 
This review focuses on material design, interface engineering, and energy-level modulation, analyzing the interrelationship between energy 
transfer and alignment strategies
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research, spectral photon flux ( ��=
d�

d�
 , where Φ represents 

the number of photons in a unit wavelength range and λ 
represents the wavelength) is commonly used to describe 
the photon intensity within a specific wavelength range. The 
photon flux reaches its maximum around 500 nm. Theo-
retically, as the material’s bandgap decreases, the range 
of absorbed photons expands, allowing more photons to 
be absorbed and increasing the light utilization efficiency. 
However, materials with smaller bandgaps may lead to ther-
malization losses, where electrons excited by high-energy 
photons quickly relax to the bottom of the conduction band 
(Fig. 2b) [5]. Additionally, an excessively small bandgap can 
cause a decrease in the open-circuit voltage (Voc) and affect 
the overall spectral utilization efficiency and stability. The 
J-V curve is commonly used to evaluate the performance 
of semiconductor materials in photovoltaic applications. 
Figure 2e shows the classic photovoltaic J-V relationship 
curve, where Voc represents the open-circuit voltage (the 

voltage when current output is zero), and short-circuit cur-
rent density (Jsc) represents the short-circuit current density 
(the current density when the external circuit is shorted). On 
the J-V curve, there is a point where the product of current 
and voltage reaches its maximum, known as the maximum 
power point (MPP). The formula for calculating the power 
conversion efficiency (PCE) is:

where  Pin represents the incident light power, and FF is the 
fill factor. The fill factor is a critical parameter used to evalu-
ate how closely the actual output power of a photovoltaic 
device approaches its theoretical maximum. A higher FF 
indicates lower non-radiative recombination and resistance 
losses within the device.

(1)PCE =
V
oc
× J

sc
× FF

P
in

(2)FF =
MPP

V
oc
× J

sc

Fig. 2  a Spectral power density of sunlight.  Reproduced with permission from Ref. [4]. Copyright 2017, Science and Education Publishing. 
b Electron transitions induced by different light frequencies, the cooling process between energy bands, and the distribution of excess kinetic 
energy. Reproduced with permission from Ref. [5] Copyright 2022 Elsevier Inc. c Tauc comparison between  CsPbI3 reference film and 0.6% 
CSE target film. Reproduced with permission from Ref. [6]. Copyright 2024, American Chemical Society. d Effective absorption coefficients of 
different photovoltaic materials [7]. e J-V and P–V characteristic curves of photovoltaic cells. f Correspondence curve between the bandgap of 
different photovoltaic materials and the S-Q limit efficiency and actual efficiency. Reproduced with permission from Ref. [8]. Copyright 2016, 
American Association for the Advancement of Science
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2.4  Strategies for Enhancing Spectral Absorption

Solar cells only utilize a relatively small portion of the total 
photon energy from sunlight (about 1/3), because photons 
with energy below the optical bandgap undergo transmis-
sion, reflection, and scattering in the material, and their 
energy cannot be utilized. As a result, photovoltaic cells 
are limited by the Shockley-Queisser (S-Q) limit. Figure 2f 
shows the relationship between the bandgap of photovoltaic 
materials and the SQ limit [8]. Theoretically, the conver-
sion efficiency limit for single-junction photovoltaic cells is 
33.7%, which is the ideal bandgap (Eg = 1.4 eV) calculated 
for the AM 1.5G spectrum at 25 °C using the ASTM G173-
03 standard, with a maximum power output of 337 W  m−2 
[10]. However, Wang et al. proposed that halide perovs-
kites could theoretically break the material-level SQ limit 
through mechanisms such as hot carriers, multiple exciton 
generation, intermediate band gaps, and ferroelectricity [5]. 
Theoretically, single-junction solar cells can achieve effi-
ciencies ranging from 44% to 55%, while multi-junction 
cells can reach a theoretical limit as high as 86%. However, 
a significant gap still exists between theoretical and prac-
tical efficiencies. In a recently published study, Liu et al. 
developed mixed self-assembled monolayers (NA-Me) by 
co-assembling [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]
phosphonic acid (Me-4PACz) with the multi-aromatic car-
boxylic acid molecule 4,4′,4″- nitrilotribenzoic acid (NA) 
at the NiO/perovskite interface in inverted solar cells. This 
approach leverages intermolecular π–π interactions, sup-
pressed interfacial nanovoids, homogenized hole transport, 
and passivated  VPb

2+ defects, ultimately achieving an opti-
mal efficiency of 26.69% [11], which is the highest efficiency 
of single-junction perovskite solar cells in the current pub-
lished articles.

The below bandgap losses in perovskite solar cells 
account for 41.1% of the total energy loss in solar cells 
[3]. The excess kinetic energy from high-energy photons is 
released as heat through electron–phonon scattering, causing 
the cooling of hot electrons and holes [12]. To more effec-
tively utilize a broader portion of the solar spectrum, Bell 
Labs proposed stacked solar cells in the twentieth century, 
which use different bandgaps to absorb light corresponding 
to different photon energies in series. For example, Liu et al. 
proposed a two-terminal monolithic perovskite-silicon tan-
dem solar cell with LiF and ethylenediammonium diiodide 
(EDAI) bilayer passivation, achieving higher open-circuit 

voltage and fill factor, and achieving a tandem efficiency of 
33.89% [13], LONGi achieved a high efficiency of 34.6% in 
2025 using a tandem structure of perovskite and Si.

Beyond material design and tandem configurations, pho-
tothermal or up/down conversion represent additional strat-
egies for enhancing light absorption. Photothermal hybrid 
systems reduce energy loss by recovering waste heat and 
converting it back into electrical energy. Up/down conver-
sion transforms low-energy photons (via up-conversion) and 
high-energy photons (via down conversion) into photons 
that are absorbable within the material’s bandgap, thereby 
expanding spectral utilization and increasing overall effi-
ciency [5].

2.5  Band Gap Advantage of Perovskites in Photovoltaic 
Materials

As shown in Fig. 2f, there is still a gap between the current 
experimental values of photovoltaic materials and the theo-
retical values derived from the bandgap. The ideal bandgap 
for solar cells is 1.4 eV [14], which corresponds to a critical 
photon wavelength of 886 nm (infrared light). The theo-
retical maximum efficiency of crystalline silicon solar cells 
with a 1.1 eV bandgap is 29.43% [15]. The high efficiency 
currently achieved is 27.3% by the back-contact crystal-
line silicon heterojunction solar cells developed by LONGi 
Green Energy [2]. The highest experimental efficiency for 
copper indium gallium selenide (CIGS) solar cells with a 
1.15 eV bandgap is 23.6% [16]. GaAs solar cells with a 1.45 
eV bandgap have achieved 29.1% efficiency in experiments 
(due to high production costs, they are typically used in aero-
space applications) [2]. Perovskite solar cells, due to their 
low production cost and tunable bandgap, are considered an 
important development direction for the future.

The crystal structure of perovskite is  ABX3, allowing 
for a variety of material combinations. The all-inorganic 
perovskite  CsPbI3 with a 1.74 eV bandgap has achieved 
an experimental efficiency of 22.14% [17]. Organic–inor-
ganic hybrid perovskites can adjust their bandgap by chang-
ing the composition. For example, the hybrid perovs-
kite  CH3NH3PbI3  (MAPbI3) with a 1.55 eV bandgap has 
achieved an experimental efficiency of 24.12% [18]. Among 
them, HC(NH2)2PbI3  (FAPbI3) (with a bandgap of 1.48 
eV), which is closest to the ideal value, has achieved an 
experimental efficiency of 26.95% [2]. The excellent light 
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absorption capability of perovskites gives them tremendous 
potential for future development in the photovoltaic field.

3  Material Structure and Performance 
Optimization Strategies for Perovskite Solar 
Cells

3.1  Intrinsic Relationship Between Perovskite Crystal 
Structure and Light Absorption Properties

The photon energy utilization in perovskite depends on 
its unique material structure. As shown in Fig. 3a, metal 
halide perovskite is a crystalline material with an  ABX3 
structure, where A is a monovalent cation, B is a diva-
lent cation, and X is an anion. The perovskite framework 
consists of corner-sharing  [BX6]− octahedra, with the B 
cation occupying the center of the octahedron and the X 
anion positioned at the vertices [19]. The redox inter-
action between the B-site and X-site is the basis of the 
photogenerated current in perovskite materials. The B–X 
bond exhibits both ionic and covalent characteristics, 
while the A-site cation, residing in the cavity formed by 
the  [BX6] octahedra, interacts with the framework through 
van der Waals forces and hydrogen bonding (in the case 
of organic cations). Halide perovskites exhibit a direct 
bandgap at the R point in the ideal cubic phase, allowing 
electrons to transition from the valence band maximum 
to the conduction band minimum without phonon assis-
tance. This results in a high absorption coefficient, which 
is beneficial for efficient photoelectric conversion. The 
valence band maximum (VBM) of halide perovskites is 
typically determined by the antibonding states between 
the s orbitals of the B-site metal and the p orbitals of the 
X-site halogen. The conduction band minimum (CBM) is 
composed of antibonding states between the p orbitals of 
the B-site metal and the p orbitals of the X-site halogen. 
The B-site cation dominates the lower conduction band 
position, while the X-site anion dominates the higher 
valence band position, as shown in Fig. 3b, the density of 
states (DOS) of  CsPbI3,  FAPbI3, and  CsSnBr3, the elec-
tronic states at X in the valence band and those at B in 
the conduction band are occupied. Therefore, the choice 
of elements for B and X sites directly affects the bandgap 
size of the metal halide perovskite, thereby influencing 
light absorption.

Currently, common B-site cations include  Pb2+,  Sn2+, 
and  Ge2+, while X-site anions include  I−,  Br−, or  Cl− [20]. 
The A-site cation is located in the cavities formed by mul-
tiple  [BX6]− octahedra. Common A-site cations include 
cesium  (Cs+), methylammonium  (MA+), and formami-
dinium  (FA+). Due to their lower occupied energy levels, 
they generally exhibit less charge activity, as shown in 
Fig. 3b, the energy bands at the A-site are weakly occu-
pied, and the substitution of  FA+ and  Cs+ has a minimal 
impact on the energy-level arrangement. The A-site cation 
plays a crucial role in structural stability and charge bal-
ance. The size of the A-site cation and its interaction with 
the  [BX6]− octahedra significantly influence the octahedral 
crystal arrangement, and therefore also exert a regulatory 
effect on the energy levels. At the same time, perovskites 
can adjust the arrangement of electronic energy levels or 
bandgap through the substitution of site atoms, achieving 
matched energy levels that align with the solar absorption 
spectrum.

3.2  Impact of Crystal Structure Changes on Energy 
Utilization

According to the Goldschmidt criterion, the ionic radii of 
the A, B, and X-site cations must satisfy the ion packing 
arrangement assessed by the tolerance factor (T).

With RA, RB,, and RX representing the ionic radii of the 
A, B, and X-site cations, respectively [22, 23]. The ideal 
perovskite compound adopts a cubic close-packed structure 
with Τ = 1. When the ratio of ionic radii deviates from the 
ideal value (Τ ≠ 1), geometric strain and crystal distortion 
occur, leading to structural instability that can cause changes 
in the arrangement of electronic states, which in turn affects 
the device’s lifetime and light absorption [24].

The size of the A-site cation in perovskite is limited to 2.6 
Å, and the tolerance factor (T) for stable perovskites must be 
between 0.8 and 1.0. Inorganic perovskites exhibit better ther-
mal and chemical stability, and the A-site organic cations that 
meet the conditions include  Cs+,  Rb+, and  K+. The ideal crys-
tal structure of halide perovskites is the cubic phase (α). In 
 CsBX3, the inorganic cation  Cs+, due to its smaller occupancy 
ratio, causes the corner-sharing  [BX6]− octahedra to easily 
tilt, leading to the formation of the tetragonal phase (β) and 

(3)T = R
A
+ R

X
∕
√

2(R
B
+ R

X
)
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orthorhombic phase (γ), which alters the energy-level arrange-
ment and thus affects light absorption. For example, in  CsPbI3, 
the structure transitions from α to β and then to γ, with the Pb-
I-Pb bond angle decreasing from 180° to 163° and then to 153°, 
and the bandgap increasing from 1.36 to 1.58 eV and then to 
1.77 eV (Fig. 3c) [25, 26]. Typically, larger A-site cations tend 
to increase the B-X atomic distance, reducing orbital overlap 
and widening the bandgap. However, non-rigid organic cations 
(FA⁺, MA⁺), due to factors like asymmetric forces and hydrogen 
bonding, can alter the tilt angle of the perovskite crystal struc-
ture, thereby changing the arrangement of energy levels. For 
example, in  MAPbI3, the different orientations of  MA+ and the 
N–H bonds lead to varying degrees of tilting in the perovskite 

structure, causing changes in the energy levels. By controlling 
the molecular orientation, the arrangement of energy levels can 
be regulated (Fig. 3c) [27, 28]. Organic cations that meet the ion 
size requirements primarily regulate the electronic energy-level 
arrangement of perovskites by fine-tuning the interaction forces 
between the A-site cations and the  [BX6]− octahedra, as well 
as optimizing the interlayer spacing. Cations larger than the 
limiting radius can cause layer separation in the crystal struc-
ture, leading to the decomposition of the perovskite into a 3D 
form, which is unfavorable for perovskite formation. However, 
in 2016, Hu et al. discovered that by coating the surface of 3D 
perovskite with mixtures of MAI and large-volume molecules 
such as n-butylammonium iodide (BAI), a layered perovskite 

Fig. 3  Theoretical Structure and Working Principle of Perovskite Solar Cells. a Photovoltaic conversion process of PSCs and the  ABX3 crystal 
structure of perovskite, bandgap characteristics  (Reproduced with permission from Ref. [21]. Copyright 2023, John Wiley and Sons) and bond-
ing characteristics (electron localization function (ELF)) of PVK. b Density of states (DOS) of different types of perovskites. c Main phase tran-
sition factors of organic and inorganic perovskites
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structure was formed, which improved the efficiency and per-
formance of the solar cells [29]. Ma et al. also demonstrated 
that 2D/3D hybrid perovskites do not hinder electron transport 
and can passivate the 3D perovskite, resulting in higher PCE 
and better water stability [30]. Meanwhile, Mali et al. achieved 
an efficiency of 21.5% with the β-CsPbI3 and γ-CsPbI3 phase 
heterojunction all-inorganic perovskite solar cells in 2023. 
Therefore, effectively utilizing ion size to dope the  ABX3 struc-
ture is an effective way to optimize perovskites [31].

Furthermore, vacancies and misalignments at the A, B, 
and X sites are key factors affecting the quality of perovskite 
films, this is particularly critical in non-radiative recombi-
nation processes. As shown in Fig. 3b, density functional 
theory (DFT) calculations indicate that X vacancy defects on 
the  ABX3 surface introduce defect states. The defect region 
allows electrons to become unstable in orbital overhangs, 
causing the energy levels of the electronic states to appear in 
the forbidden band region. These energy states can capture 
transition electrons, leading to recombination losses and ion 
migration, which in turn reduce device performance. During 
the fabrication of perovskite solar cells, factors such as lattice 
constant mismatch, unsaturated chemical bonding, process 
residues, and differences in thermal expansion coefficients 
contribute to the formation of these defects. Passivating these 
defects by employing ions or functional groups to bind the 
dangling electrons is an effective approach, which reduces the 
likelihood of energy falling into trap states during transfer, 
thereby minimizing energy losses.

3.3  Structure of Perovskite Solar Cells and Energy 
Transfer Mechanisms

As shown in Fig. 3a, perovskite  ABX3 crystalline materi-
als continuously absorb photons with energy greater than 
the bandgap energy, exciting electrons out of their energy 
orbitals to form electron–hole pairs. The directional flow 
of electrons generates photocurrent. When conductive elec-
trodes and wires are incorporated, they form a conductive 
circuit, which is the most fundamental circuit structure of 
a solar cell. The generated electron–hole pairs can natu-
rally diffuse to achieve electron–hole separation. However, 
in perovskites, the photogenerated electron–hole pairs lack 
directionality, making them prone to secondary recombina-
tion, which leads to energy loss. Therefore, when fabricating 
solar cells, it is crucial to promptly extract the electron–hole 

pairs in both directions to minimize energy loss. Although 
n-type and p-type perovskite tandem cells can promote elec-
tron transfer, research tends to focus on introducing electron 
transport layers (ETLs) and hole transport layers (HTLs) to 
accelerate electron–hole separation [32]. Introducing ETLs 
and HTLs can effectively improve the generation rate and 
mobility of photogenerated carriers, thereby enhancing the 
open-circuit voltage and overall energy conversion efficiency 
of the photocurrent.

Currently, the structure of perovskite solar cell devices is 
mainly divided into five parts (five-layer structure) (Fig. 3a), 
including conductive glass (such as ITO or FTO), electron 
transport layer, perovskite light-absorbing layer, hole transport 
layer, and conductive metal layer [33]. In this structure, elec-
trons move from the perovskite layer into the electron transport 
layer and ultimately reach the electrode, while the holes gener-
ated by the perovskite move through the hole transport layer 
to the corresponding electrode. Electrons flow out of the elec-
trode, pass through the external circuit, and finally recombine 
with the holes at the hole-electrode, forming a complete current 
loop. When sunlight radiation strikes the perovskite device, per-
ovskite absorbs most of the light waves and generates charge 
carriers. Since the orbital energy levels of the materials are 
at the same energy level, electrons are more likely to trans-
fer. However, due to the differences in material properties and 
interface effects between the perovskite and transport layers, 
energy barriers may exist, leading to interruptions in electron 
transport and requiring extra energy. Therefore, the bandgap 
matching and material selection between layers are crucial [34]. 
In experiments, heterojunctions or molecular binders are com-
monly used as bridges for energy barriers, thereby reducing 
energy loss in electron transport and improving solar energy 
conversion efficiency. Optimizing the matching of these materi-
als to maximize photon absorption and extraction efficiently has 
become one of the core challenges in the design and fabrication 
of PSCs [35].

4  Design of Electron Transport Layer

4.1  Main Functions and Types of Electron Transport 
Layer

The core function of the electron transport layer (ETL) is to 
facilitate the transfer of electrons and suppress the reverse 
flow of holes. Ideal ETL materials should possess high 



Nano-Micro Lett.          (2025) 17:313  Page 9 of 33   313 

electron mobility, excellent thermal and water stability, and 
be able to effectively block hole back-injection, while achiev-
ing good adhesion and interface energy-level alignment with 
the adjacent layers. The selection of ETL materials directly 
affects the efficiency and the stability and consistency of the 
output current of the solar cell. Suitable organic, inorganic, 
or organic–inorganic hybrid materials can be chosen as 
electron transport layers. Organic materials offer structural 
diversity, controllable energy-level alignment, abundant raw 
materials, and are suitable for large-scale manufacturing and 
flexible applications [36, 37]. In contrast, inorganic materials 
have simple structures, low preparation costs, and exhibit 
superior carrier transport performance and long-term stabil-
ity, particularly under varying environmental conditions [38, 
39]. This gives inorganic materials a significant advantage 
in terms of the device’s service life.

To date, numerous inorganic electron transport materi-
als have been reported and applied, including metal oxides, 
metal oxide composites, and metal oxide nanoparticles. 
Transition metal oxides are among the primary choices 
for electron transport materials. Compared to pure metals, 
which lack a bandgap and thus cannot effectively distinguish 
between charge carriers, transition metal oxides possess dis-
crete conduction and valence bands. This allows for effi-
cient charge transport while enabling selective conduction 
pathways for electrons and holes [37]. Common electron 
transport materials include  TiO2, ZnO,  SnO2, CdS,  C60, 
Bathocuproine (BCP), and Phenyl-C61-butyric acid methyl 
ester (PCBM) [40–52].

4.2  Energy‑Level Matching Requirements for ETL 
and the Impact of Common Materials on Energy 
Transfer

As shown in Fig. 4a, after the electron and hole separate 
upon photoexcitation and transition to the conduction band, 
electron transport occurs between the conduction bands of 
different layers. The lower energy difference between the 
electron transport material (ETM) and the conduction band 
minimum of the perovskite reduces the energy barrier for 
electron transfer to the ETL, enhancing electron migration 
to the ETL and minimizing electron–hole recombination at 
the interface. The larger energy difference between the ETM 
and the valence band maximum of the perovskite effectively 

blocks hole injection, thereby reducing electron–hole recom-
bination within the ETL [53].

In the energy-level alignment of common electron trans-
port materials (ETMs) (Fig. 4b), the zinc blende structure 
of CdS and perovskite have similar energy-level alignments, 
which allows them to be used for electron and hole transport. 
However, CdS has poor selectivity for electrons and holes, 
and thus is often used in passivation layers or multi-junction 
structures to improve electron injection efficiency at the 
perovskite interface [48, 49, 54, 55]. In contrast, materials 
such as ZnO,  TiO2, and  SnO2 possess excellent energy-level 
alignment and wide-bandgap properties. However, ZnO’s 
high exciton binding energy enables efficient exciton recom-
bination at room temperature, resulting in intense lumines-
cence. This characteristic makes it a promising material for 
applications in UV lasers and light emitting diodes (LEDs) 
[44, 56–58]. PCBM, as a derivative of  C60, has carboxyl 
group modifications that lower the conduction band mini-
mum of  C60 making it more effective at receiving photogen-
erated electrons and effectively blocking hole injection [34, 
51, 59]. Among the various ETL materials,  TiO2 has high 
chemical stability and low-cost preparation methods, while 
 SnO2 exhibits high electron mobility and good thermal sta-
bility, making them commonly used ETMs in experiments 
[40, 41, 60–63]. How to fully utilize the advantages of each 
ETM to fabricate higher-performance perovskite solar cells 
is the focus of our research.

4.3  Strategies for Optimizing Energy‑Level Matching 
for Electron Transport in ETL

The aforementioned materials inherently possess differ-
ent advantageous characteristics, but the issues of intrin-
sic defect density and energy-level mismatch cannot be 
ignored [64]. Research continues to explore ways to fur-
ther optimize their thermal stability, corrosion resistance, 
and ease of preparation [65–68]. Reducing energy loss 
during electron transport is key to optimization strategies. 
Currently, a large number of studies have reported meth-
ods to regulate interface effects and reduce energy loss, 
which can be broadly divided into two categories: het-
erojunction design and additive engineering [42]. Hetero-
junction design, in most cases, does not significantly alter 
the physical properties of the original materials but rather 
uses their inherent characteristics to achieve energy-level 
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tuning [69]. Whereas additive engineering involves the 
introduction of organic molecules or solvents to modify 
the physical and chemical properties of the interface, 
affecting the energy-level alignment between the perovs-
kite layer and ETL [70, 71]. Furthermore, heterojunction 
and additive engineering can also improve the transport 
layer interface morphology, passivate the surface to pre-
vent degradation or erosion, and enhance device stabil-
ity. These engineering strategies can modify the transport 
layer by inducing strain in its lattice or molecular morphol-
ogy and passivating defects such as vacancies. This results 
in more uniform and stable materials, thereby improving 
device performance. This chapter focuses only on hetero-
junction engineering, while additives are discussed in the 
hole transport layer.

A heterojunction is an interface region formed between 
two different semiconductor materials. The matching degree 
depends on the crystal structures, similar atomic spacing, 

and thermal expansion coefficients of the two semiconduc-
tors. It can also be used to fabricate various semiconductor 
devices. As shown in Fig. 5a, heterojunction engineering 
reduces energy transfer losses by creating energy-level steps. 
Based on energy band alignments, traditional heterojunc-
tions are classified into three types: straddling gap, stag-
gered gap, and broken gap [76]. Among them, the staggered 
gap type is more conducive to electron–hole separation. 
The staggered heterojunction structure can be achieved via 
doping, material intercalation, anisotropic heterojunctions, 
phase heterojunctions, quantum dot heterojunctions, etc. The 
discussion below focuses only on the band tuning relation-
ship of planar heterojunctions.

4.3.1  Intercalated Heterojunction

In 2009, the Miyasaka team first applied perovskite 
 (CH3NH3PbI3,  CH3NH3PbBr3) materials as photosensitizers 

Fig. 4  Electronic transport layer theory. a Schematic diagram of the electron transport principle. b Energy-level alignment of common electron 
transport materials. c General structural model of perovskite to electron transport layer
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in dye-sensitized solar cells [77]. In 2012, Park et  al. 
introduced solid-state hole transport material (HTM) 
(spiro-2,2′,7,7′-Tetrakis(N,N-di-p-methoxyphenylamine)-
9,9′-spirobifluorene (Spiro-OMeTAD)) for the first time, 
increasing the efficiency of perovskite solar cells from 3.8% 
to 9.7%, which officially clarified the roles of HTL and 
ETL in optimizing the transport and separation of charge 
carriers [78]. When certain ETMs exhibit excellent lattice 
matching or charge transport capabilities but do not meet 
the energy-level matching requirements of perovskite/ETL, 
double-layer and multi-layer heterostructures effectively 
address this issue, demonstrating significant performance 

advantages. The principle of multi-layer heterojunctions lies 
in leveraging the energy band gap differences of materials to 
insert intermediate layers into energy-mismatched materials, 
thereby forming stepped energy levels that reduce electron 
transfer barriers and enhance charge transfer capability.

In 2019, Nan et  al. used a low-temperature solution 
method to prepare  TiO2/SnO2 dual-electron-layer PSCs, 
achieving a PCE of 19.11% [79]. In 2021, Huang et al. 
inserted  Nb2O5 as a step material into ZnO/perovskite, 
which not only served as an energy step but also prevented 
the detrimental effect of ZnO in acidic environments on the 
organic–inorganic hybrid perovskite, achieving a PCE of 

Fig. 5  Heterojunction Strategies. a Working principle of heterojunctions reducing energy loss. b Structure and energy-level changes of interca-
lated heterojunctions [72]. c Structure and energy-level changes of doped heterojunctions [73]. d Structure and energy-level changes of hetero-
junctions with different dimensionalities [74]. e Structure and energy-level changes of heterojunctions with different phases [31]. f Structure and 
energy-level changes of quantum dot heterojunctions [75]



 Nano-Micro Lett.          (2025) 17:313   313  Page 12 of 33

https://doi.org/10.1007/s40820-025-01815-z© The authors

13.8% for ZnO as an ETM [80]. In 2024, Liu et al. intro-
duced a  CeOX interlayer into  SnO2/PVK, demonstrating the 
advantage of energy-level stepping in multi-layer heterojunc-
tions. This interlayer was a key technology in achieving a 
high-efficiency solar cell with a PCE of 24.63% (Fig. 5b) 
[72]. A series of experiments have demonstrated that using 
materials with different energy levels as transition layers can 
reduce energy losses during the electron transport process, 
thereby improving conversion efficiency.

4.3.2  Doped Heterojunction

The P–N junction serves as the core of cell technology, func-
tioning through the diffusion and field effect of electrons. Due 
to the bipolar nature of PSCs and the inherent energy differ-
ence within their structure, a P–N junction is not essential in 
the perovskite structure. However, the appropriate introduc-
tion of a P–N junction can enhance the rapid separation and 
transport of charge carriers with minimal structural changes. 
PVK to ETL is used for electron transport and requires doping 
with a donor to regulate the process. Halogens (such as  Br−, 
 Cl−) are commonly used to achieve n-type doping of perovs-
kite, with relatively little impact on crystallinity.

In 2024, Mike et al. used reaction force fields (ReaxFF) to 
perform molecular dynamic simulations, demonstrating that 
replacing 1/4 of the I in inorganic perovskite  CsPbI3 with Br 
can improve the crystal quality through stress modulation 
[81]. The doping of perovskite/ETL forms a heterojunction 
at the interface, adjusting the matching energy levels toward 
a staggered type, as shown in Fig. 5c. In 2018, Hui doped 
Br into  CsPbI3 within the  CsPbI3/TiO2 structure, forming 
 CsPbI2Br. At the quantum dot interface of  CsPbBrI2/  CsPbI3, 
a heterojunction with a graded bandgap was formed, reduc-
ing the energy barrier in the electron transfer path between 
the interfaces [73]. In 2019, Man et al. used DFT simulations 
to introduce  TiO2 into the  CsPbI3/ZnO structure, proving 
that the addition of  TiO2 can modulate the edge of the ZnO 
interface, thereby achieving energy band alignment at the 
interface [43]. Doping heterojunctions optimize the energy-
level arrangement by establishing P-N junctions or stabi-
lizing the perovskite structure, while surface doping of the 
perovskite can stretch the interface energy levels to smaller 
energy gaps, thereby optimizing energy alignment and car-
rier transport.

4.3.3  Dimensional Heterojunction

As can be seen from the perovskite structure, the introduc-
tion of larger A-site ions can result in dimensional reduc-
tion, forming one-dimensional (1D) and two-dimensional 
(2D) perovskites. Low-dimensional perovskites, owing to 
their material discontinuity, exhibit reduced light absorption 
ranges, localized charge carriers, strong exciton binding ener-
gies, and poor conductivity [82]. However, the good envi-
ronmental stability of low-dimensional perovskites provides 
a new solution for passivating the surface of three-dimen-
sional (3D) perovskite. Research has demonstrated that 2D 
perovskites not only passivate the surface of 3D perovskites 
and eliminate surface defects but, owing to differences in 
bandgap widths, also function as heterojunction structures 
to optimize the energy-level alignment between perovskite 
and ETL. In 2024, Azmi et al. combined alkylamine ligands 
with the phosphonic acid groups in self-assembled molecules 
(2-(9H-Carbazol-9-yl)ethyl]phosphonic Acid (2PACz) and 
4-hydroxybenzylamine (HBzA)) to create a bilayer 2D/3D 
heterojunction inverted perovskite solar cell, achieving a 
highest efficiency of 25.6%, which represents a breakthrough 
in the PCE of current PSCs (Fig. 5d) [74]. In this context, 
2D perovskite serves as the heterojunction layer, primar-
ily enhancing the stability of PSCs through passivation. 
Although its role in narrowing the energy-level gap is limited, 
it still preserves the staggered ladder-like energy-level struc-
ture of the heterojunction, thereby reducing energy losses.

4.3.4  Phase Heterojunction

The complex interplay of temperature, pressure, chemical 
composition, environmental factors, and the crystal lattice 
structure can lead to changes in the arrangement of ions 
within the lattice, resulting in the formation of different 
phases. The formed phases (e.g., cubic photoactive phase 
of  FAPbI3 (α-FAPbI3, 390K), hexagonal non-photoactive 
phase (δ-FAPbI3, 293K), low-temperature photoactive 
tetragonal phase (β-FAPbI3, 140K), and orthorhombic phase 
(γ-FAPbI3, 91K)) exhibit differences in symmetry and energy 
states, which lead to distinct optical and electrical properties 
among different perovskite phases [83]. Utilizing the dif-
ferences among these phases to fabricate phase heterojunc-
tions has also become a strategy for optimizing perovskite 
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performance. In 2022, Ji et al. fabricated a solar cell using a 
γ-CsPbI3/β-CsPbI3 phase heterojunction, achieving a PCE of 
20.1% for all-inorganic perovskites [69]. Figure 5e illustrates 
the phase heterojunction principle of all-inorganic perovskite 
γ-CsPbI3/β-CsPbI3 with an efficiency of 21.5%, as developed 
by Mali [31]. Phase heterojunctions primarily improve car-
rier separation and transport efficiency through material dif-
ferences between the distinct phases. Similar to dimensional 
heterojunctions, to prevent energy loss, the requirements of 
a staggered heterojunction must be met.

4.3.5  Quantum Dot Heterojunction

Quantum dots (QD) are semiconductor nanostructures that 
confine excitons in three spatial dimensions. The perovskite 
surface inherently contains defects, and by introducing quan-
tum dot structures, these quantum dots can not only effec-
tively passivate the defects on the perovskite surface but also 
form energy band alignment with the perovskite layer, pro-
viding an efficient carrier transport channel, reducing charge 
recombination, and enhancing charge transport efficiency. 
In 2020, Wang et al. fabricated a colloidal  CsPbI3/PbSe 
quantum dot heterojunction, achieving a PCE of 13.9% and 
exhibiting excellent moisture resistance (Fig. 5f) [75]. Liu 
et al. also utilized quantum dots to further regulate energy-
level alignment while incorporating a  CeOX heterojunction 
into  SnO2/perovskite [72]. QD heterojunctions achieve grad-
ual energy-level alignment by filling the gaps between mate-
rial layers, with quantum dots serving as bridges for electron 
transfer. Various heterojunction structures can be synergisti-
cally applied, leveraging their complementary advantages to 
address different types of defects under varying conditions.

5  Design of Hole Transport Layer

5.1  Functions, Energy‑Level Requirements, 
and Common Materials for Hole Transport Layer

The hole transport layer (HTL) serves as a critical func-
tional layer that facilitates the efficient extraction and 
transport of photogenerated holes while effectively 
blocking electron backflow. The HTL also optimizes the 
interface contact between the perovskite layer and the 
electrode, reducing defects and improving energy-level 
alignment, further enhancing the open-circuit voltage 

and power conversion efficiency. Additionally, the HTL 
enhances the stability and lifetime of the device by pre-
venting the perovskite layer from interacting with the 
external environment. Key attributes such as excellent 
film-forming ability and solution processability are crucial 
for the efficient integration of HTL in practical devices. 
thereby improving the overall performance and long-term 
stability of the device.

Figure  6a summarizes the energy-level alignment of 
some hole transport materials (HTMs) from the perspec-
tive of energy-level distribution. After photon excitation, the 
holes left by electrons in the perovskite valence band must 
be efficiently transferred to the HTL to minimize interfacial 
recombination. To achieve efficient charge separation and 
transport, the energy levels of the valence band of the per-
ovskite absorber layer and the highest occupied molecular 
orbital (HOMO) of the organic HTM (or the valence band of 
the inorganic HTM) should have a small energy difference 
[35]. A smaller energy barrier reduces the energy loss of 
holes during transport. Meanwhile, the lowest unoccupied 
molecular orbital (LUMO) of the HTM should be signifi-
cantly higher than the conduction band of the perovskite 
to effectively block electron injection into the hole layer, 
enhancing carrier separation efficiency. However, this crite-
rion is only partially applicable. Additionally, the matching 
of the Fermi level is crucial as it is a key factor for carrier 
transport at the interface.

Hole transport materials can be classified as inorganic, 
organic, or organic–inorganic hybrid materials, and 
organic materials can be further categorized into organic 
polymers and organic small molecules [84]. Common 
organic polymer HTMs include poly(3-hexylthiophene) 
(P3HT), Poly(3,4-ethylenedioxythiophene):Poly(styren
esulfonate) (PEDOT:PSS), Poly[bis(4-phenyl)(2,4,6-tri-
methylphenyl)amine] (PTAA) and Poly[{4,8-bis[(2-eth-
ylhexyl)oxy]benzo[1,2-b:4,5-b]dithiophene-2,6-diyl]
[3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thio-
phenediyl]} (PTB7). Organic small-molecule HTMs 
include Spiro-OMeTAD, (4-(7H-dibenzo[c,g]carbazol7-
yl)butyl)phosphonic acid (4PADCB), and tris(4-carba-
zoyl-9-ylphenyl)amine (TCTA). Inorganic HTMs include 
 CuSbS2, opper barium tin sulfide (CBTS), CuSCN, 
 CuAlO2,  CuXO, CuI,  NiOX,  NiCo2O4,  MoO3,  SrCuOX, 
 CsPbI2Br,  MoS2,  MoOX,  WS2, and  VOX [51, 84–106].

Polymers, small molecules, and inorganic HTMs each 
have their unique advantages. Conductive polymers, due 
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to their long conjugate structures, rapid intramolecular 
charge transport, and the flexibility of thin-film deposi-
tion, exhibit high charge carrier mobility. Small molecules 
are characterized by ease of synthesis, precise control over 
molecular weight, and high charge mobility due to strong 
intermolecular stacking. Inorganic HTMs, particularly 
metal oxides and organic–inorganic hybrid materials, 
demonstrate excellent performance and long-term stabil-
ity, capable of maintaining high efficiency under harsh 
conditions. However, due to the high-temperature fabrica-
tion processes and the relatively low intrinsic conductivity 
resulting from solution engineering, only a limited number 
of inorganic materials have been developed into efficient 
HTMs. All three types of HTMs have been extensively 
explored for use in perovskite solar cells, contributing to 
the continuous optimization of photovoltaic devices.

Among them, molecular compounds play a crucial role 
in perovskite devices, as they can serve not only as elec-
tron or hole transport layers but also as additives to modu-
late the interface properties between the transport layers 

and the perovskite. For example, while Spiro-OMeTAD 
is an efficient HTM, it sometimes causes energy transfer 
losses due to its mismatch with the HOMO of wide-band-
gap perovskites. Therefore, the energy-level alignment 
between the two needs to be adjusted. Additives n-oct-
ylammonium iodide (OAI) and trioctylphosphine oxide 
(TOPO) can stretch the surface energy levels of PVK and 
Spiro-OMeTAD through chemical reactions [101], reduc-
ing energy losses at the interface Fig. 6d. In addition to 
additives, the material energy levels can also be opti-
mized by directly optimizing the structure of the HTM. 
In energy-level alignment modulation, factors such as the 
conjugated structure, chain length, molecular size, and 
the type of functional groups in the molecules all affect 
the energy-level arrangement. The following section will 
discuss in detail how adjusting the molecular HTM or 
structure of molecular additives can modify energy-level 
alignment, thereby reducing energy losses.

Fig. 6  Hole Transport Layer Optimization Mechanism. a Energy-level alignment of hole transport materials. b Hole transport mechanism. c 
General structure of hole transport molecules. d Principle of the additive OAI and TOPO co-regulating the PVK and HTL interfaces, where the 
interface energy-level difference is reduced due to the influence of the additives
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5.2  General Relationship Between Molecular Structure 
and Energy‑Level Alignment

The ability of organic molecules to conduct electricity 
is one of the major breakthroughs in the field of organic 
chemistry. The use of organic materials as HTM has been 
proven to exhibit excellent charge carrier transport prop-
erties. Materials such as P3HT, Spiro-OMeTAD, and 
PTAA have demonstrated promising performance in cur-
rent research. However, in certain scenarios, HTMs and 
perovskites exhibit improper matching. Current studies 
reveal that the primary factors influencing the energy-level 
alignment of molecular interface transport layers include 
the type of functional groups, chain length or molecular 
structure size, and conjugation strength. These factors can 
be systematically adjusted to modulate the work func-
tion, tunneling distance, or barrier height. The valence 
band maximum (VBM) of perovskites is approximately 
−5.5 eV, and the energy-level alignment can be roughly 
predicted based on configurational characteristics, ena-
bling the selection of suitable HTL materials and serving 
as a key predictive tool in synthesizing efficient HTMs.

The general structural characteristics of undoped molec-
ular HTMs can be traced back to the design of HTMs in 
dye-sensitized solar cells, typically featuring donor–accep-
tor (D-A) structures, π-conjugated frameworks, multidi-
mensional conjugated backbones, polyaromatic structures, 
and functional groups (Fig. 6c) [95]. The D-A part is con-
nected through a conjugated chain, which is key to deter-
mining the molecular HOMO–LUMO energy-level gap. 
By adjusting the electronic effects of the donor and accep-
tor, the D-π-A structure can precisely control the energy-
level gap, thereby optimizing the energy-level alignment 
between the HTM and the perovskite active layer, ensuring 
efficient hole transport. π-conjugated frameworks, mul-
tidimensional conjugated backbones, and polyaromatic 
structures primarily enhance charge transport by increas-
ing molecular localization and expanding charge transport 
pathways, thereby improving hole mobility. Functional 
groups (e.g., methoxy, cyano) often optimize charge trans-
port by modulating charge density and improving the solu-
bility and interfacial compatibility of the materials. Func-
tional groups can also adjust the energy-level structure of 
HTMs to better align with the perovskite layer, reducing 
energy losses [94].

5.2.1  Conjugation Properties

In PSCs, the conjugated structure is the core of charge 
transport in hole transport materials (HTMs). The overlap 
of π-electron orbitals in the conjugated structure leads to 
electron delocalization, which lowers the system energy, 
effectively enhances charge mobility and material conduc-
tivity, and reduces carrier recombination. This directly 
influences the overall position and energy bandwidth of 
the HOMO and LUMO levels (Fig. 7d). By adjusting the 
conjugation strength, the energy levels of HTMs can be 
better aligned with the perovskite active layer. The elec-
tronic and optical properties of organic conjugated mol-
ecules mainly depend on the type and length of their con-
jugated structures. The conjugated structures of HTMs in 
perovskite solar cells (PSCs) can be broadly categorized 
into spiro-type, star-shaped, and linear structures based on 
their configurations (Fig. 7a–c) [94].

Spiro-type 3D HTMs feature a non-planar three-dimen-
sional structure and high glass transition temperature (Tg), 
which can effectively suppress molecular aggregation. Their 
structure consists of two π-conjugated fluorene units con-
nected by an sp3-hybridized carbon atom, forming a vertical 
arrangement that enhances molecular rigidity and conjuga-
tion distribution. This design improves material thermal 
stability and hole transport efficiency, while optimizing 
the HOMO level alignment with the valence band of the 
perovskite, facilitating efficient hole extraction and trans-
port. A typical spiral-type HTM is Spiro-OMeTAD. The 
conjugated structure of Spiro-OMeTAD is composed of two 
N,N′-diphenyl-N,N′-bis(3-methylphenyl)-1,1′-biphenyl-4,4′-
diamine (TPD) units. By optimizing the spiral structure of 
Spiro-OMeTAD, other HTMs with distinct performance 
characteristics can be developed. For example, as shown in 
Fig. 7a, Spiro-BC-OMe and D-OC6, the HOMO and con-
duction band energy differences between these two spiral 
materials and perovskite are ΔE = 0.31 and 0.34 eV, respec-
tively, both of which show good energy-level matching with 
PVK, achieving optimal efficiencies of 22.15% and 24.80%, 
while also demonstrating superior stability compared to tra-
ditional Spiro-OMeTAD [108, 109].

Star-shaped HTMs extend branches outward from a cen-
tral conjugated unit, forming a highly symmetrical molecu-
lar structure that further expands the π-conjugated system, 
particularly in typical star-shaped HTMs composed of a 
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single core with three or four branches. This structure not 
only enhances hole transport efficiency and the solubility of 
the material but also promotes good uniformity in the thin 
film, effectively preventing molecular aggregation. It repre-
sents a low-cost, high-efficiency HTM. Its high conjugation 
helps regulate the HOMO and LUMO energy levels, opti-
mize interface matching, and improve photoelectric perfor-
mance. Common star-shaped cores include triphenylamine 
(TPA), fused carbazole rings (DCZ), triazole-based deriva-
tives (TAT), and tetraphenylethylene (TPE), among others. 
As shown in Fig. 7b, the star-shaped HTMs, BD with a 
triphenylamine core unit and 6,6′,6’’-(benzene-1,3,5-triyl)
tris(N-(9,9-dimethyl-9H-fluoren-2-yl)-N,9-bis(4-methoxy-
phenyl)-9H-carbazol-3-amine) (MPTCZ-FNP) with a triph-
enyl core unit, have energy differences with the perovskite 
conduction band of ΔE = 0.47 and 0.44 eV, respectively, 

achieving maximum efficiencies of 19.19% (all-inorganic, 
undoped) and 20.27% [110, 111].

Linear HTM structures (e.g., D-A, D-π-A, and D-A-D 
types, D represents an electron-rich donor, while A represents 
an electron-deficient acceptor) achieve efficient hole transport 
through one-dimensional conjugated chains, D-A groups will 
be discussed in detail in the next section. The length of the 
conjugated chain can be adjusted through molecular design to 
optimize the HOMO and LUMO energy levels and enhance 
transport efficiency. The extension of the conjugated chain 
increases the delocalization range of π-electrons, significantly 
improving the material’s conductivity and hole mobility. 
For perovskite solar cell applications, the rational selection 
and design of HTM backbones and their conjugated char-
acteristics can markedly enhance the device’s photovoltaic 
conversion efficiency and long-term stability. As shown in 
Fig. 7c, the two linear structures, L3 and WH02, both use 

Fig. 7  Conjugated Properties of Molecules. a Structure and energy-level alignment of spiral molecules [108, 109]. b Structure and energy-level 
alignment of star-shaped molecules [110, 111]. c Structure and energy-level alignment of linear molecules [112, 113]. d Principle of hole trans-
port changes caused by conjugation
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π-conjugation for linear extension. The energy differences 
with the perovskite conduction band are ΔE = 0.48 and 0.39 
eV, respectively, achieving maximum efficiencies of 22.61% 
and 21% [112, 113].

Highly conjugated molecules typically exhibit enhanced 
π-electron delocalization, enabling more efficient charge 
transport along the molecular backbone. Increased conju-
gation generally reduces the bandgap, bringing the HOMO 
closer to the LUMO (Fig. 7d), N1-(4-(bis(4-methoxyphe-
nyl)amino)phenyl)-N1-(4,6-dimethoxypyrimidine-2-yl)-
N4,N4-bis(4-methoxyphenyl)benzene-1,4-diamine (BD) 
is a hole transport molecule that adds phenyl rings to the 
N2,N2-bis(4-(bis(4-methoxyphenyl)amino)phenyl)-N5,N5-
bis(4-methoxyphenyl)pyridine-2,5-diamine (MD) structure, 
thereby expanding the conjugated core) [114–118]. By tun-
ing the conjugation strength of HTM molecules, the energy-
level alignment with other materials can be optimized.

5.2.2  Functional Groups

In the design of hole transport materials (HTMs) for PSCs, 
the rational selection and arrangement of functional groups 
are critical for energy-level modulation and charge trans-
port performance. The functional groups in HTMs mainly 
include donor groups, acceptor groups, substituents, and 
anchoring groups. Donor groups enhance the HOMO 
energy level through electron-donating effects, facilitat-
ing hole transport, while acceptor groups lower the LUMO 
energy level by attracting electrons, preventing electron 
backflow and charge recombination. These groups are cen-
tral to controlling the molecular energy levels. Substituents 
can fine-tune the HOMO and LUMO energy levels through 
electron-donating or electron-withdrawing effects, while 
also optimizing the material’s solubility and film-forming 
properties, improving interfacial characteristics. Anchoring 
groups, through chemical or physical adsorption, bind to the 
perovskite or electrode interface, reducing interfacial defects 
and enhancing device long-term stability and charge separa-
tion efficiency. Rational design of these functional groups 
can significantly optimize the energy-level alignment and 
charge transport performance of HTMs, thereby improving 
the photovoltaic conversion efficiency and stability of PSCs 
[89, 119–131].

5.2.2.1 Donor–Acceptor Groups D-π-A is a well-known 
molecular HTM motif. The donor–acceptor (D-A) design 
introduces a polarization effect through the connections 
at both ends of the molecule, thereby enhancing charge 
transfer capability and continuously reducing the HOMO–
LUMO bandgap. The D-A configuration has evolved into 
linear HTMs such as D-π-A, D-A-D, and D-A-π-A-D. The 
type and electronic properties of D-A groups are key fac-
tors in determining the performance of conductive mol-
ecules. D-A polarization and stability are critical factors 
for optimizing HTM performance. Stronger donor groups 
result in higher HOMO energy levels, while stronger accep-
tor groups lead to lower LUMO energy levels. By combin-
ing different D and A groups, the HOMO energy level and 
hole transport properties of linear molecules can be flexibly 
tuned. Common electron-rich donor groups used in HTMs 
for PSCs include triphenylamine, thiophene, fluorene, and 
carbazole, while electron-deficient acceptor groups include 
triazine groups, cyano-functionalized aromatic rings, and 
condensed rings containing amide or imide groups.

D-A interactions dominate the changes in molecular 
energy-level alignment. Abdullah et al. demonstrated that 
introducing alkylthiophene (R), triphenylamine (TPA), and 
3,5-bis(trifluoromethyl)benzene (CF) as donor groups into 
HTMs based on benzoselenadiazole and alkylthiophene 
acceptor units resulted in the synthesis of three HTMs: RSe-
CF, RSe-TPA, and RSe-R. Variations in the donor groups 
significantly adjusted the HOMO energy-level differences of 
the molecules, thereby exhibiting excellent optoelectronic 
and thermal stability. As shown in Fig. 8a, donor–accep-
tor unit HTMs synthesized with different groups demon-
strated lower HOMO energy levels. For the same acceptor, 
the stronger the electron-donating ability of the donor, the 
shallower the HOMO energy level. This makes it easier to 
select materials that better match the perovskite valence 
band, thereby improving the open-circuit voltage (Voc) and 
power conversion efficiency (PCE) [132].

Zhan designed and synthesized HTMs using the spi-
ral-structured 9,9-bis(4-methoxyphenyl)-9H-fluorene 
unit as a π-bridge building block, with butterfly-shaped 
phenothiazine and fully planar carbazole as donor arms. 
At the terminal positions of the HTM, Zhan introduced 
traditional symmetric structures like 4,4′-dimethoxytriph-
enylamine and novel asymmetric structures such as N-(4-
methoxyphenyl)-9,9-dimethyl-9H-fluorene-2-amine. As 
shown in Fig. 8b, for the same donor but different accep-
tors, the stronger the electron-accepting ability of the 
acceptor, the deeper the LUMO energy level, while the 
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HOMO energy level changes little. On the other hand, 
for the same acceptor but different donors, the stronger 
the electron-donating ability of the donor, the shallower 
the HOMO energy level, while the LUMO energy level 
remains nearly unchanged. The HOMO levels formed by 
different donor units were −5.45, −5.43, and −5.32 eV, 
with the HOMO energy-level gaps between the HTMs 
and the perovskite valence band ranging from 0.27 to 
0.4 eV, ensuring sufficient driving force for hole transport 
[133]. In conclusion, in general, the molecular energy lev-
els change with the strength of the D-A group (Fig. 8c). 
Selecting appropriate donor and acceptor groups is key to 

optimizing the energy-level matching between HTMs and 
perovskites.

5.2.2.2 Substituent Groups Substituent groups are func-
tional groups attached to the backbone framework, and 
they typically modulate the HOMO and LUMO energy 
levels through inductive and conjugative effects. Although 
their influence on energy-level tuning is not as significant 
as that of D-A groups, substituents can effectively opti-
mize the material’s solubility and film-forming properties, 
while also improving the interface characteristics, lead-
ing to better energy-level alignment (Fig.  8d). Electron-
donating substituents include methoxy (–OCH3), amino (–
NH2), and alkyl (-R) groups, while electron-withdrawing 

Fig. 8  D-A Group Properties. a Comparison of different donors: molecular structures and energy-level changes of Rse-R, Rse-CF, and Rse-TPA 
[132]. b Comparison of different donor–acceptor pairs: molecular structures and energy-level changes of YT-PTPA, YT-KTPA, and YT-KMPF 
[133]. c Mechanism of how D-A group influences energy-level changes
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substituents include cyano (–CN), carbonyl (–C = O), and 
halogens (–F, –Cl). The type, position, and quantity of 
substituent groups significantly impact electronic proper-
ties and energy-level alignment. By adjusting these fac-
tors, better energy-level matching between the HTM and 
perovskite can be achieved.

In a study by Hu, methylthio (Spiro-S), N,N-dimethyl-
amino (Spiro-N), and ethyl (Spiro-E) groups were used to 
substitute the para-methoxy groups in 2,2′,7,7′-tetrakis(N,N-
di-p-methoxyphenylamine)-9,9′-spirobifluorene (Spiro-
MeOTAD), resulting in three new spirobifluorene-based 
HTMs [134]. As shown in Fig. 9a, the three substituents 

caused changes in molecular energy levels. The strong elec-
tron-donating ability of the N,N-dimethylamino group led to 
a higher HOMO level for Spiro-N, while the HOMO levels 
of methylthio and ethyl-substituted derivatives decreased 
by 0.16 and 0.05 eV, respectively, indicating the impact of 
substituent types on electronic properties. The authors syn-
thesized three HTMs with better energy-level alignment by 
substituting different groups on the basis of Spiro-OMeTAD, 
further demonstrating the impact of substituent types on 
energy-level regulation.

In another study, Jeon systematically altered the posi-
tion of -OMe substituents in spiro-type arylamine HTMs, 

Fig. 9  Substituent Properties. a Structure and energy-level changes of different substituent groups: Spiro-MeOTAD, Spiro-E, Spiro-N, Spiro-S 
[134]. b Structure and energy-level changes of different substituent positions: pp, pm, po [135]. c Structure and energy-level changes of different 
numbers of substituent groups: Z34, ZT1, ZT2, ZT3, ZT4 [136]. d Principle of how substituent groups influence energy-level changes
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transitioning from para to meta- and ortho-positions, to 
explore the structure-performance relationship in perovs-
kite-based hybrid solar cells [135]. As illustrated in Fig. 9b, 
the electronic effects of spiro derivatives varied signifi-
cantly depending on the substituent positions. Compared 
to para-substitution, meta-substitution reduced the HOMO 
energy by approximately 0.09 eV due to electron-withdraw-
ing effects, while ortho-substitution increased the LUMO 
energy by about 0.1 eV due to increased dihedral angles. 
This research highlighted the impact of substituent position 
changes on energy-level alignment.

Additionally, Zhang investigated the effect of alkyl sul-
fone substituent incorporation on the structure and electronic 
properties of HTMs by replacing the terminal methoxy 
groups (-OCH3) of 4-methoxytriphenylamine (MeOTPA) 
[136]. As shown in Fig. 9c, the introduction of alkyl sulfone 
groups reduced molecular conjugation, leading to deeper 
HOMO levels and larger band gaps. When three methoxy 
groups were replaced with alkyl sulfone groups, the HOMO 
level decreased most significantly, by approximately 0.29 eV 
[137], validating the effect of the number of substituents on 
energy-level regulation. In summary, while the impact of 
substituents on the molecular bandgap is relatively small, the 
type, number, and position of the substituents all play a role 
in modulating the molecular energy levels, thus optimizing 
the energy-level alignment between PVK and HTM.

5.2.2.3 Anchoring Groups Anchor groups are chemical 
groups capable of forming strong bonds with material sur-
faces or interfaces, typically used to enhance interface sta-
bility or facilitate charge transfer. While anchor groups have 
a limited direct impact on the molecular energy levels, they 
primarily interact with perovskites through chemical bonds 
or group interactions to modify the physical and chemical 
properties of target molecules. This interaction reduces 
interfacial resistance, induces energy-level bending at the 
interface, optimizes energy-level alignment, minimizes 
non-radiative recombination at the interface, and reduces 
charge transport losses (Fig. 10d). Common anchor groups 
in HTMs include thiols, carboxylic acids, phosphonic acids, 
silanes, and boronic acids, which are often attached to 
electron-rich aromatic structures like carbazoles, tripheny-
lamines, and phenothiazines at the HTM termini. The type 
of anchor group can influence interfacial dipoles, recombi-
nation energy losses, contact resistance, coverage, and work 
function of the substrate [138].

Liao et al. designed and synthesized a series of low-
cost D-A type HTMs (MPA-BT-CA, MPA-BT-BA, and 

MPA-BT-RA) by incorporating anchor groups such as 
2-cyanoacrylic acid (CA), benzoic acid (BA), and rhoda-
nine-3-propionic acid (RA) into the main structure of 
4-methoxy-N-(4-methoxyphenyl)-N-phenylamine (MPA) 
and benzothiadiazole (BT). The MPA-BT-CA and MPA-
BT-BA modified ITO substrates exhibit higher work 
functions, which are beneficial for improving Voc in the 
corresponding perovskite devices. The PSCs fabricated 
with MPA-BT-CA not only achieve 21.81% efficiency but 
also exhibit good stability [139]. As shown in Fig. 10a, 
the molecular energy-level changes of the three anchor 
groups in the HTMs are minimal, with the HOMO energy 
difference ΔE within 0.1. The electron-withdrawing abil-
ity of the CA and RA groups is stronger than that of the 
BA group. Electron-withdrawing groups attract electrons 
from the molecule, reducing the electron density within 
the molecule, thus lowering both the HOMO and LUMO 
energy levels.

Ion additives are commonly used as interface additives 
to anchor the interface or transport layers [127, 131, 142]. 
As materials for interface engineering, these additives act 
as a bridge between interfaces, especially for inorganic 
crystalline materials with fixed lattice arrangements. They 
passivate surfaces and facilitate electron transfer, thereby 
improving crystallinity and reducing interfacial resistance. 
Groups that interact with perovskites or ETMs/HTMs can 
also function as anchor groups.

Liu et  al. synthesized three conjugated polyelectro-
lytes (CPEs) with a conjugated backbone composed of 
4,7-bis(thiophen-2-yl)-benzothiadiazole and fluorene units, 
and ionic anchor groups including -N(CH3)3

+, -SO3
−, and 

-NH3
+. These CPEs (BF-NMe3, BF-SO3, BF-NH3), used 

in conjunction with PEDOT:PSS as HTMs, demonstrated 
improved interface properties. As shown in Fig. 10b, the 
three CPEs share similar HOMO levels (~ − 5.40 eV), which 
are deeper than that of PEDOT:PSS (− 5.20 eV). This indi-
cates that ionic anchor groups have a relatively weak impact 
on energy levels but effectively enhance energy-level align-
ment and interfacial connectivity [140].

Molecular additives exhibit similar regulating characteris-
tics. Li et al. investigated the root cause of performance loss 
in Sn-based PSCs using  NiOX as the HTL and found that 
nickel cation defects at the perovskite–NiOX interface act as 
Lewis acids and oxidizing agents, leading to  Sn2⁺ oxidation 
and creating barriers to hole extraction. By introducing the 
2PADBC molecule, which contains phosphonic acid groups 
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as anchor groups, they passivated nickel cation defects and 
reduced interfacial non-radiative recombination caused by 
tetravalent tin defects. As shown in Fig. 10c, the study com-
pared three Lewis acids (2PACz, MeO-2PACz, 2PADBC) 
with carbazole as the core unit and phosphonic acid groups 

anchoring to nickel cations. The modified  NiOX exhibited 
better energy-level alignment with perovskites, reducing 
interfacial transport barriers. Among them, 2PADBC dem-
onstrated the best-matched valence band maximum (VBM), 
leading to an increase in Voc from 0.712 to 0.825 V [141].

Fig. 10  Anchoring Group Properties. a Structure and energy-level changes of different anchoring group types: MPA-BT-CA, MPA-BT-BA, 
MPA-BT-RA [139]. b Anchoring groups in ionic additives: structure and energy-level alignment of BF-NMe3, BF-SO3, BF-NH3 [140]. c 
Anchoring groups of molecular additives in inorganic HTMs: structure and energy-level alignment of 2PAC, MeO-2PAC, 2PADBC [141]. d 
Principle of anchoring group functionality
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5.2.3  Chain Length and Structural Size

The molecular size is a determining factor in the selection 
of HTMs. Longer molecular chains can enhance charge 
transport efficiency by promoting charge transmission 
through extended conjugated systems, thereby improving 
the performance of optoelectronic devices. Additionally, 
longer molecular chains can broaden the light absorption 
range of the material, increasing light-harvesting efficiency. 
However, excessively long chains may disrupt molecu-
lar stacking arrangements, increasing transport barriers 
and adversely affecting effective charge transport. Larger 
molecular structures contribute to optimizing energy-level 
alignment, improving mechanical strength and thermal sta-
bility, and enhancing the optical properties of the material. 
Overall, appropriately tuning the chain length and molecular 
structure is crucial for optimizing the performance of HTMs 
in perovskite photovoltaic devices. Long-chain polymers 
exhibit higher charge transport efficiency and better film-
forming properties, while small-molecule HTMs demon-
strate excellent charge transport performance through tight 
molecular packing and flexible energy-level tuning. In the 
functional structure of molecular materials, the conjugated 
backbone is a core factor for charge transport. Apart from 
the structural characteristics of the backbone influencing 
molecular energy-level alignment, adjusting the backbone 
chain length can effectively regulate molecular energy levels, 
achieving energy-level alignment between the HTM and the 
perovskite interface. This design strategy has been widely 
applied. However, the side chains of HTMs have minimal 
influence on molecular energy levels and are primarily used 
to improve the thermal stability and surface smoothness of 
the films, as well as for interface modification [143–146].

In the D-π-A structure, the π-conjugated backbone pri-
marily serves as the charge transport pathway, determining 
the molecule’s ability to facilitate charge spatial transfer. 
Although π-conjugated backbone is not the primary factor 
influencing energy-level alignment, its chain length and size 
can modulate the polarization effects of the D-A structure, 
thereby indirectly affecting the energy alignment properties 
of the material.

To investigate the impact of chain length on molecular 
materials, Wei et al. examined the thiophene backbone chain 
length in D-π-D HTMs to identify optimal structural param-
eters. As shown in Fig. 11a, the study incorporated triph-
enylamine groups at both ends of the thiophene chain and 

varied the number of thiophene rings (n) to explore back-
bone chain characteristics. The research revealed that the 
LUMO level and bandgap decreased with increasing n, while 
the HOMO level gradually decreased with increasing n when 
n < 4. For n > 4, the HOMO level stabilized at approximately 
−5.23 eV [103]. In Duan’s study, it was indicated that when 
using alkyl chains as quantum dots for charge extraction and 
transport at the PVK and C interface, an alkyl chain length 
of 12 carbon atoms (approximately 1.6 nm) best balances 
the Coulomb repulsion force and the quantum tunneling 
distance.

Similarly, Sun employed a fluoranthene framework 
to develop a series of undoped small-molecule HTMs 
(Fig. 11a) [147]. Using fluoranthene as the core structure, 
Sun synthesized BTF2. However, due to its high HOMO 
energy level, which caused poor alignment with the per-
ovskite energy levels, and its low hole mobility, BTF2 was 
unsuitable as an efficient HTM. To address these issues, Sun 
modified the structure of BTF2 by attaching para-methoxy-
substituted TPA units to the fluoranthene core via single 
bonds, forming the linear structure FBA1. Furthermore, 
an ethylene bridge was inserted into FBA1 to connect the 
TPA units with the fluoranthene core, yielding FBA2. The 
study showed that compared to the original BTF2 structure, 
the HOMO energy levels of FBA1 and FBA2 decreased 
by 0.2 and 0.18 eV, respectively, improving energy-level 
alignment with the perovskite and enhancing hole transport 
capabilities. And Fang replaced one fluorene arm of Spiro-
OMeTAD with two methyl groups, generating a linear HTM 
derivative, N2,N2,N7,N7-tetra(4-methoxyphenyl)-9,9-di-
methyl-9H-fluorene-2,7-diamine. Based on this structure, 
two phenyl groups were further introduced to synthesize 
4,4′-(9,9-dimethyl-9H-fluorene-2,7-diyl)bis[N,N-bis(4-
methoxyphenyl)aniline]. By extending the π-conjugated 
backbone, the HOMO energy level of Z1 was lowered by 
0.2 eV (Fig. 11c), enabling Z2 to achieve better energy-level 
alignment with the valence band of the perovskite, thereby 
making it an optimized HTM [149]. The experiments con-
ducted by Sun and Fang illustrate that phenyl insertion and 
backbone elongation are effective strategies to influence 
HTM energy-level alignment, providing practical insights 
into designing efficient HTMs.

The side chains of HTM molecules are generally not used 
for charge transport, but rather influence the material’s solu-
bility, stability, morphology, and compatibility with other 
layer materials. Modifying the position of the side chains 
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and adding functionalized or conjugated side chains can 
optimize the HOMO energy level, hole extraction capabil-
ity, and passivation ability of the HTM. Commonly used side 
chains include alkyl chains, fluorinated alkyl groups, etc. 
As shown in Fig. 11b, Ding, in his study of side-chain engi-
neering of benzotriazole-based polymers as hole transport 
materials, investigated the effect of side chain size on hole 
transport by varying the side chain lengths. Increasing the 
length of the alkyl side chain causes the molecular stacking 

pattern to favor π-π stacking, which enhances the electron-
withdrawing ability of benzotriazole, leading to a gradual 
decrease in the HOMO energy level [148].

In summary, molecules employed as charge transport lay-
ers or interfacial modifiers can effectively passivate defect 
sites in halide perovskite solar cells through bonding or elec-
trostatic interactions, thereby reducing non-radiative recom-
bination. Moreover, they can alter the interfacial properties 
of the perovskite crystal, enhance energy-level alignment 

Fig. 11  Molecular Chain Size Properties. a Structure and energy-level changes of different backbone lengths: SS-2, SS-3, SS-4, SS-5, SS-6 
[103]. Structure and energy-level changes of different backbone chain lengths: BTF2, FBA1, FBA2 [147]. b Structural and energy-level vari-
ations with different side chain lengths: PE51, PE52, PE53 [148]. c Mechanism of how chain length influences energy levels, Structural and 
energy-level changes of different molecular lengths: Z1, Z2 [149]
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at contact interfaces, and improve charge carrier transport 
efficiency, ultimately increasing the open-circuit voltage and 
overall device performance. These molecules also play criti-
cal roles in regulating crystallization quality and enhancing 
the device’s environmental stability against moisture, heat, 
and oxygen. When used for energy-level modulation, molec-
ular compounds can be tuned by adjusting the backbone 
length, donor–acceptor (D–A) strength, and the size of the 
conjugated segment, enabling stepwise energy-level align-
ment between adjacent interfaces. Meanwhile, the introduc-
tion of functional groups or variation in side chain dimen-
sions can influence the surface energy landscape and spatial 
occupation of the crystal surface, allowing for energy-level 
stretching at the contact interface and minimizing energy 
offsets. Section 4.3 highlights representative case studies of 
molecular design strategies for improving the performance 
of perovskite solar cells.

5.3  Application of Self‑Assembled Molecules

Due to the structural diversity of molecules, synthesizing 
molecular materials tailored to specific structural require-
ments has become a focal point in current research. Conju-
gated structures influence the position of the work function 
and bandgap width, donor–acceptor (D-A) structures dictate 
molecular orbital alignment, chain length and main-chain 
size modulate the HOMO energy level, while side chains and 
functional groups optimize interfacial resistance and charge 
injection efficiency. These strategies collectively form the 
basis of current approaches to designing HTMs with energy 
levels compatible with PSCs. Currently, there have been 
many developments in the self-assembled layers for elec-
tron–hole management [106]. Molecular design strategies 
can be categorized into doped and undoped, single-layer and 
multi-layer, or ionic and molecular, all aimed at improving 
the quality of the transport layer while minimizing energy 
loss, with applications across various transport scenarios, 
For example, HTMs, SAMs (self-assembled monolayers), 
interface bridges, and doping.

SAM is a single-layer thin film spontaneously assembled 
by molecules, typically used for surface modification and 
interface engineering. In this structure, the molecules auto-
matically arrange themselves into an ordered monolayer on 

a solid surface through non-covalent interactions (such as 
van der Waals forces, hydrogen bonds, electrostatic forces, 
etc.) or covalent bonding. Tang synthesized a SAM as a 
hole transport layer (HTL) for stable inverted PSCs. The 
SAM (DC-TMPS) features a π-conjugated backbone based 
on a triphenylamine (TPA) donor structure, incorporating 
silane bridge units and methoxy (-OCH3) substituents. The 
silane acts as a linkage bridge, achieving a PCE of 24.8% 
in the resulting PSCs (Fig. 12a) [104]. At the same time, 
Li employed a co-adsorption strategy using 2-chloro-5-
(trifluoromethyl) pyridinecarboxylic acid (PyCA-3F) and 
2PACz in his experiment, facilitating smooth surface for-
mation and favorable energy band alignment. This approach 
resulted in a PCE of 24.68% (Fig. 12b) [150]. Additionally, 
Lan et al. introduced iodobenzene diacetate (ID) as a dopant 
into the Spiro-based HTL. As shown in Fig. 12c, the gener-
ated Spiro·⁺ radical species achieved optimized energy-level 
alignment with the perovskite absorber, substantially reduc-
ing interfacial energy losses and yielding a champion power 
conversion efficiency (PCE) of 25.76% [151]. Concurrently, 
the byproduct iodobenzene (DB) formed a halogen-bonded 
tBP-DB complex with 4-tert-butylpyridine (tBP) in the 
HTL through interactions, effectively suppressing chemi-
cal erosion of perovskite by tBP and enhancing device 
reproducibility.

The three researchers independently designed SAM, 
mixed SAM, and molecules used as HTM ion additives, all 
achieving high photovoltaic conversion efficiencies. This 
indicates that by tuning properties such as molecular chain 
length, functional groups, and conjugation, energy-level 
alignment can be controlled to obtain the desired HTM. 
This optimization of energy-level matching in PSCs reduces 
energy loss, making it a key strategy for improving device 
performance. Of course, molecular strategies are also appli-
cable to the ETL.

6  Summary and Outlook

The working principle of solar cells involves the absorption 
of light energy by specialized materials and its conversion 
into charge carriers, resulting in the generation of a poten-
tial difference. Understanding the properties of perovskite 
(PVK) materials and their energy absorption mechanisms 
is crucial for improving the efficiency of solar cells. This 
paper centers on the process of solar energy conversion into 
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electrical current and examines the energy transfer obsta-
cles within perovskite materials. Specifically, it reviews the 
energy transfer mechanisms between the perovskite light-
absorbing layer and the electron–hole transport layers (HTL 
and ETL) in perovskite solar cells (PSCs), as well as the 
impact of various material designs on energy loss. Theo-
retically, HTLs and ETLs are expected to form a staggered 
band alignment with PVK. However, mismatched energy 
levels can be mitigated through tuning strategies such as 
heterojunctions, interfacial modification layers, and surface 
passivation to optimize material performance. This paper 
further summarizes the energy-level alignment of commonly 
used Hole-electron transport materials (ETMs and HTMs) in 

PSCs and discusses strategies for modifying energy levels, 
such as doping, phase engineering, dimensional tailoring 
in inorganics, and adjustments in chain length, conjuga-
tion, or functional groups in organics. Whether PSCs are 
single-junction or multi-junction, organic or inorganic, n-i-p 
or p-i-n structures, or include transport layers, the separa-
tion and transport of electrons and holes remain pivotal to 
enhancing device efficiency.

To continuously improve the efficiency of perovskite 
solar cells, several key improvements are required. First, 
designing perovskite materials with suitable bandgaps 
and energy-level alignment based on their spectral charac-
teristics is critical for enhancing photoelectric conversion 

Fig. 12  Self-assembled Molecules. a SAM structures and energy-level alignment of self-assembled MeO-2PACz and DC-TMPS [104]. b SAM 
structures and energy-level alignment of self-assembled 2PACz and PyCA-3F mixed SAM [150]. c Structural diagram of hole transport material 
spiro and additive design, along with energy levels of spiro before and after doping (Spiro-ID) [151]
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efficiency. Second, optimizing electron–hole transport layers 
to accelerate the movement of charge carriers is essential 
for improving efficiency and current quality. Finally, ensur-
ing energy-level matching and structural stability in PSCs is 
vital for achieving higher conversion efficiencies. To further 
reduce energy losses in perovskite solar cells (PSCs), strate-
gies such as photon up/down conversion, as well as tandem 
cell configurations, can be employed to broaden the spectral 
absorption range and overcome the limitations of conven-
tional absorption windows. In parallel, the application of 
highly efficient charge transport materials combined with 
well-aligned energy levels can significantly minimize car-
rier energy dissipation during transport. Moreover, thermal 
energy recovery approaches (such as reverse-assisted charge 
separation) also offer promising pathways for enhancing the 
overall energy utilization efficiency.

Although various strategies have been proposed to improve 
light absorption, reduce energy losses, and optimize energy-
level alignment, their practical adaptability remains limited. 
This is primarily due to the difficulty in simultaneously 
achieving optimal energy-level matching, charge carrier 
mobility, cost-effectiveness, environmental compatibility, and 
long-term operational stability. Additionally, factors such as 
film thickness and fabrication processes also influence opti-
cal properties and energy-level positioning, resulting in con-
siderable gaps between theoretical performance and actual 
device outcomes. Striking a balance among these factors and 
overcoming related constraints represent major challenges in 
current PSC research. A single optimization approach is no 
longer sufficient to meet the escalating demands for device 
performance. Future research must shift toward system-level 
engineering methodologies that integrate multi-physical field 
coordination to achieve breakthroughs in PSC efficiency and 
stability across diverse application scenarios.

Specifically, system-level optimization should be guided 
by the intended application scenarios, beginning with the 
selection of core materials that simultaneously exhibit strong 
light-harvesting capabilities and efficient charge transport 
properties. This should be followed by precise tuning of the 
materials’ physical characteristics through strategies such 
as lattice strain engineering, hot carrier management, mul-
tiple exciton generation (MEG), and intermediate band (IB) 
engineering. On this basis, the integration of heterojunc-
tion engineering and additive strategies can further enhance 
material properties, including corrosion resistance, energy-
level alignment, and defect passivation. Ultimately, a suite of 

comprehensive optimization approaches should be employed 
to maximize device performance and longevity. For instance, 
thermal energy recovery systems, photo/thermo-responsive 
passivation agents, self-healing encapsulation technolo-
gies, and chemical regeneration mechanisms—collectively 
contributing to the overall enhancement of operational effi-
ciency and device lifespan.

Acknowledgements This work was financially supported by 
the National Natural Science Foundation of China (22202102, 
62474194, 22425903, U24A20568), the National Key R&D Pro-
gram of China (2023YFB4204500), the Jiangsu Provincial Depart-
ments of Science and Technology (BE2022023, BK20220010, and 
BZ2023060)

Author Contributions Xiaorong Shi contributed to conceptu-
alization, formal analysis, investigation, visualization, and writ-
ing—original draft. Yiyue He contributed to conceptualization, 
investigation, and technical support. Zhaogang Peng, Xiangrui 
Meng, Yu Zhang, and Fayi Wang contributed to data collection and 
analysis. Kui Xu and Qingxun Guo contributed to review and edit-
ing. Yonghua Chen contributed to funding acquisition, resources, 
and supervision.

Declarations 

Conflict of interests The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Z. Hu, C. Ran, H. Zhang, L. Chao, Y. Chen et al., The Cur-
rent status and development trend of perovskite solar cells. 
Engineering 21, 15–19 (2023). https:// doi. org/ 10. 1016/j. eng. 
2022. 10. 012

 2. NREL, Best research-cell efficiency chart. (NREL, 2024), 
https:// www2. nrel. gov/ pv/ inter active- cell- effic iency . 
Accessed 29 Apr 2025.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.eng.2022.10.012
https://doi.org/10.1016/j.eng.2022.10.012
https://www2.nrel.gov/pv/interactive-cell-efficiency


Nano-Micro Lett.          (2025) 17:313  Page 27 of 33   313 

 3. Y. Da, Y. Xuan, Q. Li, Quantifying energy losses in planar 
perovskite solar cells. Sol. Energy Mater. Sol. Cells 174, 
206–213 (2018). https:// doi. org/ 10. 1016/j. solmat. 2017. 09. 
002

 4. J.P.N. Torres, C.A. Fernandes, J.C. Leite, Photovoltaic cell 
string layout. Sustainable. Energy 5, 16–25 (2019). https:// 
doi. org/ 10. 12691/ rse-5- 1-3

 5. K. Wang, L. Zheng, Y. Hou, A. Nozariasbmarz, B. Poudel 
et al., Overcoming Shockley-Queisser limit using halide 
perovskite platform? Joule 6(4), 756–771 (2022). https:// 
doi. org/ 10. 1016/j. joule. 2022. 01. 009

 6. S. Yang, M. Wu, X. Lei, J. Wang, Y. Han et al., Ultra-high 
1.27 V VOC of pure  CsPbI3 perovskite solar cells with an 
efficiency of 21.8%. ACS Energy Lett. 9(10), 4817–4826 
(2024). https:// doi. org/ 10. 1021/ acsen ergyl ett. 4c013 23

 7. H.J. Lee, M.M. Ali Gamel, P.J. Ker, M.Z. Jamaludin, Y.H. 
Wong et al., Absorption coefficient of bulk III-V semi-
conductor materials: a review on methods, properties and 
future prospects. J. Electron. Mater. 51(11), 6082–6107 
(2022). https:// doi. org/ 10. 1007/ s11664- 022- 09846-7

 8. A. Polman, M. Knight, E.C. Garnett, B. Ehrler, W.C. Sinke, 
Photovoltaic materials: present efficiencies and future chal-
lenges. Science 352(6283), aad4424 (2016). https:// doi. org/ 
10. 1126/ scien ce. aad44 24

 9. S. De Wolf, J. Holovsky, S.J. Moon, P. Löper, B. Niesen 
et  al., Organometallic halide perovskites: sharp opti-
cal absorption edge and its relation to photovoltaic per-
formance. J. Phys. Chem. Lett. 5(6), 1035–1039 (2014). 
https:// doi. org/ 10. 1021/ jz500 279b

 10. S. Rühle, Tabulated values of the Shockley-Queisser limit 
for single junction solar cells. Sol. Energy 130, 139–147 
(2016). https:// doi. org/ 10. 1016/j. solen er. 2016. 02. 015

 11. S. Liu, J. Li, W. Xiao, R. Chen, Z. Sun et al., Buried inter-
face molecular hybrid for inverted perovskite solar cells. 
Nature 632(8025), 536–542 (2024). https:// doi. org/ 10. 
1038/ s41586- 024- 07723-3

 12. A.J. Nozik, J. Miller, Introduction to solar photon conver-
sion. Chem. Rev. 110(11), 6443–6445 (2010). https:// doi. 
org/ 10. 1021/ cr100 3419

 13. J. Liu, Y. He, L. Ding, H. Zhang, Q. Li et al., Perovskite/
silicon tandem solar cells with bilayer interface passiva-
tion. Nature 635(8039), 596–603 (2024). https:// doi. org/ 
10. 1038/ s41586- 024- 07997-7

 14. T. Zdanowicz, T. Rodziewicz, M. Zabkowska-Waclawek, 
Theoretical analysis of the optimum energy band gap of 
semiconductors for fabrication of solar cells for applica-
tions in higher latitudes locations. Sol. Energy Mater. Sol. 
Cells 87(1–4), 757–769 (2005). https:// doi. org/ 10. 1016/j. 
solmat. 2004. 07. 049

 15. A. Richter, M. Hermle, S.W. Glunz, Reassessment of the 
limiting efficiency for crystalline silicon solar cells. IEEE 
J. Photovolt. 3(4), 1184–1191 (2013). https:// doi. org/ 10. 
1109/ JPHOT OV. 2013. 22703 51

 16. J. Keller, K. Kiselman, O. Donzel-Gargand, N.M. Martin, M. 
Babucci et al., High-concentration silver alloying and steep 
back-contact gallium grading enabling copper indium gallium 

selenide solar cell with 236% efficiency. Nat. Energy 9(4), 
467–478 (2024). https:// doi. org/ 10. 1038/ s41560- 024- 01472-3

 17. C. Tan, Y. Cui et al., In situ reconstructing the buried inter-
face for efficient  CsPbI3 perovskite solar cells. ACS Energy 
Lett. 10(2), 703–712 (2025). https:// doi. org/ 10. 1021/ acsen 
ergyl ett. 4c032 82

 18. T. Zhao, R. He, T. Liu, Y. Li, D. Yu et al., Mitigating the 
efficiency deficit in single-crystal perovskite solar cells by 
precise control of the growth processes. ACS Nano 19(3), 
3282–3292 (2025). https:// doi. org/ 10. 1021/ acsna no. 4c116 91

 19. A. Mei, X. Li, L. Liu, Z. Ku, T. Liu et al., A hole-conductor-
free, fully printable mesoscopic perovskite solar cell with 
high stability. Science 345(6194), 295–298 (2014). https:// 
doi. org/ 10. 1126/ scien ce. 12547 63

 20. C. Li, X. Lu, W. Ding, L. Feng, Y. Gao et al., Formability of 
 ABX3 (X = F, Cl, Br, I) halide perovskites. Acta Crystallogr. 
Sect. B 64(6), 702–707 (2008). https:// doi. org/ 10. 1107/ S0108 
76810 80327 34

 21. B.-Q. Zhao, Y. Li, X.-Y. Chen, Y. Han, S.-H. Wei et al., Engi-
neering carrier dynamics in halide perovskites by dynamical 
lattice distortion. Adv. Sci. 10(33), 2300386 (2023). https:// 
doi. org/ 10. 1002/ advs. 20230 0386

 22. Z. Li, M. Yang, J.-S. Park, S.-H. Wei, J.J. Berry et al., Sta-
bilizing perovskite structures by tuning tolerance factor: for-
mation of formamidinium and cesium lead iodide solid-state 
alloys. Chem. Mater. 28(1), 284–292 (2016). https:// doi. org/ 
10. 1021/ acs. chemm ater. 5b041 07

 23. A.E. Fedorovskiy, N.A. Drigo, M.K. Nazeeruddin, The role 
of Goldschmidt’s tolerance factor in the formation of  A2BX6 
double halide perovskites and its optimal range. Small Meth. 
4(5), 1900426 (2020). https:// doi. org/ 10. 1002/ smtd. 20190 
0426

 24. T. Sato, S. Takagi, S. Deledda, B.C. Hauback, S.-I. Orimo, 
Extending the applicability of the Goldschmidt tolerance fac-
tor to arbitrary ionic compounds. Sci. Rep. 6, 23592 (2016). 
https:// doi. org/ 10. 1038/ srep2 3592

 25. B. Kim, J. Kim, N. Park, First-principles identification of 
the charge-shifting mechanism and ferroelectricity in hybrid 
halide perovskites. Sci. Rep. 10(1), 19635 (2020). https:// doi. 
org/ 10. 1038/ s41598- 020- 76742-7

 26. J. Ning, L. Zheng, W. Lei, S. Wang, J. Xi et al., Temperature-
dependence of the band gap in the all-inorganic perovskite 
 CsPbI3 from room to high temperatures. Phys. Chem. Chem. 
Phys. 24(26), 16003–16010 (2022). https:// doi. org/ 10. 1039/ 
d2cp0 0940d

 27. S. Hwang, W. Kim, K. Kim, M.J. Ko, Theoretical studies 
on the electronic structures of halide perovskites: a critical 
review. Korean J. Chem. Eng. 41(14), 3737–3749 (2024). 
https:// doi. org/ 10. 1007/ s11814- 024- 00336-6

 28. S. Liu, J. Wang, Z. Hu, Z. Duan, H. Zhang et al., Role of 
organic cation orientation in formamidine based perovskite 
materials. Sci. Rep. 11(1), 20433 (2021). https:// doi. org/ 10. 
1038/ s41598- 021- 99621-1

 29. Y. Hu, J. Schlipf, M. Wussler, M.L. Petrus, W. Jaegermann 
et al., Hybrid perovskite/perovskite heterojunction solar cells. 

https://doi.org/10.1016/j.solmat.2017.09.002
https://doi.org/10.1016/j.solmat.2017.09.002
https://doi.org/10.12691/rse-5-1-3
https://doi.org/10.12691/rse-5-1-3
https://doi.org/10.1016/j.joule.2022.01.009
https://doi.org/10.1016/j.joule.2022.01.009
https://doi.org/10.1021/acsenergylett.4c01323
https://doi.org/10.1007/s11664-022-09846-7
https://doi.org/10.1126/science.aad4424
https://doi.org/10.1126/science.aad4424
https://doi.org/10.1021/jz500279b
https://doi.org/10.1016/j.solener.2016.02.015
https://doi.org/10.1038/s41586-024-07723-3
https://doi.org/10.1038/s41586-024-07723-3
https://doi.org/10.1021/cr1003419
https://doi.org/10.1021/cr1003419
https://doi.org/10.1038/s41586-024-07997-7
https://doi.org/10.1038/s41586-024-07997-7
https://doi.org/10.1016/j.solmat.2004.07.049
https://doi.org/10.1016/j.solmat.2004.07.049
https://doi.org/10.1109/JPHOTOV.2013.2270351
https://doi.org/10.1109/JPHOTOV.2013.2270351
https://doi.org/10.1038/s41560-024-01472-3
https://doi.org/10.1021/acsenergylett.4c03282
https://doi.org/10.1021/acsenergylett.4c03282
https://doi.org/10.1021/acsnano.4c11691
https://doi.org/10.1126/science.1254763
https://doi.org/10.1126/science.1254763
https://doi.org/10.1107/S0108768108032734
https://doi.org/10.1107/S0108768108032734
https://doi.org/10.1002/advs.202300386
https://doi.org/10.1002/advs.202300386
https://doi.org/10.1021/acs.chemmater.5b04107
https://doi.org/10.1021/acs.chemmater.5b04107
https://doi.org/10.1002/smtd.201900426
https://doi.org/10.1002/smtd.201900426
https://doi.org/10.1038/srep23592
https://doi.org/10.1038/s41598-020-76742-7
https://doi.org/10.1038/s41598-020-76742-7
https://doi.org/10.1039/d2cp00940d
https://doi.org/10.1039/d2cp00940d
https://doi.org/10.1007/s11814-024-00336-6
https://doi.org/10.1038/s41598-021-99621-1
https://doi.org/10.1038/s41598-021-99621-1


 Nano-Micro Lett.          (2025) 17:313   313  Page 28 of 33

https://doi.org/10.1007/s40820-025-01815-z© The authors

ACS Nano 10(6), 5999–6007 (2016). https:// doi. org/ 10. 1021/ 
acsna no. 6b015 35

 30. C. Ma, C. Leng, Y. Ji, X. Wei, K. Sun et al., 2D/3D perovskite 
hybrids as moisture-tolerant and efficient light absorbers for 
solar cells. Nanoscale 8(43), 18309–18314 (2016). https:// 
doi. org/ 10. 1039/ c6nr0 4741f

 31. S.S. Mali, J.V. Patil, J.-Y. Shao, Y.-W. Zhong, S.R. Rondiya 
et al., Phase-heterojunction all-inorganic perovskite solar 
cells surpassing 21.5% efficiency. Nat. Energy 8(9), 989–
1001 (2023). https:// doi. org/ 10. 1038/ s41560- 023- 01310-y

 32. Y. Zhang, Z. Yang, T. Ma, Z. Ai, C. Wang et al., A theoreti-
cal investigation of transport layer-free homojunction perovs-
kite solar cells via a detailed photoelectric simulation. Adv. 
Energy Mater. 13(12), 2203366 (2023). https:// doi. org/ 10. 
1002/ aenm. 20220 3366

 33. H. Zhou, Q. Chen, G. Li, S. Luo, T.-B. Song et al., Interface 
engineering of highly efficient perovskite solar cells. Science 
345(6196), 542–546 (2014). https:// doi. org/ 10. 1126/ scien ce. 
12540 50

 34. T. Ma, S. Wang, Y. Zhang, K. Zhang, L. Yi, The develop-
ment of all-inorganic  CsPbX3 perovskite solar cells. J. 
Mater. Sci. 55(2), 464–479 (2020). https:// doi. org/ 10. 1007/ 
s10853- 019- 03974-y

 35. F.H. Isikgor, S. Zhumagali, L.V.T. Merino, M. De Bas-
tiani, I. McCulloch et al., Molecular engineering of contact 
interfaces for high-performance perovskite solar cells. Nat. 
Rev. Mater. 8(2), 89–108 (2022). https:// doi. org/ 10. 1038/ 
s41578- 022- 00503-3

 36. W. Tian, H. Zhou, L. Li, Hybrid organic–inorganic perovskite 
photodetectors. Small 13(41), 1702107 (2017). https:// doi. 
org/ 10. 1002/ smll. 20170 2107

 37. K. Mahmood, S. Sarwar, M.T. Mehran, Current status of elec-
tron transport layers in perovskite solar cells: materials and 
properties. RSC Adv. 7(28), 17044–17062 (2017). https:// doi. 
org/ 10. 1039/ C7RA0 0002B

 38. J. Liang, C. Wang, Y. Wang, Z. Xu, Z. Lu et al., All-inorganic 
perovskite solar cells. J. Am. Chem. Soc. 138(49), 15829–
15832 (2016). https:// doi. org/ 10. 1021/ jacs. 6b102 27

 39. L. Lin, T.W. Jones, T.C. Yang, N.W. Duffy, J. Li et al., Inor-
ganic electron transport materials in perovskite solar cells. 
Adv. Funct. Mater. 31(5), 2008300 (2021). https:// doi. org/ 
10. 1002/ adfm. 20200 8300

 40. W. Chai, W. Zhu, Z. Zhang, H. Xi, D. Chen et al., Selectively 
localized growth of two-dimensional perovskites at grain 
boundaries for efficient and stable  CsPbI3 perovskite solar 
cells. Mater. Today Phys. 34, 101088 (2023). https:// doi. org/ 
10. 1016/j. mtphys. 2023. 101088

 41. J. Zhang, G. Zhang, Y. Liao, Z. Pan, H. Rao et al., Interfacial 
energy-level alignment via poly-3-hexylthiophene-CsPbI3 
quantum dots hybrid hole conductor for efficient carbon-
based  CsPbI2Br solar cells. Chem. Eng. J. 453, 139842 
(2023). https:// doi. org/ 10. 1016/j. cej. 2022. 139842

 42. W. Ren, Y. Liu, Y. Wu, Q. Sun, Y. Cui et al., Interface modi-
fication of an electron transport layer using europium acetate 
for enhancing the performance of P3HT-based inorganic 

perovskite solar cells. Phys. Chem. Chem. Phys. 23(41), 
23818–23826 (2021). https:// doi. org/ 10. 1039/ D1CP0 3645A

 43. M. Yue, J. Su, P. Zhao, Z. Lin, J. Zhang et al., Optimizing 
the performance of  CsPbI3-based perovskite solar cells via 
doping a ZnO electron transport layer coupled with interface 
engineering. Nano-Micro Lett. 11(1), 91 (2019). https:// doi. 
org/ 10. 1007/ s40820- 019- 0320-y

 44. H.J. Kwak, C. Kiguye, M. Gong, J.H. Park, G.H. Kim et al., 
Enhanced performance of inverted perovskite quantum dot 
light-emitting diode using electron suppression layer and 
surface morphology control. Materials 16(22), 7171 (2023). 
https:// doi. org/ 10. 3390/ ma162 27171

 45. C. Huang, C. Huang, Y. Ni, P. Lin, N. Fu, B. Fan, W. Zhang, 
Highly-crystalline  SnO2 thin films for efficient planar perovs-
kite solar cells. ACS Appl. Energy Mater. 5(5), 5704–5710 
(2022). https:// doi. org/ 10. 1021/ acsaem. 1c040 94

 46. H. Wang, J. Yuan, J. Xi, J. Du, J. Tian, Multiple-function 
surface engineering of  SnO2 nanoparticles to achieve efficient 
perovskite solar cells. J. Phys. Chem. Lett. 12(37), 9142–
9148 (2021). https:// doi. org/ 10. 1021/ acs. jpcle tt. 1c026 82

 47. S. Zhang, H. Si, W. Fan, M. Shi, M. Li et al., Graphdiyne: 
bridging  SnO2 and perovskite in planar solar cells. Angew. 
Chem. Int. Ed. 59(28), 11573–11582 (2020). https:// doi. org/ 
10. 1002/ anie. 20200 3502

 48. Z. Lv, L. He, H. Jiang, X. Ma, F. Wang et al., Diluted-CdS 
quantum dot-assisted  SnO2 electron transport layer with 
excellent conductivity and suitable band alignment for high-
performance planar perovskite solar cells. ACS Appl. Mater. 
Interfaces 13(14), 16326–16335 (2021). https:// doi. org/ 10. 
1021/ acsami. 1c008 96

 49. M.S. Reza, M.S. Reza, A. Ghosh, M.F. Rahman, J.R. Rajaba-
thar et al., New highly efficient perovskite solar cell with 
power conversion efficiency of 31% based on  Ca3NI3 and an 
effective charge transport layer. Opt. Commun. 561, 130511 
(2024). https:// doi. org/ 10. 1016/j. optcom. 2024. 130511

 50. X. Meng, J. Zhou, J. Hou, X. Tao, S.H. Cheung et al., Ver-
satility of carbon enables all carbon based perovskite solar 
cells to achieve high efficiency and high stability. Adv. Mater. 
30(36), 1804637 (2018). https:// doi. org/ 10. 1002/ adma. 20180 
4637

 51. H. Guan, Y. Lei, Q. Wu, X. Zhou, H. Wang et al., An inter-
face co-modification strategy for improving the efficiency and 
stability of  CsPbI3 perovskite solar cells. ACS Appl. Energy 
Mater. 5(11), 13419–13428 (2022). https:// doi. org/ 10. 1021/ 
acsaem. 2c020 96

 52. N. Sun, S. Fu, Y. Li, L. Chen, J. Chung et al., Tailoring crys-
tallization dynamics of  CsPbI3 for scalable production of 
efficient inorganic perovskite solar cells. Adv. Funct. Mater. 
34(6), 2309894 (2024). https:// doi. org/ 10. 1002/ adfm. 20230 
9894

 53. J. Chen, N.-G. Park, Causes and solutions of recombination in 
perovskite solar cells. Adv. Mater. 31(47), e1803019 (2019). 
https:// doi. org/ 10. 1002/ adma. 20180 3019

 54. T. Zhang, Z. Ren, S. Guo, G. Zhang, S. Wang et al., Broad-
band self-powered CdS ETL-based  MAPbI3 heterojunction 

https://doi.org/10.1021/acsnano.6b01535
https://doi.org/10.1021/acsnano.6b01535
https://doi.org/10.1039/c6nr04741f
https://doi.org/10.1039/c6nr04741f
https://doi.org/10.1038/s41560-023-01310-y
https://doi.org/10.1002/aenm.202203366
https://doi.org/10.1002/aenm.202203366
https://doi.org/10.1126/science.1254050
https://doi.org/10.1126/science.1254050
https://doi.org/10.1007/s10853-019-03974-y
https://doi.org/10.1007/s10853-019-03974-y
https://doi.org/10.1038/s41578-022-00503-3
https://doi.org/10.1038/s41578-022-00503-3
https://doi.org/10.1002/smll.201702107
https://doi.org/10.1002/smll.201702107
https://doi.org/10.1039/C7RA00002B
https://doi.org/10.1039/C7RA00002B
https://doi.org/10.1021/jacs.6b10227
https://doi.org/10.1002/adfm.202008300
https://doi.org/10.1002/adfm.202008300
https://doi.org/10.1016/j.mtphys.2023.101088
https://doi.org/10.1016/j.mtphys.2023.101088
https://doi.org/10.1016/j.cej.2022.139842
https://doi.org/10.1039/D1CP03645A
https://doi.org/10.1007/s40820-019-0320-y
https://doi.org/10.1007/s40820-019-0320-y
https://doi.org/10.3390/ma16227171
https://doi.org/10.1021/acsaem.1c04094
https://doi.org/10.1021/acs.jpclett.1c02682
https://doi.org/10.1002/anie.202003502
https://doi.org/10.1002/anie.202003502
https://doi.org/10.1021/acsami.1c00896
https://doi.org/10.1021/acsami.1c00896
https://doi.org/10.1016/j.optcom.2024.130511
https://doi.org/10.1002/adma.201804637
https://doi.org/10.1002/adma.201804637
https://doi.org/10.1021/acsaem.2c02096
https://doi.org/10.1021/acsaem.2c02096
https://doi.org/10.1002/adfm.202309894
https://doi.org/10.1002/adfm.202309894
https://doi.org/10.1002/adma.201803019


Nano-Micro Lett.          (2025) 17:313  Page 29 of 33   313 

photodetector induced by a photovoltaic-pyroelectric-thermo-
electric effect. ACS Appl. Mater. Interfaces 15(37), 44444–
44455 (2023). https:// doi. org/ 10. 1021/ acsami. 3c075 85

 55. J. Jia, J. Wu, J. Dong, L. Fan, M. Huang et al., Cadmium 
sulfide as an efficient electron transport material for inverted 
planar perovskite solar cells. Chem. Commun. 54(25), 3170–
3173 (2018). https:// doi. org/ 10. 1039/ C7CC0 9838C

 56. C.-S. Jo, K. Noh, S.H. Noh, H. Yoo, Y. Kim et al., Solution-
processed fabrication of light-emitting diodes using  CsPbBr3 
perovskite nanocrystals. ACS Appl. Nano Mater. 3(12), 
11801–11810 (2020). https:// doi. org/ 10. 1021/ acsanm. 0c023 
34

 57. B. Zhou, L. Qin, P. Wang, Z. Chen, J. Zang et al., Fabrica-
tion of ZnO dual electron transport layer via atomic layer 
deposition for highly stable and efficient  CsPbBr3 perovskite 
nanocrystals light-emitting diodes. Nanotechnology 34(2), 
025203 (2023). https:// doi. org/ 10. 1088/ 1361- 6528/ ac98ce

 58. P. Lu, J. Wu, X. Shen, X. Gao, Z. Shi et al., ZnO–Ti3C2 
MXene electron transport layer for high external quantum 
efficiency perovskite nanocrystal light-emitting diodes. Adv. 
Sci. 7(19), 2001562 (2020). https:// doi. org/ 10. 1002/ advs. 
20200 1562

 59. Y. Wang, T. Zhang, P. Zhang, D. Liu, L. Ji et al., Solution 
processed PCBM-CH3NH3PbI3 heterojunction photodetectors 
with enhanced performance and stability. Org. Electron. 57, 
263–268 (2018). https:// doi. org/ 10. 1016/j. orgel. 2018. 02. 043

 60. K. Choi, D.H. Lee, W. Jung, S. Kim, S.H. Kim et al., 3D 
interaction of zwitterions for highly stable and efficient inor-
ganic  CsPbI3 solar cells. Adv. Funct. Mater. 32(16), 2112027 
(2022). https:// doi. org/ 10. 1002/ adfm. 20211 2027

 61. J. Wang, Y. Che, Y. Duan, Z. Liu, S. Yang et al., 21.15%-effi-
ciency and stable γ-CsPbI3 perovskite solar cells enabled by 
an acyloin ligand. Adv. Mater. 35(12), e2210223 (2023). 
https:// doi. org/ 10. 1002/ adma. 20221 0223

 62. Y. Du, Q. Tian, X. Chang, J. Fang, X. Gu et al., Ionic liquid 
treatment for highest-efficiency ambient printed stable all-
inorganic  CsPbI3 perovskite solar cells. Adv. Mater. 34(10), 
2106750 (2022). https:// doi. org/ 10. 1002/ adma. 20210 6750

 63. J. Choi, S. Song, M.T. Hörantner, H.J. Snaith, T. Park, Well-
defined nanostructured, single-crystalline  TiO2 electron 
transport layer for efficient planar perovskite solar cells. ACS 
Nano 10(6), 6029–6036 (2016). https:// doi. org/ 10. 1021/ acsna 
no. 6b015 75

 64. T.-H. Le, H. Driscoll, C.-H. Hou, A. Montgomery, W. Li 
et al., Perovskite solar module: promise and challenges in 
efficiency, meta-stability, and operational lifetime. Adv. Elec-
tron. Mater. 9(10), 2300093 (2023). https:// doi. org/ 10. 1002/ 
aelm. 20230 0093

 65. W. Cheng, R. Zhou, S. Peng, C. Wang, L. Chen, Research 
on passivation of perovskite layer in perovskite solar cells. 
Mater. Today Commun. 38, 107879 (2024). https:// doi. org/ 
10. 1016/j. mtcomm. 2023. 107879

 66. J.J. Yoo, G. Seo, M.R. Chua, T.G. Park, Y. Lu et al., Effi-
cient perovskite solar cells via improved carrier management. 
Nature 590(7847), 587–593 (2021). https:// doi. org/ 10. 1038/ 
s41586- 021- 03285-w

 67. W. Chi, S.K. Banerjee, Engineering strategies for two-dimen-
sional perovskite solar cells. Trends Chem. 4(11), 1005–1020 
(2022). https:// doi. org/ 10. 1016/j. trechm. 2022. 08. 009

 68. J. Chen, N.-G. Park, Materials and methods for interface 
engineering toward stable and efficient perovskite solar 
cells. ACS Energy Lett. 5(8), 2742–2786 (2020). https:// 
doi. org/ 10. 1021/ acsen ergyl ett. 0c012 40

 69. R. Ji, Z. Zhang, Y.J. Hofstetter, R. Buschbeck, C. Hänisch 
et  al., Perovskite phase heterojunction solar cells. Nat. 
Energy 7(12), 1170–1179 (2022). https:// doi. org/ 10. 1038/ 
s41560- 022- 01154-y

 70. Q. Jiang, J. Tong, Y. Xian, R.A. Kerner, S.P. Dunfield et al., 
Surface reaction for efficient and stable inverted perovskite 
solar cells. Nature 611(7935), 278–283 (2022). https:// doi. 
org/ 10. 1038/ s41586- 022- 05268-x

 71. F. Zhang, K. Zhu, Additive engineering for efficient and 
stable perovskite solar cells. Adv. Energy Mater. 10(13), 
1902579 (2020). https:// doi. org/ 10. 1002/ aenm. 20190 2579

 72. B. Liu, Y. Wang, S. Bian, Z. Liu, Y. Wu et al., Perovskite 
solar cells with extremely high 24.63% efficiency through 
design of double electron transport layers and double 
luminescent converter layers. Adv. Funct. Mater. 34(34), 
2401007 (2024). https:// doi. org/ 10. 1002/ adfm. 20240 1007

 73. H. Bian, D. Bai, Z. Jin, K. Wang, L. Liang et al., Graded 
bandgap  CsPbI2+xBr1–x perovskite solar cells with a stabi-
lized efficiency of 14.4%. Joule 2(8), 1500–1510 (2018). 
https:// doi. org/ 10. 1016/j. joule. 2018. 04. 012

 74. R. Azmi, D.S. Utomo, B. Vishal, S. Zhumagali, P. Dally 
et al., Double-side 2D/3D heterojunctions for inverted per-
ovskite solar cells. Nature 628(8006), 93–98 (2024). https:// 
doi. org/ 10. 1038/ s41586- 024- 07189-3

 75. S. Wang, C. Bi, A. Portniagin, J. Yuan, J. Ning et  al., 
 CsPbI3/PbSe heterostructured nanocrystals for high-
efficiency solar cells. ACS Energy Lett. 5(7), 2401–2410 
(2020). https:// doi. org/ 10. 1021/ acsen ergyl ett. 0c012 22

 76. J. Low, J. Yu, M. Jaroniec, S. Wageh, A.A. Al-Ghamdi, Het-
erojunction photocatalysts. Adv. Mater. 29(20), 1601694 
(2017). https:// doi. org/ 10. 1002/ adma. 20160 1694

 77. S.-M. Yoo, S.-Y. Lee, E. Velilla Hernandez, M. Kim, G. 
Kim et al., Nanoscale perovskite-sensitized solar cell revis-
ited: dye-cell or perovskite-cell? Chemsuschem 13(10), 
2571–2576 (2020). https:// doi. org/ 10. 1002/ cssc. 20200 0223

 78. K. Rakstys, C. Igci, M.K. Nazeeruddin, Efficiency vs. 
stability: dopant-free hole transporting materials towards 
stabilized perovskite solar cells. Chem. Sci. 10(28), 6748–
6769 (2019). https:// doi. org/ 10. 1039/ C9SC0 1184F

 79. N. Li, J. Yan, Y. Ai, E. Jiang, L. Lin et al., A low-tem-
perature  TiO2/SnO2 electron transport layer for high-
performance planar perovskite solar cells. Sci. China 
Mater. 63(2), 207–215 (2020). https:// doi. org/ 10. 1007/ 
s40843- 019- 9586-x

 80. W. Huang, R. Zhang, X. Xia, P. Steichen, N. Liu et al., Room 
temperature processed double electron transport layers for 
efficient perovskite solar cells. Nanomaterials 11(2), 329 
(2021). https:// doi. org/ 10. 3390/ nano1 10203 29

https://doi.org/10.1021/acsami.3c07585
https://doi.org/10.1039/C7CC09838C
https://doi.org/10.1021/acsanm.0c02334
https://doi.org/10.1021/acsanm.0c02334
https://doi.org/10.1088/1361-6528/ac98ce
https://doi.org/10.1002/advs.202001562
https://doi.org/10.1002/advs.202001562
https://doi.org/10.1016/j.orgel.2018.02.043
https://doi.org/10.1002/adfm.202112027
https://doi.org/10.1002/adma.202210223
https://doi.org/10.1002/adma.202106750
https://doi.org/10.1021/acsnano.6b01575
https://doi.org/10.1021/acsnano.6b01575
https://doi.org/10.1002/aelm.202300093
https://doi.org/10.1002/aelm.202300093
https://doi.org/10.1016/j.mtcomm.2023.107879
https://doi.org/10.1016/j.mtcomm.2023.107879
https://doi.org/10.1038/s41586-021-03285-w
https://doi.org/10.1038/s41586-021-03285-w
https://doi.org/10.1016/j.trechm.2022.08.009
https://doi.org/10.1021/acsenergylett.0c01240
https://doi.org/10.1021/acsenergylett.0c01240
https://doi.org/10.1038/s41560-022-01154-y
https://doi.org/10.1038/s41560-022-01154-y
https://doi.org/10.1038/s41586-022-05268-x
https://doi.org/10.1038/s41586-022-05268-x
https://doi.org/10.1002/aenm.201902579
https://doi.org/10.1002/adfm.202401007
https://doi.org/10.1016/j.joule.2018.04.012
https://doi.org/10.1038/s41586-024-07189-3
https://doi.org/10.1038/s41586-024-07189-3
https://doi.org/10.1021/acsenergylett.0c01222
https://doi.org/10.1002/adma.201601694
https://doi.org/10.1002/cssc.202000223
https://doi.org/10.1039/C9SC01184F
https://doi.org/10.1007/s40843-019-9586-x
https://doi.org/10.1007/s40843-019-9586-x
https://doi.org/10.3390/nano11020329


 Nano-Micro Lett.          (2025) 17:313   313  Page 30 of 33

https://doi.org/10.1007/s40820-025-01815-z© The authors

 81. M. Pols, A.C.T. van Duin, S. Calero, S. Tao, Mixing I and 
Br in inorganic perovskites: atomistic insights from reactive 
molecular dynamics simulations. J. Phys. Chem. C Nano-
mater. Interfaces 128(9), 4111–4118 (2024). https:// doi. org/ 
10. 1021/ acs. jpcc. 4c005 63

 82. D. Yu, F. Cao, J. Liao, B. Wang, C. Su et al., Direct observa-
tion of photoinduced carrier blocking in mixed-dimensional 
2D/3D perovskites and the origin. Nat. Commun. 13(1), 6229 
(2022). https:// doi. org/ 10. 1038/ s41467- 022- 33752-5

 83. X. Liu, D. Luo, Z.H. Lu, J.S. Yun, M. Saliba et al., Stabiliza-
tion of photoactive phases for perovskite photovoltaics. Nat. 
Rev. Chem. 7(7), 462–479 (2023). https:// doi. org/ 10. 1038/ 
s41570- 023- 00492-z

 84. P. Mahajan, B. Padha, S. Verma, V. Gupta, R. Datt et al., 
Review of current progress in hole-transporting materials for 
perovskite solar cells. J. Energy Chem. 68, 330–386 (2022). 
https:// doi. org/ 10. 1016/j. jechem. 2021. 12. 003

 85. W.-M. Gu, K.-J. Jiang, F. Li, G.-H. Yu, Y. Xu et al., A multi-
functional interlayer for highly stable and efficient perovskite 
solar cells based on pristine poly(3-hexylthiophene). Chem. 
Eng. J. 444, 136644 (2022). https:// doi. org/ 10. 1016/j. cej. 
2022. 136644

 86. J. Sun, N. Zhang, J. Wu, W. Yang, H. He et al., Additive 
engineering of the CuSCN hole transport layer for high-per-
formance perovskite semitransparent solar cells. ACS Appl. 
Mater. Interfaces 14(46), 52223–52232 (2022). https:// doi. 
org/ 10. 1021/ acsami. 2c181 20

 87. F. Shoukat, A. Ali, J.H. Lee, Y. Khan, B. Walker et al., Ag: 
PSS polyelectrolyte/PTB7 bilayers as efficient hole transport 
layers for perovskite solar cells. Synth. Met. 307, 117679 
(2024). https:// doi. org/ 10. 1016/j. synth met. 2024. 117679

 88. D.B. Khadka, Y. Shirai, M. Yanagida, K. Miyano, Ammoni-
ated aqueous precursor ink processed copper iodide as hole 
transport layer for inverted planar perovskite solar cells. Sol. 
Energy Mater. Sol. Cells 210, 110486 (2020). https:// doi. org/ 
10. 1016/j. solmat. 2020. 110486

 89. L. Zhang, Y. Chen, Atomistic understanding on molecular 
halide perovskite/organic/TiO2 interface with bifunctional 
interfacial modifier: a case study on halogen bond and car-
boxylic acid group. Appl. Surf. Sci. 502, 144274 (2020). 
https:// doi. org/ 10. 1016/j. apsusc. 2019. 144274

 90. J.-W. Liang, Y. Firdaus, R. Azmi, H. Faber, D. Kaltsas et al., 
 Cl2-doped CuSCN hole transport layer for organic and per-
ovskite solar cells with improved stability. ACS Energy Lett. 
7(9), 3139–3148 (2022). https:// doi. org/ 10. 1021/ acsen ergyl 
ett. 2c015 45

 91. D. Saranin, P. Gostischev, D. Tatarinov, I. Ermanova, V. 
Mazov et al., Copper iodide interlayer for improved charge 
extraction and stability of inverted perovskite solar cells. 
Materials 12(9), 1406 (2019). https:// doi. org/ 10. 3390/ ma120 
91406

 92. X. Gao, Y. Du, X. Meng, Cupric oxide film with a record 
hole mobility of 48.44  cm2/Vs via direct–current reactive 
magnetron sputtering for perovskite solar cell application. 
Sol. Energy 191, 205–209 (2019). https:// doi. org/ 10. 1016/j. 
solen er. 2019. 08. 080

 93. C. Yan, Z. Li, Y. Sun, J. Zhao, X. Huang et al., Decreasing 
energy loss and optimizing band alignment for high perfor-
mance  CsPbI3 solar cells through guanidine hydrobromide 
post-treatment. J. Mater. Chem. A 8(20), 10346–10353 
(2020). https:// doi. org/ 10. 1039/ D0TA0 2488K

 94. J.-Y. Shao, Y.-W. Zhong, Design of small molecular hole-
transporting materials for stable and high-performance per-
ovskite solar cells. Chem. Phys. Rev. 2(2), 021302 (2021). 
https:// doi. org/ 10. 1063/5. 00512 54

 95. M.M.H. Desoky, M. Bonomo, R. Buscaino, A. Fin, G. Vis-
cardi et al., Dopant-free all-organic small-molecule HTMs 
for perovskite solar cells: concepts and structure–property 
relationships. Energies 14(8), 2279 (2021). https:// doi. org/ 
10. 3390/ en140 82279

 96. H. Tian, X. Jiang, X. Liu, F. Sun, X. Guo et al., Enhancing 
performances of inverted perovskite solar cells by modify-
ing the buried interface with sodium copper chlorophyllin. 
Nano Energy 126, 109616 (2024). https:// doi. org/ 10. 1016/j. 
nanoen. 2024. 109616

 97. N. Cheng, Z. Liu, Z. Yu, W. Li, Z. Zhao et al., High per-
formance inverted perovskite solar cells using PEDOT: 
PSS/KCl hybrid hole transporting layer. Org. Electron. 
98, 106298 (2021). https:// doi. org/ 10. 1016/j. orgel. 2021. 
106298

 98. Z. Zhu, D. Zhao, C.-C. Chueh, X. Shi, Z. Li et al., Highly 
efficient and stable perovskite solar cells enabled by all-
crosslinked charge-transporting layers. Joule 2(1), 168–183 
(2018). https:// doi. org/ 10. 1016/j. joule. 2017. 11. 006

 99. C.-H. Kuan, G.-S. Luo, S. Narra, S. Maity, H. Hiramatsu 
et al., How can a hydrophobic polymer PTAA serve as a 
hole- transport layer for an inverted tin perovskite solar cell? 
Chem. Eng. J. 450, 138037 (2022). https:// doi. org/ 10. 1016/j. 
cej. 2022. 138037

 100. S.P. Koiry, P. Jha, C. Sridevi, D. Gupta, V. Putta et  al., 
Improving perovskite/P3HT interface without an interlayer: 
impact of perovskite surface topography on photovoltaic per-
formance of P3HT-based perovskite solar cells. Mater. Today 
Commun. 36, 106418 (2023). https:// doi. org/ 10. 1016/j. 
mtcomm. 2023. 106418

 101. Z. Iqbal, F. Zu, A. Musiienko, E. Gutierrez-Partida, H. Köbler 
et al., Interface modification for energy level alignment and 
charge extraction in  CsPbI3 perovskite solar cells. ACS 
Energy Lett. 8(10), 4304–4314 (2023). https:// doi. org/ 10. 
1021/ acsen ergyl ett. 3c015 22

 102. W. Xu, F. He, M. Zhang, P. Nie, S. Zhang et al., Minimiz-
ing voltage loss in efficient all-inorganic  CsPbI2Br perovskite 
solar cells through energy level alignment. ACS Energy Lett. 
4(10), 2491–2499 (2019). https:// doi. org/ 10. 1021/ acsen ergyl 
ett. 9b016 62

 103. W.-J. Chi, D.-Y. Zheng, X.-F. Chen, Z.-S. Li, Optimizing 
thienothiophene chain lengths of D–π–D hole transport mate-
rials in perovskite solar cells for improving energy levels and 
hole mobility. J. Mater. Chem. C 5(38), 10055–10060 (2017). 
https:// doi. org/ 10. 1039/ C7TC0 3232C

 104. H. Tang, Z. Shen, Y. Shen, G. Yan, Y. Wang et al., Rein-
forcing self-assembly of hole transport molecules for stable 

https://doi.org/10.1021/acs.jpcc.4c00563
https://doi.org/10.1021/acs.jpcc.4c00563
https://doi.org/10.1038/s41467-022-33752-5
https://doi.org/10.1038/s41570-023-00492-z
https://doi.org/10.1038/s41570-023-00492-z
https://doi.org/10.1016/j.jechem.2021.12.003
https://doi.org/10.1016/j.cej.2022.136644
https://doi.org/10.1016/j.cej.2022.136644
https://doi.org/10.1021/acsami.2c18120
https://doi.org/10.1021/acsami.2c18120
https://doi.org/10.1016/j.synthmet.2024.117679
https://doi.org/10.1016/j.solmat.2020.110486
https://doi.org/10.1016/j.solmat.2020.110486
https://doi.org/10.1016/j.apsusc.2019.144274
https://doi.org/10.1021/acsenergylett.2c01545
https://doi.org/10.1021/acsenergylett.2c01545
https://doi.org/10.3390/ma12091406
https://doi.org/10.3390/ma12091406
https://doi.org/10.1016/j.solener.2019.08.080
https://doi.org/10.1016/j.solener.2019.08.080
https://doi.org/10.1039/D0TA02488K
https://doi.org/10.1063/5.0051254
https://doi.org/10.3390/en14082279
https://doi.org/10.3390/en14082279
https://doi.org/10.1016/j.nanoen.2024.109616
https://doi.org/10.1016/j.nanoen.2024.109616
https://doi.org/10.1016/j.orgel.2021.106298
https://doi.org/10.1016/j.orgel.2021.106298
https://doi.org/10.1016/j.joule.2017.11.006
https://doi.org/10.1016/j.cej.2022.138037
https://doi.org/10.1016/j.cej.2022.138037
https://doi.org/10.1016/j.mtcomm.2023.106418
https://doi.org/10.1016/j.mtcomm.2023.106418
https://doi.org/10.1021/acsenergylett.3c01522
https://doi.org/10.1021/acsenergylett.3c01522
https://doi.org/10.1021/acsenergylett.9b01662
https://doi.org/10.1021/acsenergylett.9b01662
https://doi.org/10.1039/C7TC03232C


Nano-Micro Lett.          (2025) 17:313  Page 31 of 33   313 

inverted perovskite solar cells. Science 383(6688), 1236–
1240 (2024). https:// doi. org/ 10. 1126/ scien ce. adj96 02

 105. H. Xie, J. Liu, X. Yin, Y. Guo, D. Liu et al., Perovskite/P3HT 
graded heterojunction by an additive-assisted method for 
high-efficiency perovskite solar cells with carbon electrodes. 
Colloids Surf. A Physicochem. Eng. Aspects 635, 128072 
(2022). https:// doi. org/ 10. 1016/j. colsu rfa. 2021. 128072

 106. D. Yeo, J. Shin, D. Kim, J.Y. Jaung, I.H. Jung, Self-assembled 
monolayer-based hole-transporting materials for perovskite 
solar cells. Nanomaterials 14(2), 175 (2024). https:// doi. org/ 
10. 3390/ nano1 40201 75

 107. L. Bu, Z. Liu, M. Zhang, W. Li, A. Zhu et al., Semitransparent 
fully air processed perovskite solar cells. ACS Appl. Mater. 
Interfaces 7(32), 17776–17781 (2015). https:// doi. org/ 10. 
1021/ acsami. 5b040 40

 108. J. Xu, Q. Xiong, X. Huang, P. Sun, Q. Zhou et al., Symmetry-
breaking induced dipole enhancement for efficient spiro-type 
hole transporting materials: easy synthesis with high stability. 
Small 19(12), 2206435 (2023). https:// doi. org/ 10. 1002/ smll. 
20220 6435

 109. M. Zhai, M. Li, Z. Deng, R. Yao, L. Wang et al., Perovs-
kite solar cells and modules employing facile synthesis and 
green-solvent-processable organic hole transport materials. 
ACS Energy Lett. 8(11), 4966–4975 (2023). https:// doi. org/ 
10. 1021/ acsen ergyl ett. 3c014 72

 110. C. Duan, F. Zou, S. Li, Q. Zhu, J. Li et al., Dopant-free star-
like molecular hole conductor with ordered packing for dura-
ble all-inorganic perovskite solar cells. Adv. Energy Mater. 
14(14), 2303997 (2024). https:// doi. org/ 10. 1002/ aenm. 20230 
3997

 111. Z. Xia, W. Zhang, C. Chen, Y. Miao, X. Ding et al., Low-cost 
star-shaped hole-transporting materials with isotropic proper-
ties and its application in perovskite solar cells. Dyes Pigm. 
207, 110695 (2022). https:// doi. org/ 10. 1016/j. dyepig. 2022. 
110695

 112. Z. Wang, S. Yan, Z. Yang, Y. Zou, J. Chen et al., Tetrathieno-
pyrrole-based hole-transporting materials for highly efficient 
and robust perovskite solar cells. Chem. Eng. J. 450, 138189 
(2022). https:// doi. org/ 10. 1016/j. cej. 2022. 138189

 113. L. Yuan, W. Zhu, Y. Zhang, Y. Li, C.C.S. Chan et al., A con-
formally bonded molecular interface retarded iodine migra-
tion for durable perovskite solar cells. Energy Environ. Sci. 
16(4), 1597–1609 (2023). https:// doi. org/ 10. 1039/ D2EE0 
3565K

 114. W. Zhang, X. Li, X. Feng, X. Zhao, J. Fang, A conjugated 
ligand interfacial modifier for enhancing efficiency and oper-
ational stability of planar perovskite solar cells. Chem. Eng. 
J. 412, 128680 (2021). https:// doi. org/ 10. 1016/j. cej. 2021. 
128680

 115. Y. Shi, L. Zhang, S. Hu, X. Wang, J. Han et al., Bridging the 
buried interface with conjugated molecule for highly efficient 
carbon-based inorganic  CsPbI2Br perovskite solar cells fab-
ricated in air. Chem. Eng. J. 492, 152210 (2024). https:// doi. 
org/ 10. 1016/j. cej. 2024. 152210

 116. H. Dong, J. Xi, L. Zuo, J. Li, Y. Yang et al., Conjugated 
molecules “bridge”: functional ligand toward highly 

efficient and long-term stable perovskite solar cell. Adv. 
Funct. Mater. 29(17), 1808119 (2019). https:// doi. org/ 10. 
1002/ adfm. 20180 8119

 117. R. Wang, T.-G. Sun, T. Wu, Z. Zhu, J.-Y. Shao et  al., 
Hydrophobic π-conjugated organic small molecule as a 
multi-functional interface material enables efficient and 
stable perovskite solar cells. Chem. Eng. J. 430, 133065 
(2022). https:// doi. org/ 10. 1016/j. cej. 2021. 133065

 118. K. Ma, H.R. Atapattu, Q. Zhao, Y. Gao, B.P. Finkenauer 
et al., Multifunctional conjugated ligand engineering for 
stable and efficient perovskite solar cells. Adv. Mater. 
33(32), 2100791 (2021). https:// doi. org/ 10. 1002/ adma. 
20210 0791

 119. I.G. Sonsona, M. Carrera, M. Más-Montoya, R.S. Sánchez, 
P. Serafini et al., 2D-self-assembled organic materials in 
undoped hole transport bilayers for efficient inverted perovs-
kite solar cells. ACS Appl. Mater. Interfaces 15(18), 22310–
22319 (2023). https:// doi. org/ 10. 1021/ acsami. 2c230 10

 120. F.S. Ghoreishi, V. Ahmadi, R. Poursalehi, M. Samad-
Pour, M.B. Johansson et  al., Enhanced performance of 
 CH3NH3PbI3 perovskite solar cells via interface modifica-
tion using phenyl ammonium iodide derivatives. J. Power. 
Sources 473, 228492 (2020). https:// doi. org/ 10. 1016/j. 
jpows our. 2020. 228492

 121. H. Zhang, Y. Mao, J. Xu, S. Li, F. Guo et al., Methylth-
iophene terminated D–π–D molecular semiconductors as 
multifunctional interfacial materials for high performance 
perovskite solar cells. J. Mater. Chem. C 10(5), 1862–1869 
(2022). https:// doi. org/ 10. 1039/ D1TC0 5354J

 122. S. Ma, C. Wang, Y. Dong, W. Jing, P. Wei et al., Micro-
sphere-gel composite system with mesenchymal stem cell 
recruitment, antibacterial, and immunomodulatory properties 
promote bone regeneration via sequential release of LL37 and 
W9 peptides. ACS Appl. Mater. Interfaces 14(34), 38525–
38540 (2022). https:// doi. org/ 10. 1021/ acsami. 2c102 42

 123. J. Deng, H. Zhang, K. Wei, Y. Xiao, C. Zhang et al., Molec-
ular bridge assisted bifacial defect healing enables low 
energy loss for efficient and stable perovskite solar cells. 
Adv. Funct. Mater. 32(52), 2209516 (2022). https:// doi. org/ 
10. 1002/ adfm. 20220 9516

 124. R. Zhu, Q.-S. Li, Z.-S. Li, Molecular engineering of hex-
aazatriphenylene derivatives toward more efficient electron-
transporting materials for inverted perovskite solar cells. 
ACS Appl. Mater. Interfaces 12(34), 38222–38231 (2020). 
https:// doi. org/ 10. 1021/ acsami. 0c109 96

 125. M.-H. Li, X. Ma, J. Fu, S. Wang, J. Wu et al., Molecularly 
tailored perovskite/poly(3-hexylthiophene) interfaces for 
high-performance solar cells. Energy Environ. Sci. 17(15), 
5513–5520 (2024). https:// doi. org/ 10. 1039/ d4ee0 2251c

 126. D. Zhang, X. Wang, T. Tian, X. Xia, J. Duan et al., Multi-
functional buried interface engineering derived from 
in-situ-formed 2D perovskites using π-conjugated liquid-
crystalline molecule with aggregation-induced emission for 
efficient and stable  NiOx-based inverted perovskite solar 
cells. Chem. Eng. J. 469, 143789 (2023). https:// doi. org/ 
10. 1016/j. cej. 2023. 143789

https://doi.org/10.1126/science.adj9602
https://doi.org/10.1016/j.colsurfa.2021.128072
https://doi.org/10.3390/nano14020175
https://doi.org/10.3390/nano14020175
https://doi.org/10.1021/acsami.5b04040
https://doi.org/10.1021/acsami.5b04040
https://doi.org/10.1002/smll.202206435
https://doi.org/10.1002/smll.202206435
https://doi.org/10.1021/acsenergylett.3c01472
https://doi.org/10.1021/acsenergylett.3c01472
https://doi.org/10.1002/aenm.202303997
https://doi.org/10.1002/aenm.202303997
https://doi.org/10.1016/j.dyepig.2022.110695
https://doi.org/10.1016/j.dyepig.2022.110695
https://doi.org/10.1016/j.cej.2022.138189
https://doi.org/10.1039/D2EE03565K
https://doi.org/10.1039/D2EE03565K
https://doi.org/10.1016/j.cej.2021.128680
https://doi.org/10.1016/j.cej.2021.128680
https://doi.org/10.1016/j.cej.2024.152210
https://doi.org/10.1016/j.cej.2024.152210
https://doi.org/10.1002/adfm.201808119
https://doi.org/10.1002/adfm.201808119
https://doi.org/10.1016/j.cej.2021.133065
https://doi.org/10.1002/adma.202100791
https://doi.org/10.1002/adma.202100791
https://doi.org/10.1021/acsami.2c23010
https://doi.org/10.1016/j.jpowsour.2020.228492
https://doi.org/10.1016/j.jpowsour.2020.228492
https://doi.org/10.1039/D1TC05354J
https://doi.org/10.1021/acsami.2c10242
https://doi.org/10.1002/adfm.202209516
https://doi.org/10.1002/adfm.202209516
https://doi.org/10.1021/acsami.0c10996
https://doi.org/10.1039/d4ee02251c
https://doi.org/10.1016/j.cej.2023.143789
https://doi.org/10.1016/j.cej.2023.143789


 Nano-Micro Lett.          (2025) 17:313   313  Page 32 of 33

https://doi.org/10.1007/s40820-025-01815-z© The authors

 127. W. Jiang, M. Liu, Y. Li, F.R. Lin, A.K.Y. Jen, Rational 
molecular design of multifunctional self-assembled mon-
olayers for efficient hole selection and buried interface pas-
sivation in inverted perovskite solar cells. Chem. Sci. 15(8), 
2778–2785 (2024). https:// doi. org/ 10. 1039/ D3SC0 5485C

 128. D. Li, Y. Huang, R. Ma, H. Liu, Q. Liang et al., Surface reg-
ulation with polymerized small molecular acceptor towards 
efficient inverted perovskite solar cells. Adv. Energy Mater. 
13(18), 2204247 (2023). https:// doi. org/ 10. 1002/ aenm. 
20220 4247

 129. K. Wang, B. Yu, C. Lin, R. Yao, H. Yu et al., Synergistic 
passivation on buried interface for highly efficient and sta-
ble p–i–n perovskite solar cells. Small 20(42), 2403494 
(2024). https:// doi. org/ 10. 1002/ smll. 20240 3494

 130. P. Han, Y. Zhang, Recent advances in carbazole-based self-
assembled monolayer for solution-processed optoelectronic 
devices. Adv. Mater. 36(33), e2405630 (2024). https:// doi. 
org/ 10. 1002/ adma. 20240 5630

 131. T. Niu, Q. Xue, H.-L. Yip, Molecularly engineered inter-
faces in metal halide perovskite solar cells. J. Phys. Chem. 
Lett. 12(20), 4882–4901 (2021). https:// doi. org/ 10. 1021/ 
acs. jpcle tt. 1c009 54

 132. E.-B. Abdullah, M.S. Kim, H.-S. Akhtar, S.A. Shin et al., 
Influence of donor groups on benzoselenadiazole-based 
dopant-free hole transporting materials for high perfor-
mance perovskite solar cells. ACS Appl. Energy Mater. 
4(1), 312–321 (2021). https:// doi. org/ 10. 1021/ acsaem. 
0c022 64

 133. M. Zhai, Y. Miao, C. Chen, L. Liu, H. Wang et al., Modulat-
ing donor assemblies of D-π-D type hole transport materi-
als for perovskite solar cells. J. Power. Sources 551, 232199 
(2022). https:// doi. org/ 10. 1016/j. jpows our. 2022. 232199

 134. Z. Hu, W. Fu, L. Yan, J. Miao, H. Yu et al., Effects of heter-
oatom substitution in spiro-bifluorene hole transport materi-
als. Chem. Sci. 7(8), 5007–5012 (2016). https:// doi. org/ 10. 
1039/ c6sc0 0973e

 135. N.J. Jeon, H.G. Lee, Y.C. Kim, J. Seo, J.H. Noh et  al., 
O-Methoxy substituents in spiro-OMeTAD for efficient 
inorganic-organic hybrid perovskite solar cells. J. Am. Chem. 
Soc. 136(22), 7837–7840 (2014). https:// doi. org/ 10. 1021/ 
ja502 824c

 136. F. Zhang, X. Liu, C. Yi, D. Bi, J. Luo et al., Dopant-free donor 
(D)-π-D-π-D conjugated hole-transport materials for efficient 
and stable perovskite solar cells. Chemsuschem 9(18), 2578–
2585 (2016). https:// doi. org/ 10. 1002/ cssc. 20160 0905

 137. Z. Zhang, Z. Tang, K. Wang, P. Wang, J. Yang, Effect of steric 
hindrance and number of substituents on the transfer and 
interface properties of Y-shaped hole-transporting materials 
for perovskite solar cells. Phys. Chem. Chem. Phys. 25(37), 
25850–25861 (2023). https:// doi. org/ 10. 1039/ D3CP0 3322H

 138. Z.-R. Lan, J.-Y. Shao, Y.-W. Zhong, Self-assembled mon-
olayers as hole-transporting materials for inverted perovskite 
solar cells. Mol. Syst. Des. Eng. 8(12), 1440–1455 (2023). 
https:// doi. org/ 10. 1039/ d3me0 0144j

 139. Q. Liao, Y. Wang, Z. Zhang, K. Yang, Y. Shi et al., Self-
assembled donor-acceptor hole contacts for inverted 

perovskite solar cells with an efficiency approaching 22%: 
the impact of anchoring groups. J. Energy Chem. 68, 87–95 
(2022). https:// doi. org/ 10. 1016/j. jechem. 2021. 11. 001

 140. P.-H. Liu, C.-H. Chuang, Y.-L. Zhou, S.-H. Wang, R.-J. Jeng 
et al., Conjugated polyelectrolytes as promising hole trans-
port materials for inverted perovskite solar cells: effect of 
ionic groups. J. Mater. Chem. A 8(47), 25173–25177 (2020). 
https:// doi. org/ 10. 1039/ D0TA0 9063H

 141. B. Li, C. Zhang, D. Gao, X. Sun, S. Zhang et al., Suppress-
ing oxidation at perovskite–NiOx interface for efficient and 
stable tin perovskite solar cells. Adv. Mater. 36(17), 2309768 
(2024). https:// doi. org/ 10. 1002/ adma. 20230 9768

 142. X. Cao, L. Zhi, Y. Li, F. Fang, X. Cui et al., Elucidating the 
key role of a lewis base solvent in the formation of perovskite 
films fabricated from the lewis adduct approach. ACS Appl. 
Mater. Interfaces 9(38), 32868–32875 (2017). https:// doi. org/ 
10. 1021/ acsami. 7b072 16

 143. J. Duan, Y. Wang, X. Yang, Q. Tang, Alkyl-chain-regulated 
charge transfer in fluorescent inorganic  CsPbBr3 perovskite 
solar cells. Angew. Chem. Int. Ed. 59(11), 4391–4395 (2020). 
https:// doi. org/ 10. 1002/ anie. 20200 0199

 144. A. Pan, B. He, X. Fan, Z. Liu, J.J. Urban et al., Insight into 
the ligand-mediated synthesis of colloidal  CsPbBr3 perovs-
kite nanocrystals: the role of organic acid, base, and cesium 
precursors. ACS Nano 10(8), 7943–7954 (2016). https:// doi. 
org/ 10. 1021/ acsna no. 6b038 63

 145. X. Huo, Y. Li, W. Liu, X. Huang, J. Meng et al., Nonpolar 
and ultra-long-chain ligand to modify the perovskite inter-
face toward high-efficiency and stable wide bandgap perovs-
kite solar cells. ACS Appl. Energy Mater. 6(3), 1731–1740 
(2023). https:// doi. org/ 10. 1021/ acsaem. 2c036 11

 146. Z. Liu, H. Wang, H. Han, H. Jiang, N. Liu et al., Tailoring 
the molecular size of alkylamine modifiers for fabricating 
efficient and stable inverted  CsPbI3 perovskite solar cells. J. 
Mater. Chem. C 12(28), 10604–10612 (2024). https:// doi. org/ 
10. 1039/ D4TC0 1871K

 147. X. Sun, F. Wu, C. Zhong, L. Zhu, Z.-A. Li, A structure–prop-
erty study of fluoranthene-cored hole-transporting materials 
enables 19.3% efficiency in dopant-free perovskite solar cells. 
Chem. Sci. 10(28), 6899–6907 (2019). https:// doi. org/ 10. 
1039/ C9SC0 1697J

 148. Y. Ding, C. Duan, Q. Guo, Y. Meng, Z. Wang et al., Side-
chain engineering of benzotriazole-based polymers as hole 
transport material enables high-efficiency  CsPbI2Br single-
junction and tandem perovskite solar cells. Nano Today 53, 
102046 (2023). https:// doi. org/ 10. 1016/j. nantod. 2023. 102046

 149. L. Fang, A. Zheng, M. Ren, X. Xie, P. Wang, Unraveling the 
structure-property relationship of molecular hole-transport-
ing materials for perovskite solar cells. ACS Appl. Mater. 
Interfaces 11(42), 39001–39009 (2019). https:// doi. org/ 10. 
1021/ acsami. 9b131 89

 150. D. Li, Q. Lian, T. Du, R. Ma, H. Liu et al., Co-adsorbed self-
assembled monolayer enables high-performance perovskite 
and organic solar cells. Nat. Commun. 15(1), 7605 (2024). 
https:// doi. org/ 10. 1038/ s41467- 024- 51760-5

https://doi.org/10.1039/D3SC05485C
https://doi.org/10.1002/aenm.202204247
https://doi.org/10.1002/aenm.202204247
https://doi.org/10.1002/smll.202403494
https://doi.org/10.1002/adma.202405630
https://doi.org/10.1002/adma.202405630
https://doi.org/10.1021/acs.jpclett.1c00954
https://doi.org/10.1021/acs.jpclett.1c00954
https://doi.org/10.1021/acsaem.0c02264
https://doi.org/10.1021/acsaem.0c02264
https://doi.org/10.1016/j.jpowsour.2022.232199
https://doi.org/10.1039/c6sc00973e
https://doi.org/10.1039/c6sc00973e
https://doi.org/10.1021/ja502824c
https://doi.org/10.1021/ja502824c
https://doi.org/10.1002/cssc.201600905
https://doi.org/10.1039/D3CP03322H
https://doi.org/10.1039/d3me00144j
https://doi.org/10.1016/j.jechem.2021.11.001
https://doi.org/10.1039/D0TA09063H
https://doi.org/10.1002/adma.202309768
https://doi.org/10.1021/acsami.7b07216
https://doi.org/10.1021/acsami.7b07216
https://doi.org/10.1002/anie.202000199
https://doi.org/10.1021/acsnano.6b03863
https://doi.org/10.1021/acsnano.6b03863
https://doi.org/10.1021/acsaem.2c03611
https://doi.org/10.1039/D4TC01871K
https://doi.org/10.1039/D4TC01871K
https://doi.org/10.1039/C9SC01697J
https://doi.org/10.1039/C9SC01697J
https://doi.org/10.1016/j.nantod.2023.102046
https://doi.org/10.1021/acsami.9b13189
https://doi.org/10.1021/acsami.9b13189
https://doi.org/10.1038/s41467-024-51760-5


Nano-Micro Lett.          (2025) 17:313  Page 33 of 33   313 

 151. Z. Lan, H. Huang, S. Du, Y. Lu, C. Sun et al., Cascade reac-
tion in organic hole transport layer enables efficient perovs-
kite solar cells. Angew. Chem. Int. Ed. 63(21), e202402840 
(2024). https:// doi. org/ 10. 1002/ anie. 20240 2840

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/anie.202402840

	Strategies for Enhancing Energy-Level Matching in Perovskite Solar Cells: An Energy Flow Perspective
	Highlights
	Abstract 
	1 Introduction
	2 Working Principle of Solar Cells and Utilization of Photon Energy
	2.1 Photon and Energy Conversion in Solar Cells
	2.2 Photon Absorption Mechanism in Photovoltaic Semiconductor Materials
	2.3 Energy Distribution in Sunlight and Photon Absorption Efficiency
	2.4 Strategies for Enhancing Spectral Absorption
	2.5 Band Gap Advantage of Perovskites in Photovoltaic Materials

	3 Material Structure and Performance Optimization Strategies for Perovskite Solar Cells
	3.1 Intrinsic Relationship Between Perovskite Crystal Structure and Light Absorption Properties
	3.2 Impact of Crystal Structure Changes on Energy Utilization
	3.3 Structure of Perovskite Solar Cells and Energy Transfer Mechanisms

	4 Design of Electron Transport Layer
	4.1 Main Functions and Types of Electron Transport Layer
	4.2 Energy-Level Matching Requirements for ETL and the Impact of Common Materials on Energy Transfer
	4.3 Strategies for Optimizing Energy-Level Matching for Electron Transport in ETL
	4.3.1 Intercalated Heterojunction
	4.3.2 Doped Heterojunction
	4.3.3 Dimensional Heterojunction
	4.3.4 Phase Heterojunction
	4.3.5 Quantum Dot Heterojunction


	5 Design of Hole Transport Layer
	5.1 Functions, Energy-Level Requirements, and Common Materials for Hole Transport Layer
	5.2 General Relationship Between Molecular Structure and Energy-Level Alignment
	5.2.1 Conjugation Properties
	5.2.2 Functional Groups
	5.2.2.1 Donor–Acceptor Groups 
	5.2.2.2 Substituent Groups 
	5.2.2.3 Anchoring Groups 

	5.2.3 Chain Length and Structural Size

	5.3 Application of Self-Assembled Molecules

	6 Summary and Outlook
	Acknowledgements 
	References


