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Abstract. Human demand for fossil fuels has reached a very high level. However, fossil energy
stocks are limited and, more importantly, their impact on the environment is increasing. The
exploration of clean energy is particularly important. Among all the clean energy sources, solar
energy is a very promising and important alternative to fossil fuels. And one of the primary
reasons for the failure of solar photovoltaic cells to achieve rapid development is the generation
of Auger composite. In order to provide support to solve this problem or facilitate the follow-up
of researchers, this paper summarizes several effective methods such as Interfacial Engineering
and Gradient Alloying to solve the Auger recombination problem in multi-exciton photovoltaic
cells through reading and comparing a large number of relevant authoritative literature. The two
methods mentioned above suppress Auger recombination by applying a new type of MXene
(Nb2CTX-MXene) to the interface of SnO2 layers to pssivate the interfacial defects and promote
charge transport and to generate InAs/CdSe core/shell QDs, overcoating InAs QDs with a
lattice-matched CdSe shell. Comparing a large number of pieces of literature, it is found that the
above two methods have guiding effects in improving the efficiency of photovoltaic cells.
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1. Introduction

In the case of the use of fossil energy prospects are greatly limited, the research into clean energy,
especially solar photovoltaic cells, is greatly encouraged. And one of the most significant research and
application prospects is the 3rd generation of solar photovoltaic cells, also known as multi-exciton
photovoltaic cells, as it brings lower cost and higher efficiency. However, one of the primary issues that
has always made it challenging to produce multi-exciton photovoltaic cells successfully is the issue of
Auger Recombination [1].

In order to provide reliable data support and reference for subsequent researchers, after in-depth
study and research on this problem, the following suppression methods for auger complexes were
screened, summarized and analyzed, and two more effective suppression methods were obtained and
summarized as follows.

© 2024 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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2. Comparative analysis of Interfacial Engineering and Gradient Alloying
2.1. Interfacial Engineering

2.1.1. Principle and process. This study utilizes a novel MXene type called Nb2CTX-MXene, which
has shown great potential in various applications. MXene refers to a class of materials known as early
transition metal carbides or carbonitrides, which have attracted significant attention in recent years due
to their unique properties. These materials are produced by selectively removing the A element from
MAX phases, where M represents an early transition metal, A represents an element such as aluminum
or silicon, and X represents carbon or nitrogen.

The production of MXene can be achieved through different methods, including the molten salt
method, wet etching with hydrofluoric or hydrochloric acid, or the electrochemical procedure. These
methods allow for the removal of the less robust M-A bonds, resulting in the formation of MXene with
improved properties. The resulting 2D materials possess a high surface area and conductivity, making
them highly adaptable and modifiable [2].

In the context of perovskite solar cells (PSCs), MXene has gained significant attention as a potential
material for improving stability and efficiency. By applying Nb,CTX-MXene to the interface of SnO,
layers, this study aims to passivate interfacial flaws and enhance charge transmission. This approach
offers a novel strategy to address the challenges associated with interfacial defects in PSCs, ultimately
leading to improved device performance.

Overall, the unique characteristics of MXene, such as its adaptability, modifiability, high surface
area, and conductivity, make it a promising candidate for various applications, including PSCs. The use
of Nb,CTX-MXene in this study demonstrates its potential for enhancing charge transmission and
addressing interfacial flaws, thereby contributing to the advancement of PSC technology.

A schematic representation of the Au@Nb,CTx-MXene manufacturing process is shown in Figure 1.
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Figure 1. Au@Nb2CTx-MXene manufacturing process schematic illustration [3].

2.1.2. Performance. The efficiency and stability of perovskite solar cells (PSCs) based on stannic oxide
(SnO2) can be adversely affected by imperfections at the interface of charge transport layers. These
imperfections can lead to significant charge accumulation and poor charge transferability. In this study,
a novel type of MXene called Nb,CTX-MXene is employed to passivate interfacial defects and improve
charge transport at the interface of SnO; layers.

Nb,CTX-MXene plays a crucial role in enhancing the conductivity of PSCs. It also helps reduce tin
vacancies within the interstitial void of the SnO; layer, thereby reducing defect density and aligning the
bandgap. To further enhance the performance of the device, AU@Nb,CTX-MXene is introduced by
decorating Nb.,CTX-MXene with gold nanospheres. These nanospheres help regulate the tensile strain
of the perovskite material and prevent Auger recombination.
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The modified device incorporating Au@Nb,CTX-MXene exhibits impressive results, with a very
high open-circuit voltage of 1.215 V (equivalent to an energy level of 1.60 eV) and a remarkable power
conversion efficiency (PCE) of 23.78%.

Furthermore, the research demonstrates the long-term stability of the modified PSCs. The
unencapsulated devices maintain over 80% of their initial efficiency after 500 hours of continuous
operation under one sun illumination. Additionally, they retain over 90% of their initial PCE values after
1000 hours of storage in the air with a relative humidity of 40%.

Overall, this study presents a significant advancement in the development of highly reliable, stable,
and commercially viable PSCs using MXene. The use of Nb2CTX-MXene and Au@Nb,CTX-MXene
not only improves charge transport and passivates interfacial defects but also enhances the overall
performance and long-term stability of the devices. These findings contribute to the progress of PSC
technology and pave the way for the future fabrication of efficient and durable solar cells.

2.2. Gradient Alloying

2.2.1. Introduction. This study focuses on comparing the photophysical properties of three different
types of InAs core/shell QDs. These QDs are semiconductor nanocrystals with optoelectronic properties
that are dependent on their size. They have been extensively studied for use in various applications such
as photovoltaics, color conversion, lasers, LEDs, and photodetection. QDs can be synthesized using a
solution-processing method, which allows for the development of large-area and flexible optoelectronic
devices. While 11-VI and 1V-VI QDs have been well-studied, there is still room for improvement in the
synthesis of 111-V QDs.

InAs is a I11-V semiconductor with a bulk band gap of 0.35 eV and a large exciton Bohr radius of
ax=31 nm, making it suitable for NIR applications. However, pure InAs QDs have a low PLQY due to
quick surface trapping caused by inadequate surface passivation and oxidation. Additionally, Auger
recombination is a significant issue that affects the performance of QD lasers and LEDs at high driving
currents. The biexciton Auger lifetime is about 50 ps, and higher-order nonradiative processes like the
Auger process remain effective.

To improve the Auger lifetimes of InAs core/shell QDs for optoelectronic applications, band
engineering techniques must be developed and the core/shell interfacial layer must be enhanced. Recent
advancements in the understanding of the precursor dynamics of 111-V QDs provide insights for future
performance improvements.

® e (@ -

InAs InAs/CdSe InAs/CdSe/CdS InAs/CdSe,S,../CdS

core core/shell core/shell/shell core/alloyed-shell/shell
—1 L i ,

Bandgap (eV) InAs CdSe InAs  CdSe CdS InAs CdSe,S,, CdS

0.35 1.74 035 174 242 035 174 242

Figure 2. Band engineering techniques in InAs-based quantum dots (QDs).
The top row displays the heterostructures' composition, while the lower panel illustrates the

corresponding band alignment. Addition of an outer CdS shell to InAs/CdSe/CdS core/shell/shell (CSS)
QDs enhances carrier confinement, while maintaining a quasi-type-11 band alignment. In InAs/CdSe
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S/CdSe S/CaSs QDs, alloying an intermediate layer leads to a spatial distribution of electrons and holes,
facilitating improved charge separation and transport within the QDs [4].

2.2.2. Research method. In this study, InAs quantum dots (QDs) were coated with a lattice-matched
CdSe shell to create InAs/CdSe core/shell QDs. To achieve a thick shell without altering the 0.9-1 eV
absorption/photoluminescence (PL) wavelength region, relatively small InAs QDs were used. Thicker
shells exhibit longer Auger lifetimes than thinner shells due to a greater degree of charge carrier
delocalization from the core into the shell. Figure 3 illustrates that by controlling the kinetics of the shell
precursor, it is possible to form either sharp InAs/CdSe/CdS core/shell/shell or InAs/CdSeS-x/CdS
core/gradually alloyed-shell/shell ODs. Thicker shells have been shown to have superior Auger
lifetimes compared to thinner shells.
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Figure 3. Evolution of absorbance and photoluminescence spectra of 3.1 nm InAs core quantum dots
(QDs) during CdSe shell growth. The red shift observed in both absorption and photoluminescence
spectra upon CdSe overgrowth is indicative of quasi-type-ll band alignment. Panel (c) and (d)
compare the photoluminescence and absorption spectra of three types of QDs, namely InAs/CdSe (CS),
INAs/CdSe/CdS (CSS), and InAs/CdSeS1-x/CdS (CaSS). The addition of CdS outer shell in CSS QDs
enhances carrier confinement, whereas CaSS QDs have a gradually alloyed-shell structure. These
observations demonstrate the tunability of optoelectronic properties through heterostructure
engineering in QDs.

2.2.3. Performance. The absorbance and photoluminescence spectra of 3.1 nm InAs core quantum dots
(QDs) underwent changes during the development of the CdSe shell. The observed red shift in both
absorption and photoluminescence spectra, upon the growth of CdSe over the InAs core QDs, indicates
quasi-type-11 band alignment. Figure (c) and (d) illustrate the photoluminescence and absorption spectra
of different types of QDs, including InAs/CdSe (CS), InAs/CdSe/CdS (CSS), and InAs/CdSeS1-x/CdS
(CaSs).

This study presents a band engineering strategy aimed at enhancing the Auger lifetime of InAs core
QDs by a factor of two. By producing InAs/CdSeS-x/CdS core/shell QDs with a continuously graded
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thick CdSeS shell, a smooth transition from the core to the outer shell was achieved, resulting in a
deceleration of the Auger process. The biexciton Auger lifetime was measured to be approximately 105
ps, which is a significant improvement compared to the control InAs, CdSe, and Cas QDs with an Auger
lifetime of 17 ps. This represents a two-fold increase in Auger lifetime, surpassing the previously
reported best estimate for InAs QDs [5].

Research on the effect of the core/shell confinement potential on the biexciton Auger recombination
rate in InAs core/shell QDs has revealed that alloying the CdSe/CdS interface can smooth out the carrier
confinement potential and enhance the Auger lifespan by a factor of up to five. Power-dependent
transient absorption spectroscopy was utilized to investigate the dynamics of single-exciton and
biexciton systems. This demonstrated that trap-assisted Auger recombination dominates the
single-exciton dynamics. The biexciton lifetime can be retrieved at higher fluences to show the dramatic
rise that occurs as the confining potential is smoothed. It takes more than just electron delocalization
brought on by shell development to see this improvement. This paper reports the first continuously
graded shelling of InAs QDs, which is a step toward InAs-based LEDs and lasers as shown in Figure 4

[5].
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Figure 4. Ultrafast spectroscopy of InAs/CdSe core quantum dots (QDs) with different shell
compositions.(a) Power-dependent bleach kinetic traces for InAs/CdSe QDs.(b) Power-dependent
bleach Kkinetic traces for InAs/CdSe/CdS QDs.(c) Power-dependent bleach Kkinetic traces for
InAs/CdSeS/Cas QDs, showcasing a neatly graded structure.The slower biexciton decay observed in
the graded sample (c) compared to samples (a) and (b) highlights the significant advantages of
smoothing the carriers' confinement potential. The probe wavelengths used for the measurements were
0.986 eV, 0.963 eV, and 0.950 eV, respectively.

2.2.4. Results. Using multiexponential fits at each pump fluence, we were able to recover the biexciton
Auger lifetime and calculate the lifetimes of the individual processes (Table 1).
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Table 1. Auger lifetimes of various materials are summarized [4].

Sample P%ep\);a)ak Biexction Auger lifetime (ps) P(LO%V
InAs/CdSe 0.94 13405 20
InAs/CdSe/CdS 0.91 17+ 24
InAs/CdSexS1-x/CdS 0.94 10543 30

3. Conclusion

Through extensive literature review, various methods of recombination suppression have been
identified. This paper primarily focuses on two methods: modifying growth strain and suppressing auger
recombination through Au@Nb2CT-MXene interfacial engineering and gradient alloying in
InAs/CdSe/CdS QDs. These approaches significantly improve battery efficiency and service life by
employing different suppression techniques.

Several other recombination suppression techniques have been explored, such as the suppression of
thermal and Auger processes in p-n junctions based on GalnAs/InAs and InAsSbP/InAs heterostructures,
as well as the suppression of Auger recombination in diode lasers utilizing InAsSb/InAsSbP and
InAs/GalnAsSb type-Il heterojunctions. These are just a few examples among numerous available
approaches.

While current efficiencies achieved by quantum dot cells remain relatively low (maximum today:
~17%), there is potential to surpass the Shockley-Queisser limit and achieve significantly higher
efficiencies.

In addition to the aforementioned methods, there are still many effective approaches to suppress
recombination and enhance the efficiency and service life of multiple exciton solar cells (MESC). These
advancements contribute to addressing the increasing demand for clean energy while ensuring
environmental protection.

Therefore, in the future application and development of solar photovoltaic cells, although there is
ample research space for recombination suppression, the optimistic outlook stems from deepening
understanding and continued research in this field, which holds great promise for the advancement of
solar photovoltaic technology.
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