Proceedings of CONF-MSS 2025 Symposium: Automation and Smart Technologies in Petroleum Engineering
DOL: 10.54254/2755-2721/149/2025.KL22359

Research Progress on High-Efficiency Perovskite Solar Cells
Based on Material Property

Yan Li

Beijing University of Chemical Technology, Beijing, China
liyan040916@163.com

Abstract: Against the social background of the deepening environmental protection theme,
perovskite solar cells (PSCs) have become a hot spot in the field of photovoltaics by reflecting
good development prospects and great commercial value in the field of renewable energy. As
the core material of PSC devices - light absorbing materials, perovskite materials affect the
increase or decrease of power conversion efficiency (PCE) of PSC devices to a certain extent.
In order to obtain high-efficiency PSC devices for large-scale commercialization, it is crucial
to address contemporary issues such as device stability and inter-compatibility (e.g., surface
defects, bandgap matching, etc.). In this paper, focusing on the latest research results, we
analyze the development direction of PSC devices in terms of material properties, device
structure, crystal surface defects, and research cost, and discuss some important factors
affecting the magnitude of the power conversion efficiency of PSC devices, such as stability,
and non-toxicity/low toxicity. In addition, we demonstrate new ideas on the flexibility and
compatibility of PSC devices in applications such as multi-junction cells and flexible devices.
We provide a basic yet comprehensive overview to understand the role of perovskite solar
cells in improving efficiency and adding commercial value.
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1. Introduction

Since the level of social development has entered a new stage, the energy problem has also surfaced.
Growing energy demand has led to a sharp decline in the stock of traditional primary energy sources,
and environmental pressures have become increasingly prominent, and mankind has realized that the
development of new energy sources is imminent. Among them, solar energy as a kind of access to
simple, content and storage of huge, scalable and green clean energy, in the new energy power to
provide guidance, fundamental role. At present, the development of mature solar cells include silicon-
based solar cells, thin-film solar cells, composite solar cells and so on. There are also some new solar
cells such as dye-sensitized solar cells (DSSCs), quantum dots solar cells and other solar cells with
great potential in conversion efficiency, all of which provide a forward-looking, innovative
contribution to the field of solar photovoltaic.

A common measure used to characterize the performance of solar cells is the photoelectric
conversion efficiency (PCE), whose specific performance parameters include the short-circuit current
(Jsc), open-circuit voltage (Voc), and fill factor (FF). Therefore, the photovoltaic performance of a
solar cell can be represented by the J-V curve, and the intersection of the curve and the axis is the
open-circuit voltage and short-circuit current.

© 2025 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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Since the 21st century, researchers have discovered a new type of solar cell, which provides new
ideas and new directions for the field of photovoltaics. This solar cell to perovskite material for light
absorption layer, and electron transport layer (ETL) and hole transport layer (HTL) together to form
a sandwich-like layer structure of its highest photoelectric conversion efficiency can reach 26%. It is
worth mentioning that its photoelectric conversion efficiency from 3% to have been certified 26% of
the research process of less than two decades, much smaller than the silicon-based solar cells with
the conversion to improve the research of more than 80 years. Undeniably, the issues about the
stability of the battery device, the mass production of the battery, the safety and cleanliness of the
composition are still the core of today's perovskite solar cells to break the barrier. In this paper, we
will summarize the material properties, device design and commercialization prospects of perovskite
solar cells in detail from the device structure, material composition, crystal defects, and research costs,
and seek to explore new paths to improve the photoelectric conversion efficiency by analyzing and
discussing the new research results, and promote the release of perovskite solar cells from the
upstream to the downstream of industrialization to broaden the scope of commercialization.

2. Perovskite Materials

Perovskite materials are organic-inorganic hybrid materials with the molecular formula ABX3. where
A is usually an organic or inorganic cation (CH;NH*", NH*', Cs", etc.), B is an inorganic metal cation
(Sn**, Pb%**, etc.), and X is a halogen anion (CI', Br', and I), and the cell structure is as shown in Figla.
This structure is structured with the inorganic metal cations as the octahedral core, the halogen anions
as the top corners of the octahedra, enclosing the cubic hexahedra, and the organic ions embedded as
the body center. Because the cell structure is similar to perovskite, it is called perovskite material.
Perovskite materials have excellent performance in ionizing radiation detection [1], solar cells,
catalysts [2-4], quantum dot displays [5, 6] and other fields because of their excellent photoelectric
properties (high light absorption, suitable bandwidth, high electron and hole mobility, and low
complexity), which are shown in Figure 1. Usually, the C-V curve and energy-level diagram reflect
PSCs’ work efficiency and whether the hole or electrons are easy to be delivery. Perovskite solar cells
are solar cells in which perovskite material is the light absorbing material. Structurally perovskite
solar cells can be categorized into mesoporous PSCs, planar heterojunction PSCs, and tandem PSCs.
The mesoporous structure consists of mesoporous compounds such as TiO> as the electron transport
layer. Perovskite can be filled in the scaffold composed of mesoporous compounds, which can
effectively improve the efficiency of electron transport, but this structure also limits its development
in the field of flexibility. Planar heterojunction structures can be categorized into formal (n-i-p) and
trans (p-i-n). The difference lies in the fact that the n-i-p structure has HTL on the top and ETL on
the bottom, and the process is relatively mature; the p-i-n structure has ETL on the top and is suitable
for flexible devices. However, with the deepening of the research, the HTL of n-i-p structure is a little
less stable, and the preparation conditions are more severe; p-i-n structure can be prepared at room
temperature, and the stability is better, and it has gradually become the mainstream PSC device
structure. The stacked structure combines perovskite with silicon, copper indium gallium selenide
(CIGS), etc. to form a multi-junction cell, which not only breaks through the limitations of single
junction, but also realizes a new breakthrough in PCE.

As a semiconductor solar cell, perovskite solar cells use perovskite as an intermediate light
absorption layer, utilizing a certain forbidden band width of perovskite to absorb photons. When the
energy of the photons is greater than or equal to the band gap of the perovskite material, the electrons
jump from the valence band to the conduction band, generating electron-hole pairs (excitons).
Depending on the built-in electric field of the p-n junction and the long carrier diffusion distance of
the perovskite material, the electron-hole pairs are separated in the perovskite material and then
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exported to the cathode and anode by entering the electron and hole transport layer respectively, and
then form the electric current through the external circuit, realizing the photoelectric conversion.
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Figure 1: Perovskite materials are widely used in multiple applications. (a) Crystal structure of
perovskite materials(b) Steady-state photoconductivity curve of MAPbI3 perovskite single-crystal
devices under x-ray [1]. (c) Schematic diagram for the piezocatalytic mechanism of a kind of
perovskite under ultrasonic vibration [3]. (d) Novel perovskite catalysts for CO; utilization -
Exsolution enhanced reverse water-gas shift activity [4]. (e) Structure and energy-level diagram of
the CsPblz QD-based QLED [5]. (f) Cross-sectional TEM image for a kind of blue QLED device [6].

The most typical perovskite material is CH3NH3Pbls, with a direct forbidden bandwidth of 1.55
eV, which matches visible light, making it a good light absorbing material in the visible region; it
produces excitons with a binding energy of only about 0.030 eV, implying that these excitons can
easily decompose into free carriers without the excitons being easily complexed; it produces electrons
and holes that have, due to the small effective mass, a larger mobility, the compounding time of
electrons and holes is in the order of hundreds of nanoseconds, and thus the carriers have longer
diffusion distances [7]. However, CH3NH;3PDblI; is more affected by the environment, degrades under
humid conditions, and is less stable. In addition, lead-containing compounds are more toxic and can
have a negative impact on the environment Scientists are still exploring paths to improve PCE, and
there is still no shortage of further exploration of perovskite materials in terms of stability, safety, and
commercialization [8]. In this part, the direction of evolution of perovskite materials in recent years
will be described in terms of stability, non-toxicity/low toxicity, and low cost.

2.1. Stability

The solution to the stability problem lies in the stabilization of the material at the test level under light,
oxygen, damp or other chemical environments as well as the stabilization of the material at the
preparation level by making up for surface defects through surface modification and other techniques.
perovskite, which is occupied by iodide ions at the X-site, occupies a considerable portion of the
whole system. The band gap of iodine-based perovskite is highly matched with the visible region,
which can effectively realize photon absorption; in addition, the carrier diffusion length of iodine-
based perovskite is longer than that of pure chlorine-based and pure bromine-based, which results in
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a higher efficiency in the separation and transport of electrons and holes. Although it occupies a great
advantage only in terms of PCE size, its sensitivity to humidity, light, and heat, on the contrary, makes
the lifetime of PSC devices made of it greatly reduced. Early on, Long et al. found that grain
boundaries accelerate electron-hole complexation in CH3NH3Pbls, but replacing iodine with chlorine
at grain boundaries reduces electron-hole complexation. By pushing the highest occupied molecular
orbital (HOMO) density away from the boundary, chlorines restore the NA coupling of the PSCs.
boundary, chlorines restore the NA coupling close to the value observed in pristine MAPbI3 [9].

Another solution is to modify or passivate the interface, which is currently the most common
approach in the research field. They chemically attach one or more groups with specific functions to
the perovskite surface. By reducing the density of defect states, non-radiative complexation is reduced
or suppressed, and the carrier transport distance is elongated as much as possible to avoid loss of
device efficiency. Some examples are shown in Figure 2. Muhammad et al who utilized fully
encapsulated trapping tactic (FETT) introduced two chalcogen-molecules bridged via tetra-pyridine
ligand for passivation of perovskite surface. These two substances were bridged with two lewis bases,
chalcogen-thiophene (n-Bu4S) and selenophene (n-Bu4Se), respectively, using tetra-pyridine as a
bridge, and utilizing the negative charge of the lewis bases to compensate for the Pb**/iodine
vacancies defects on the perovskite surface. perovskite surface. They found that the sulfur elements
in n-Bu4Se, as opposed to n-Bu4S, effectively promoted grain growth during the annealing process,
inhibited charge complexation, and were more favorable to compensate for the defects in the
perovskite films. In addition, this method makes leads to PSC devices with a PCE as high as 25.37%
and maintains an initial efficiency of 94% at 65°C and 1300 h of solar irradiation[10]. Insights were
provided on improving the stability of PSC devices in this field. LIN et al who doped a piperidinium
salt solid ion[BMP]'[BF4]™ into Cso.17FAos3Pb(IxBrix); , which is able to effectively inhibit Pb
oxidation and calixarene deep trapping state, in other words, effectively compensated for perovskite
localized defects and reduced photothermal degradation (peak efficiency of the encapsulated cell
reached 95% after 1200h at 85°C under full-spectrum simulated sunlight in ambient atmosphere) [11].
Reducing the crystal size by utilizing the crystallization control of perovskite precursors also
facilitates the realization of low-trap state and highly crystal-depleted perovskite thin films. ZHENG
et al developed a surface reconstruction method for the removal of defect-rich layer. They developed
a wet polishing protocol utilizing anisole and nanometric abrasive particles to enhance the
homogeneity of the perovskite film, which effectively solved the efficiency loss caused by the
expansion of the device area, and the stability also showed good performance [12]. ZHU et al. used
water-soluble lead acetate trihydrate (PbAc2-3H>0) and formamidine acetate (FAAc) as the raw
materials dissolved in HI aqueous solution to synthesize FAPbI3 precursor (ASPM), which creatively
utilized low-cost, low-purity raw materials for the preparation of high-purity precursors by
hydrosynthesis and was able to achieve large-scale production of perovskite microcrystals with purity
up to 99.996% at kilogram scale [13]. This is a major breakthrough in the commercialization of PSC
devices.

95



Proceedings of CONF-MSS 2025 Symposium: Automation and Smart Technologies in Petroleum Engineering
DOI: 10.54254/2755-2721/149/2025.KL22359

—
]
~

(b)
:\";25 Control [BMP] [BFA]
g 20 —o— n-BudS Cr/ay
th, —a— n-Bu4Se ‘ O cp
= : -
£ 15 R ;
% N H C,N\/\/CH3
9. 3
= 0 Je Voo FFPCE |
= sc oc |
g Control 2530 1.151 079 2340 |9 R F
3 59 nButs 2546 1196 083 2537 3 F/B\’
0 n-BudSe 2542 1.170 082 2440 \+ F
00 02 04 06 08 1.0 1.2
Voltage (V)
(C) p———— ()
25
&
g p-i-n Structure
220-
E
215F
2
B o —a— Control —o— ASPM
= Jsc=24.93 mA/cm? Jg:=25.02 mA/cm?
g Voc=1.14 V Voc=1.19 V
3 °[ Fr=0832 FF=0.860
PCE=23.7% PCE=25.6%
%0 0z 04 o8 08 10 12
Voltage (V)

Figure 2: The surface modification of perovskite materials can effectively improve the photovoltaic
characteristics of PCS devices. (a) J-V curves and related oarameters of best-performing PSCs
(control, n-Bu4S, and n-Bu4Se-modified) [10]. (b) Schematic of the p-i-n perovskite solar cell and
the chemical structure, [BMP]'[BF4]” and Cso.17FAo.s3Pb(IxBri)3 are fixed to be the light-absorbed
layer [11]. (¢) Cross-sectional SEM images of perovskite films after nano-polishing treatment [12].
(d) J-V curves of control and ASPM precursor-based PSCs [13].

2.2. Non-toxicity/low toxicity

The non-toxic/low-toxicity treatment mainly focuses on the reduction or even removal of toxic
elements during preparation and use, which can be explored from the perspectives of non-toxic/low-
toxicity processing of PSC devices and non-toxic/low-toxicity materials. In this part, we will mainly
focus on the non-toxic/low-toxicity of perovskite materials, i.e., the reduction or even removal of
toxic components in perovskite, mainly Pb. Jain et al have developed a perovskite solar cell with the
structure of FTO/c-Ti02/Meso- Ti0O2/CH3NH;3Bi21o/Spiro-OMeTAD/P3HT/C, which is made of Pb-
free perovskite material and using methyl acetate as solvent, thus making the whole process non-
toxic. At the same time, it is worth mentioning that they use better stability, hydrophobicity of the
carbon paste, but also to avoid the penetration of metal electrodes into the battery; the choice of dense
Ti102 and mesoporous TiO: as the hole transport layer not only prevents perovskite holes and electrons
and the bottom of the electrode contact, reducing the electron composite, to ensure that the electrons
to the conductive direction of unidirectional transmission to ensure that the efficiency of electron
transfer[14]. A few years ago there were also many researchers to replace the Pb element in the
perovskite material with Sn, which can solve the possibility of Pb*" poisoning from the root, but Sn>*
in the tin-based perovskite is easily oxidized to Sn*', and the material stability is poor [15]. Adding
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SnF> to it can effectively reduce the hysteresis effect of PSC films [16]. There are also some
researches to grasp the growth direction by controlling the crystal going of perovskite materials, for
example, WANG et al. investigated a 2D-quasi-2D-3D hierarchy of crystal structure with parallel
orientation, where the substrate is now grown with 3D structure for charge transfer and then grow 2D
structure for protection of the film [17]. Some studies tried to dope some co-additives in Sn-based
PSCs, and there were also studies that crosslinked methylene-bis-acrylamide (MBAA) and acrylic
acid (AA) to make a lead adsorption ion gel directly into MAPbI3, and effective adsorption can be
achieved when lead leaks [18].

3.  Device Structure and Preparation Technology
3.1. Device Processing

With the deepening of perovskite material research, PSC devices have more attractive new prospects
in terms of high efficiency, flexibility, and low raw material cost. This section combines structural
modification, encapsulation technology and PSC device product applications to explore diversified
ideas for PSC device processing and explains further based on Figure 3.

3.1.1.Perovskite-based Tandem Solar Cells

Perovskite-based tandem solar cells are not pure perovskite solar cells in the traditional sense, but a
kind of cell stacked by utilizing different semiconductor solar cells with increasing or decreasing
bandgap step by step, so the value of PCE will be higher than other perovskite solar cells. Perovskite
bandgap is adjustable, so it is easier to form tandem solar cells. silicon based solar cells are often
stacked with PSCs to form perovskite/silicon tandem solar cells (PSTSC) [8, 19]. PSTSCs include
three representative configurations: two-terminal (2T), in which the top cell is in direct contact with
the bottom cell via a series circuit; four-terminal (4T), in which the top cell and the bottom cell are
electrically isolated; and three-terminal (3T), in which the cell has an additional terminal that allows
for the extraction of current from the perovskite and silica-based cells separately. It is worth
mentioning that the power conversion efficiency of such solar cells has exceeded 31%, which is very
promising and the theoretical limit can be higher [20]. There are also studies present PSTSCs with a
gentle sinusoidal nanotexture connecting the advantages of structuring the silicon surface while
preserving the material quality of the solution-processed perovskite and further implement a reflector
with a dielectric buffer layer (RDBL) at the rear side of the silicon bottom cell, which enhances the
optoelectronic properties of this PSTSC and gets a PCE 0f29.8% [19]. In order to have more in-depth
data on the outdoor operation and commercialization of the PSTSC, a study has derived the effect of
current variation of PSTSC under outdoor operation through theoretical tests, such as the external
quantum efficiency (EQE) of the tandem, the band gap of perovskite, the local solar spectrum, and
the operating temperature range [21]. For commercialization, a study has generated a quasi-two-
dimensional layered structure, CsPb>Xs, on industrially textured silicon using a ternary co-
evaporation solution (Pblo, PbClz, and CsBr) method in conjunction with framework heat treatment
(FHT), which achieves the full conversion of PbI2 on perovskite thin films, and after encapsulation,
it is still able to achieve long time operation under solar conditions [22]. Recently, a self-assembled
monolayer has been used to stabilize perovskite with a bandgap of 1.68 eV, and this monolayer was
able to effectively achieve selective contacting of holes, and the 300 h PCE for operation under
unfractionated conditions was still 95% of the previous one [23]. In addition, there are also studies to
obtain an interesting result, the photovoltaic characteristics of the silicon bottom cells in the end-of-
life PSTSC remain basically unchanged after recycling; the efficiency of the new cells made after
recycling is also comparable to that of the previous ones [24]. This gives considerable hope for both
environmental protection and PV energy cost reduction.
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CIGS is also a good bottom cell, which has advantages in flexible devices, although the PCE is
currently reported to be low relative to Si. A study demonstrated a monolithic perovskite/CIGS
tandem solar cell with a certified PCE of 24.2%, and again, through simulations, confirmed the
possibility of perovskite/CIGS tandem solar cells power conversion efficiency exceeding 30% [25].

3.1.2.Flexible PSC devices

The main advantages of flexible PSC (f-PSC) devices are flexibility, bendability, etc., making them
key components for wearable electronic appliances, mobile power sources, and building integrated
photovoltaics (BIPV) [26]. As opposed to other rigid PSC devices, f-PSCs often need to focus on
their lifetime under mechanical conditions. The grain boundary is the weakest region in perovskite
films, and under bending conditions, perovskite films are prone to stress and strain cracks, which not
only create direct conditions for ion migration and reduce the power conversion efficiency, but may
also be invaded by moisture, which can greatly reduce the lifetime [27]. It has been found that the
introduction of an organic ammonium salt 4-(methoxy)benzylamine hydrobromide (MeOBABr) into
the perovskite precursor solution forms a capping layer on the surface of the film. This soft buffer
solution is effective in relieving residual stresses during bending of PSC devices and also passivates
surface defects and reduces non-radiative compound losses [28]. Similarly another study found an
initiator-free crosslinkable monomer (2,5-dioxopyrrolidin-1-yl) 5-(dithiolan-3-yl) pentanoate (FTA)
passivating surface defects [29].

The development direction of PSC devices is also evident in the optimization of ETLs, such as
stacking mesoporous TiO; and dense TiO> to make an ETL, using dense TiO: to prevent the contact
between the hole-transporting material and the external circuit, and mesoporous TiO: to increase the
contact area with the perovskite material and reduce the efficiency degradation caused by grain
boundaries [14, 30]. There are also studies on doping graphene in TiO2 to improve conductivity and
accelerate transport [31].
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Figure 3: Device processing to realize diversified applications of perovskite solar cells. (a-c) SEM
cross-section micrographs of the front and rear side of planar (a), nanotextured (b) and nanotextured
+ RDBL (c) PSTSCs [19]. (d)By recycling and remanufacturing, the optoelectronic properties of
PSTSC still have a great performance [24]. (e)The theoretical value of perovskite/CIGS tandem solar
cells’ PCE has exceeded 30% [25]. (f)After MeOBABTr capping, the cracks made by bending cycles
are much less than before [28]. (g) Differences in crystal structure affect the use of materials in PSC
devices[30].

3.2. Preparation Technology

PSC devices can have great potential to revolutionize the solar industry thanks to their high efficiency
and low production cost. However, how to prepare perovskite materials with few surface defects,
high quality and high stability has also become a central issue in the fabrication and even
commercialization of PSC devices. As a light-absorbing layer, perovskite materials affect the efficient
charge transfer inside PSC devices. Therefore, the preparation method for perovskite materials has a
significant impact on the efficiency of the light absorbing layer and determines the fundamental
performance of the device. In this section, the path to high quality and efficiency of PSC devices will
be elaborated on the basis of the preparation technology of perovskite materials.

3.2.1.Solution Method

The solution method is the most common and lowest cost method to prepare perovskite thin films,
which is suitable for large-area preparation. The perovskite precursor is first dissolved in a solvent
and coated on the substrate, and the perovskite film is obtained through solvent evaporation and post-
processing. This method is simple, but the quality of the film is difficult to control and is prone to
interfacial defects, resulting in lower photovoltaic conversion efficiency. Solution methods include
the one-step spin-coating method and the two-step method. The one-step spin-coating method, which
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involves spin-coating a solution of perovskite precursor (e.g., y-butyrolactone/DMSO solution of
CH3NH3Pb(Ii - xBrx)3[32]) onto a substrate and subsequently inducing crystallization by an anti-
solvent (e.g., chlorobenzene or ether), is suitable for large-area commercial production. The two-step
method, in which a Pbl: layer is deposited and then immersed in MAI solution to react to produce
perovskite, is highly controllable and suitable for laboratory preparation [33]. Depending on the needs,
researchers choose the process based on different characteristics.

3.2.2.Post Annealing Process

In the preparation of the required perovskite light absorbing layer, often need to control the growth
of perovskite crystals to control the stability of the grain boundary, minimize surface defects, to avoid
non-essential loss of PCE, post annealing process is the preparation of PSC devices to control the
crystal growth of the typical process, through the control of the annealing temperature and duration
of the quality of the perovskite layer is often produced under different conditions have a significant
difference. In scientific research, the experimental environment (e.g., solvent, atmosphere) is also an
influencing factor on the reaction results. A study inverted a glass dish on a perovskite film to simulate
petri-plate assisted vapor annealing assisted vapor annealing (PVA), and it was found that, compared
to no vapor annealing (w/o VA), the efficiency of the PSC devices treated with PVA increased by
20.03%, and the stability and electronic properties of the films were also improved [34]. With the
continuous research, CHEN et al. used a 405 nm violet laser as a return laser, and through real-time
measurements of the annealing data after laser refraction, it was confirmed that the continuous wave
beam of mW class could provide kinetic energy for the crystals in the perovskite microwire, which
provided a new idea for thermal annealing [35]. Of course, in order to minimize the complexity of
the process, there are also studies to improve the preparation process by using the binary solvent
precursor ink, and found a way to eliminate the need for annealing process, which is still expected to
be a new direction of development, although with a slight but irrelevant reduction in performance
[36].

4. Conclusion

In conclusion, perovskite solar cells (PSCs) have become a research hotspot in the field of
photovoltaics in recent years due to the advantages of high power conversion efficiency, low cost,
and tunable bandgap. Its light absorbing layer perovskite material has excellent photovoltaic
properties, but poor stability, lead toxicity and mass production challenges constrain
commercialization. Future commercialization is mainly focused on the following two aspects:
improve stability, the development of moisture, heat-resistant materials, the introduction of the
addition of stabilizers or chemical modification of the perovskite material; the development of non-
toxic perovskite, although the current efficiency of lead-free materials is low, the stability of the lack
of, but through the adjustment of the composition and structure of the material, the future is expected
to develop a non-toxic alternative material with performance close to or exceeding the lead-based
perovskite, so as to achieve environmentally friendly photovoltaic technology. With the maturity of
the industry chain and the reduction of production costs, perovskite batteries will gradually enter the
market and be widely used. In any case, these advances will push perovskite solar cells from the
laboratory to the commercialization of the road, to achieve high power conversion efficiency and
economic double harvest, and further promote the development of clean energy.
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