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Improved Performance and Stability of Perovskite Solar
Cells by Incorporating Silicon Quantum Dots within the

FAPDbI; Active Layer

Calum McDonald,* Dilli babu Padmanaban, Ruairi McGlynn, Ankur Uttam Kambley,
Bruno Alessi, Davide Mariotti, Takuya Matsui, and Vladimir Svrcek*

Embedding inorganic quantum dots (iQDs) within the perovskite absorber
offers a promising route to improve both efficiency and stability in perovskite
solar cells (PSCs). Due to the defect-tolerant nature of lead halide perovskites,
iQDs can be incorporated within crystal grains without degrading
performance, while contributing their unique optoelectronic properties. In this
study, silicon quantum dots (SiQDs) are embedded into perovskite films to
form high-quality hybrid thin films. Prior to forming the hybrid film, a
femtosecond laser-based surface engineering (SE) technique is used to
fragment SiQDs into highly dispersed, stable, ultrasmall particles (=2 nm).
Incorporation of SE-treated SiQDs (SE-SiQDs) into the perovskite layer
reduces the density of shallow traps and improves carrier transport. A
substantial decrease in residual lead iodide (Pbl,) is observed at the film
surface, and modulation of the Fermi level is achieved through SiQD
incorporation. PSCs incorporating SE-SiQDs exhibit a fill factor exceeding

absorption coeflicients,’] long carrier
diffusion lengths,!* tunable bandgaps,®!
and high photoluminescence quantum
yields (PLQY).[°) These properties make
them highly attractive for optoelectronic
applications, including solar cells,”]
light-emitting diodes,!®! lasers,[>!% and
photodetectors.['!l  Perovskites — were
initially employed in solar cells and
have already achieved power conversion
efficiencies (PCEs) exceeding 26%[12-14]
and significant efforts are now directed
toward commercialization. However,
the maximum efficiency of single
junction perovskite solar cells (PSCs)
is fundamentally constrained by the
Shockley-Queisser (SQ) limit,[**] which

80% and a power conversion efficiency above 20% (active area: 0.23 cm?),

along with enhanced long-term operational stability.

1. Introduction

Lead-halide perovskites are a remarkable class of materials which
can be formed in various dimensionalities,'?] and exhibit high
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sets an upper bound of ~31% for the
power conversion efficiency (PCE) of a
perovskite with a bandgap of ~1.5 eV.l1%
In order to further increase the amount
of usable energy generated by PSCs,
there are strategies available including tandem
architectures,! forming a concentrator device,?’] or by
forming a hybrid device with embedded quantum dots (QDs)
that can exceed the SQ limit through carrier multiplication or
photon down-/up-conversion.[2°]

Inorganic quantum dots (iQDs) possess advantageous proper-
ties such as carrier multiplication,!?”-2%! size-tunable bandgaps,?°!
and remarkably high PLQY,*%3!] and therefore offer fantastic op-
portunities from a photovoltaic perspective. The formation of
a hybrid material based on perovskite-iQD composites offers
a symbiotic relationship in which the perovskite crystal lattice
serves as a host matrix for the iQDs, while the iQDs enhance de-
vice performance and stability. The introduction of iQDs within
the perovskite absorber can produce composite absorber mate-
rials with a wide range of tunable properties. Depending on the
type of iQD, the concentration, architecture, interface, and en-
ergy level alignment, perovskite-QD hybrid films offer a wide
range of opportunities to manipulate the optical properties, car-
rier transport, and the energetics of solar cell devices.[26:32-36]

There are limited reports on the successful incorporation of
iQDs directly within the perovskite film itself.[26:32-3537-40] Thig
is likely because in order to form a stable colloid in which
the iQDs do not agglomerate often requires steric stabiliza-
tion (e.g., adsorbed surfactants or polymers) or electrostatic

several
17-24]
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stabilization. However, these stabilization mechanisms are dif-
ficult to maintain in the highly polar solvents typically used to
process perovskite films, often resulting in particle agglomera-
tion. Additionally, the use of bulky ligands on the iQD surface
can hinder integration with the perovskite crystal lattice. Further-
more, the harsh precursor solution environment required to dis-
solve the perovskite precursor salts can lead to the dissolution of
certain iQDs into their constituent ions.

Gan et al. demonstrated the incorporation of graphene quan-
tum dots (GQDs) with diameters of 1.5-5.5 nm into a MAPbI,
perovskite film resulting in increased charge mobility and mod-
ulation of the electron energy bands (i.e., conduction band (CB),
valence band (VB) and Fermi level (Eg)) of the MAPDI, film.33]
Masi et al. embedded PbS QDs into the FAPbI; absorber which
stabilized the FAPbI, perovskite black a-phase and suppressed
formation of the photoinactive §-phase,[!l providing improved
device performance and stability. Successful incorporation into
the perovskite lattice typically requires low quantities of ultra-
small (1-5 nm) iQDs (such as 1-5 mg mL~! in the precursor
solution); higher concentrations tend to reduce device perfor-
mance, likely due to the disruption of the extended perovskite
crystal lattice.3233404] In contrast, larger iQDs (~10 nm) are
generally excluded from grain interiors and segregate to grain
boundaries during crystallization.?* Thus, successful integra-
tion of iQDs into perovskite films imposes several stringent re-
quirements. The difficulty of producing iQDs that are ultrasmall,
well-dispersed, ligand-free, and chemically stable may have dis-
couraged broader exploration of perovskite—iQD hybrid systems.

SiQDs, which are environmentally friendly and industrially
compatible, can be synthesized with diameters below 3 nm!*!
and are both chemically and structurally resilient due to their di-
amond cubic crystal structure and strong covalent bonding.[*>*]
One of the major advantages of SiQDs is their ability to with-
stand high laser fluences and plasma environments without
decomposition, enabling a range of surface modifications and
treatments to enhance their stability, dispersion, and optical
properties.[*] These resilient SiQDs can therefore be surface
passivated and well-integrated into the highly polar solvents used
for perovskite film processing, without undergoing dissolution or
degradation.l]

Contrary to our previous work, in which electronic junctions
were formed between perovskite and SiQDs,**] this study inves-
tigates the incorporation of SiQDs within perovskite films and
their influence on solar cell device performance. SiQDs may also
function as charge or chemical traps, capturing impurities within
the grain interior. We further examine the effects of SiQD surface
engineering, aiming to enhance their functionality and promote
incorporation while minimizing disruption to perovskite crystal-
lization at low concentrations. Importantly, we focus on the in-
corporation of ultrasmall (%2 nm in diameter) SiQDs within the
perovskite film to evaluate their influence on optoelectronic prop-
erties, device performance, and long-term stability.

In this contribution, we introduce surface engineered Si quan-
tum dots (SE-SiQDs) within the perovskite film, whereby a
femtosecond (fs) laser treatment was carried out on the SiQD
suspension (prior to forming the hybrid layer) to facilitate de-
agglomeration and surface modification of the QDs. It was found
that the presence of SE-SiQDs within the bulk of the perovskite
film slightly modified the optoelectronic properties of the for-

Adv. Energy Mater. 2025, 15, e02864 02864 (2 Of'|2)

www.advenergymat.de

mamidinium lead iodide (FAPDI,;) perovskite and enhanced the
overall solar cell performance and stability. We determined from
electron microscopy and energy dispersive X-ray (EDX) analysis
that the SE-SiQDs are most likely incorporated within the film
and are not pushed out to the grain boundaries, which is of-
ten observed for larger QDs. Furthermore, the presence of SE-
SiQDs leads to a more compact film with a higher density of
grains. We observe a reduction in the presence of Pbl, at the per-
ovskite surface and grain boundaries, indicating that SE-SiQDs
can help to improve the co-ordination of perovskite precursors
during the crystallization process. The integration of SE-SiQDs
into the perovskite film is also found to be dependent on the
perovskite crystal grain size and film thickness: At a fixed SE-
SiQD concentration, smaller perovskite grain sizes increase the
likelihood of SiQDs being located at grain boundaries, resulting
in lower V. which correlates with reduced device performance.
In contrast, larger grain sizes reduce this likelihood, resulting in
fewer SE-SiQDs at grain boundaries and improved overall device
performance. Finally, we highlight that the fs-laser process is es-
sential for successful incorporation of SiQDs into the perovskite
matrix, and performance enhancements are observed only with
SE-SiQDs, whereas films containing untreated SiQDs do not ex-
hibit improved device performance.

2. Results and Discussion

2.1. Synthesis and Characterization of the SE-SiQDs

We first outline the processing steps of the SiQDs that lead to
well-dispersed, stable, ultrasmall, and uniform quantum dots
which enables good integration within the perovskite absorber.
For the synthesis of SiQDs, an electrochemical etching technique
was used, producing clusters of SiQDs with a mean diameter
of 1.8 + 0.9 nm.3%) The SiQDs were then dispersed in a solu-
tion mixture of dimethyl formamide (DMF) and dimethyl sulfox-
ide (DMSO), (4:1 by volume), which is the same solution mix-
ture used in the processing of the perovskite absorber layer. A
fs-laser treatment was then applied to the SiQD colloidal solu-
tion (shown before, during and after treatment in Figure 1A-C,
respectively) which induced both de-agglomeration and surface
modification of the SiQDs.l*?] Full details of the fs laser pro-
cess can be found in the Experimental Methods section of the
Supporting Information. Similar to our previous work,*? the
fs pulsed laser generates a plasma under the surface (typically
~1-2 mm) of the DMF:DMSO-SiQDs suspension, as shown in
Figure 1B. The fs-laser pulse durations are responsible for pro-
ducing high-intensity power capable of creating highly charged
ions through multiphoton ionization. The fs pulses are too short
to significantly heat the plasma, resulting in the creation of a
highly reactive and cold plasma.[*? The intense fs pulses deliver
energy exceeding the binding energy of the nanostructures, caus-
ing detachment from the larger SiQD agglomerates. The charg-
ing of the liquid metal’s surface occurs due to the migration of
electrons, leading to a phenomenon called Coulomb explosion
and shock wave generation.[*?] Coulomb explosion results from
the highly charged, ionized aggregates experiencing Coulomb
repulsion due to their close proximity.[“*#’] Once the repulsive
forces exceed the cohesive energy, the cluster disintegrates, gen-
erating multiply charged atomic ions and energetic electrons.
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Figure 1. Photographs of silicon quantum dots (SiQDs) dispersed in DMF:DMSO solution in a 4:1volume ratio. A) as-dispersed, B) during femtosecond

(fs) laser treatment, and C) after the fs laser treatment.

Detachment of electrons from the agglomerates occurs when
their energy surpasses the work function of the silicon material.

Another distinguishing factor is the chemistry induced at the
surface of SiQDs after detachment from the agglomerates. The
increase in electron number density accelerates reaction kinetics,
leading to the removal or replacement of hydrogen atoms on the
SiQD surface. The fs-laser plasma generates highly reactive OH
radicals and ions in the aqueous colloid, which quickly replace hy-
drogenated silicon surfaces with Si—-OH.[****] The condensation
of Si—~OH on the surface of SiQDs can produce an oxide layer,
which prevents further oxidation and converts the hydrophobic
SiQDs into quantum dots with hydrophilic surfaces.[**!

The resulting SE-SiQDs exhibit long-term stability, strong
photoluminescence (PL) and colloidal dispersion.***] We have
previously reported long-term stability when such SE-SiQDs
were introduced into a perovskite-like host matrix, methylammo-
nium bismuth iodide, which demonstrated the chemically stable
surface terminations.**®! To mitigate extended oxidation, SE-
SiQDs were promptly incorporated into the perovskite matrix.
All handling of SE-SiQDs and fabrication of the perovskite ma-
trix were carried out under an N, atmosphere, with the glove box
maintained at a dew point below —40 °C. These controlled condi-
tions are conducive to maintaining the stability of the SE-SiQDs,
minimizing the likelihood of extensive oxidation, especially when
integrated within the perovskite grains. This stability is corrobo-
rated by Fermi level measurements. Extensive oxidation would
typically result in a downward shift in the Fermi level in the pres-
ence of SE-SiQDs within the matrix. However, contrary to this
expectation, an upward shift is observed (Figure S18, Supporting
Information), further supporting the stability of the SE-SiQDs.
The energy band of the perovskite + SE-SiQDs hybrid film will
be discussed in the context of solar cell performance later in this

paper.

2.2. Films Material Characterization and Opto-Electronic
Properties

We first investigated the optoelectronic properties of perovskite
+ SE-SiQD hybrid thin films. The main perovskite studied here
is formamidinium lead iodide (FAPDI;), which has a bandgap
of ~1.54 eV in spin-coated polycrystalline thin films and has
achieved the highest performance in single junction devices to
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date.'>*] FAPDI, thin films were deposited by spin coating via
the antisolvent method!*” and for the purpose of the characteri-
zation we fabricated films with a thickness of 510 nm, with or
without SE-SiQDs.

To enhance the comprehensiveness and applicability of
our study, we have also included in the Supporting Infor-
mation (SI) the results of introducing SE-SiQDs into triple-
and quadruple-cation A-site perovskites. These results confirm
that the trends observed with FAPDI; are generally consistent
across other types of perovskites. We have therefore synthe-
sized the perovskites Rby g5 (FAq g MAy 17)g 95 PD(Iy 3B1917); (Rb-
MAFA) and Csg5Rby g5 (FA 53 MAg 17)g 90 PD(I 3B10 17)5 (CsRb-
MAFA), formed the corresponding hybrid films and performed
similar analysis to that carried out with FAPbI;, the latter re-
ported in the main manuscript. The mixed-cation perovskites Rb-
MAFA and CsRbMAFA have wider bandgaps than FAPbI; and
are commonly employed as top-cell absorbers in tandem solar
cells.[18:245051] The chosen compositions are representative of op-
timized anion/cation mixtures that lie within the Goldschmidt
tolerance factor range, providing enhanced phase stability and
a target bandgap of ~1.62 eV.52%3] In contrast, due to its devi-
ation from the ideal tolerance range, pure FAPDI, typically re-
quires the addition of #10 mol% MACI to the precursor solution
to suppress formation of the non-perovskite §-phase and stabi-
lize the photoactive a-phase.[**! Mixed-cation perovskites, how-
ever, exhibit improved structural stability and facilitate more ef-
ficient incorporation of SiQDs. This will be further discussed in
terms of solar cell performance later in the section Discussion on
SE-SiQDs Incorporation and Impact on Device Performance.

Full details on the preparation and characterization of FAPDI;,
RbMAFA, and CsRbMAFA thin films are provided in the Ex-
perimental Section of the Supporting Information. In all cases,
SE-SiQDs were introduced at ~0.033 wt.% relative to the to-
tal dry weight of the perovskite precursor materials. The calcu-
lated SE-SiQD concentrations is provided in Table S1 (Support-
ing Information). This low concentration was intentionally cho-
sen due to limitations associated with the fs-laser treatment. The
fs-laser processing was carried out on the neat SiQD suspen-
sion in DMF:DMSO immediately prior to mixing with the per-
ovskite precursor powders. At higher SiQD concentrations, the
optical density of the suspension increases, leading to signifi-
cant absorption and scattering of the fs-laser beam during treat-
ment. This limits the laser’s penetration depth and reduces the
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Figure 2. A) Optical characterization of FAPbl; and its hybrid with SE-SiQDs. Upper: bandgap calculation based on the external quantum efficiency
(EQE) spectra of FAPbI; /FAPbl; + SE-QDs solar cells. Lower: steady-state photoluminescence (PL) emission spectra (excitation of 390 nm) for films
deposited on quartz/SnO,. B-E) Morphological characterization. Plane-view scanning electron microscope (SEM) images of FAPbl; films: B) FAPblI;
reference and D) FAPbI; + SE-SiQDs. High-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) images of FAPbl; films:
C) FAPbI; reference and E) FAPbI; + SE-SiQDs. The inset shows the grain size distribution of the films shown in (B) and (D).

effectiveness of surface modification, resulting in incomplete
fragmentation of agglomerates and less efficient surface engi-
neering. We therefore optimized the SiQD concentration to en-
sure maximal surface modification and fragmentation efficiency.

Figure 2A presents the optical characterization of the
FAPDI, /hybrid films deposited on the SnO, electron transport
layer (ETL). The hybrid perovskite film shows lower PL inten-
sity at a wavelength of ~802 nm, indicating that the SE-SiQD
doping results in more efficient electron injection into the SnO,
ETL. The PL emission spectra reveal a slight blue shift after in-
troducing SE-SiQDs into the perovskite. This trend is evident in
the Tauc plots (Figure S1, Supporting Information) and is simi-
larly observed for ROMAFA films, as shown in the same figure.
The blue shift in the PL emission can also be observed for Rb-
MAFA films (Figure S2, Supporting Information). Similarly, we
have observed this behavior in our related work, where MoS, QDs
in FAPbI, perovskite also caused the bandgap of the perovskite
to widen.!*"l Note that there is an instrumental artefact in the PL
spectrum at 822 nm responsible for the asymmetrical nature of
the PL emission.

To confirm this trend, we analyzed the external quantum effi-
ciency (EQE) spectra of fabricated solar cell devices. By differenti-
ating the EQE response with respect to the excitation wavelength,
we determined the bandgap/>®! and confirmed that the bandgap
shiftis also evident in completed solar cell devices (Figure 2A, up-
per). Further details are provided in Figure S3 (Supporting Infor-
mation). We also present the PL emission spectra at different ex-
citation wavelengths in Figure S4 (Supporting Information). The
position of the PL emission peak wavelength remains constant
across a range of excitation wavelengths from 370 to 250 nm.
However, the normalized PL spectra reveal that the PL peaks be-
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come narrower as the excitation energy increases for both the
neat film and the hybrid film (Figure S5, Supporting Informa-
tion). Notably, as the excitation energy increases, the narrowing
of the PL peak full width at half maximum (FWHM) is more pro-
nounced in the neat film than in the hybrid film containing SE-
SiQDs (Figure S6, Supporting Information). This may suggest an
increased presence of low-dimensional perovskite phases and/or
increased lattice distortions in the hybrid film.¢-8l

The SE-SiQDs possess a larger bandgap (~2 eV)!*!] than the
perovskites FAPDI; (1.55 eV) and RbMAFA (1.63 eV). Given
their low concentration in the perovskite precursor solution
(~0.033 wt.%), the optical contribution from SE-SiQDs is not
expected significantly affect the bandgap of the perovskite film.
The bandgap and emission spectrum of perovskites are closely
linked to their electronic structure, which is governed by both
chemical composition and crystal structure. The A-, B-, and X-
site ions can be tuned within the constraints of the Goldschmidt
tolerance factor,[*>%% enabling the formation of stable 3D per-
ovskites. Among the site-specific ions, the halide ions at the X-
site exert the most significant influence on the bandgap and PL
properties of the perovskite film.[!] We expect that the presence
of SE-SiQDs within the perovskite film induces lattice distortions
in the perovskite which have a profound impact on the opto-
electronic and structural properties of lead halide perovskites,
including changes to the bandgap, PL and chemical bonding
energies.[®2%7] Specifically, lattice distortions such as alterations
in Pb-I bond lengths or bond angles influence the electronic in-
teractions within the material. The valence band minimum of
FAPDI; is dominated by iodine 5p orbitals, while the conduc-
tion band minimum is primarily formed by lead 6p orbitals.
Changes in Pb-I bond lengths or angles affect the overlap of these
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atomic orbitals, thereby modifying the electronic band structure.
Along with the observed changes in the bandgap, these effects
are also reflected in the broadening of the PL emission (FWHM,
Figure S6, Supporting Information) and shifts in XPS spectra
(Figure S9, Supporting Information) observed when SE-SiQDs
are incorporated into the perovskite matrix.

We confirm from scanning electron microscopy (SEM)
(Figure 2B,D; Figure S10, Supporting Information) and scanning
transmission electron microscopy (STEM) (Figure 2C,E) that the
incorporation of SE-SiQDs did not noticeably alter the grain size
of the perovskite film. The typical grain size of the films ranges
from ~500 nm to 1.5 pm (Inset, Figure 2). The introduction of
the SE-SiQDs does not significantly impact the overall morphol-
ogy and film thickness, however, we observe that the grains ap-
pear more densely packed in the hybrid film. Measurement of
the density of well-formed grains in the hybrid film confirmed
the improved grain packing in the hybrid films. The neat FAPbI,
film exhibits a perovskite grain density of %0.62 grains/um? while
the hybrid film exhibits an increased grain density of ~0.78
grains/um? which represents a 26% increase in the density of per-
ovskite grains. The grain density was calculated by counting the
number of grains visible in the SEM images in Figure 2B,D with
respect to the total area contained within the SEM image. The dif-
ferences in grain density can be attributed to poorly crystallized
or amorphous perovskite material that exists between the FAPbI,
perovskite grains, which is more prevalent in the neat FAPbI,
films and therefore reduces the grain density. This indicates that
the SE-SiQDs can help to form a more compact perovskite film.
Our energy-dispersive X-ray (EDX) analysis (Figure S11A,B, Sup-
porting Information) confirms the presence of silicon in the hy-
brid films. Transmission electron microscopy (TEM) and EDX
analysis (Figure S11C-E, Supporting Information) suggests that
the SE-SiQDs are distributed uniformly across the film with no
evidence of agglomeration of the QDs (Figure S11D,E, Support-
ing Information) and with ~1% average atomic concentration
(Figure S11E, Supporting Information). The EDX analysis per-
formed across a grain boundary also indicates that the SE-SiQDs
do not accumulate at grain boundaries. SE-SiQDs therefore ap-
pear to be mostly incorporated within the perovskite films, rather
than being expelled or segregated to the grain boundaries during
film crystallization.

From analysis of the high-angle annular dark-field scan-
ning transmission electron microscope (HAADF-STEM) images
(Figure 2C,E; Figure S12, Supporting Information) we observed
the presence of small bright crystals (typically 10-60 nm in di-
ameter) on the neat FAPDI, films, the presence of which is sig-
nificantly lower in the hybrid films. These bright regions have
been previously identified as Pbl, .l EDX Analysis (Figure S13,
Supporting Information) indicates that these bright regions ex-
hibit very high intensities for binding energies corresponding to
Pb and I. Excess Pbl, is known to be beneficial for device per-
formance when added to the precursor solution®®! (we used 5
mol% PbI, excess in all FAPbI; perovskite films) as it assists
with crystallization and improves the electronic properties of the
perovskite film. However, its presence at the surface of the per-
ovskite is detrimental to device performance and stability: Incom-
plete conversion of Pbl, causes excess PbI, crystals in the final
perovskite film which acts as an extraction barrier and is suscep-
tible to photodegradation.l®! One of the products of Pbl, pho-
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todegradation is metallic Pb® which acts as a deep level trap at
the perovskite surface. Post washing steps have therefore been
developed to remove some of the excess Pbl, from the surface
of the perovskite to improve device performance.[”] Modulating
the role of Pbl, in the perovskite film is therefore essential for
achieving high-performance devices.

2.3. Characterization and Stability of Photovoltaic Devices

To evaluate the impact of perovskite-QD hybrids on device
performance, we fabricated planar solar cells with the structure:
glass/indium tin oxide (ITO)/SnO, /[Perovskite or corresponding
hybrid]/2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino}-9,9’-
spirobifluorene (spiro-MeOTAD)/Au. A schematic represen-
tation of the device architecture is shown in Figure 3A. The
deposition of the absorber film was carried out following the
same parameters that produce a typical thickness of 510 nm. We
performed band energy characterization on the hybrid films to
determine the positions of Ey, VB and CB. Figures S14-S17 (Sup-
porting Information) shows the air photoelectron spectroscopy
(APS), X-ray photoelectron spectroscopy (XPS) and Scanning
Kelvin Probe Microscopy (SKPM) determination for the VB and
E;. The bandgap (E;) was determined in Figure 2A and the
conduction band minimum (CBM) was determined based on
VB + E.. We have previously reported the values for SiQDs pro-
duced in our laboratory with varying degrees of oxidation which
influences the VB, CB, and E; positions for the SiQDs and have
provided corresponding ranges in the Supporting Information
(Figure S18, Supporting Information).[**! The resulting band di-
agram of FAPbI; and FAPbI; + SE-SiQDs is shown in Figure 3B.
We observe an upward shift of 0.2 eV in the Fermi level of the
composite film (i.e., toward the vacuum level) when SE-SiQDs
were incorporated into the perovskite, indicating a more n-type
character. We also observed a similar trend for the quadruple
cation perovskite RbCsMAFA, whereby the incorporation of
SE-SiQDs also leads to a more n-type character (Figure S18B,
Supporting Information). Despite the initial oxidation condition
of the SE-SiQDs, an unexpected upward shift in the Fermi level
of the hybrid films was observed. Such tuning of the electronic
character of perovskites might be a suitable method to modify
the Fermi level, enabling advanced control over band energy
alignment and therefore improved efficient carrier separation
and extraction.””! The resulting non-equilibrated band diagram
for the FAPDI, /hybrid solar cells is shown in Figure 3C. The
CB of the FAPbI, /hybrid at —4.37 eV is well aligned to inject
electrons into the CB of SnO, at —4.5 eV, while the VB of the
FAPDI, (FAPbI, + SE-SiQDS) is located at —5.92 eV (—5.93 eV)
which enables hole injection into the spiro-MeOTAD.

The J-V curves for the champion solar cells with and without
SE-SiQDs based on a typical device thickness of 510 nm is shown
in Figure 3D. The FAPDI, reference devices achieved 19.6% PCE
with a short-circuit current (Jsc) of 23.79 mA/cm?, open-circuit
voltage (Vo) 1.079 V and fill factor (FF)76.2%. After introduc-
ing SE-SiQDs, the hybrid FAPbI, + SE-SiQDs devices exhib-
ited improved performance, achieving a PCE of 20.6% PCE, with
Jsc 23.8mA cm™2, Vi, 1.054 V and FF 82.3%. An increase in FF
and PCE was observed with the incorporation of SE-SiQDs. No-
tably, our champion FAPbI, + SE-SiQD device achieved a high
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Figure 3. A) Schematic representation of solar cell device structure, B) band energy diagram for FAPbl; and FAPbI; + SE-SiQDs and C) non-equilibrated
band energy diagram for the solar cell devices. D) Current density-voltage (J-V) curves for the champion device performance for FAPbl; solar cells, with
and without SE-SiQDs: backward scan direction (solid line) and forward scan direction (dashed line).

FF of 82.3%, comparable with the highest performing FAPbI,
devices reported in the literature for a similar device area.l'21371]

We have also calculated the minority carrier diffusion lengths
for 510 nm neat FAPbI; and hybrid FAPbI; + SE-SiQDs
(Figure S19, Supporting Information) and found that the dif-
fusion length increased in the hybrid devices. Enhanced dif-
fusion length in the presence of SE-SiQDs indicates the dis-
tance that these minority carriers can travel before recombin-
ing with a majority carrier is enlarged compared to the ref-
erence FAPDI, material. In terms of solar cell performance,
we particularly observe an improvement in FF, and in some
cases an improvement in V., which led to higher overall de-
vice performance. The improvement in FF can be attributed
to the energetic distribution of trap states throughout the per-
ovskite film, whereby a reduction in traps in the bulk perovskite
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film results in higher FFs obtained.”?] It is expected that the
reduction in trap states results in the improvement in carrier
diffusion length, leading to an overall improvement in device
performance.

We report the enhanced stability of FAPDI, films when mod-
ified by SE-SiQDs in Figure 4. In this batch of devices, the so-
lar cells were stored in the dark in a dry air box (RH <1%) be-
tween measurements. The devices reached a peak performance
after 336 h and a box chart of the device performance is shown in
Figure 4A. At this point, the devices with SE-SiQDs exhibit higher
device performance than the neat FAPbI; reference devices and
a narrower distribution in performance. Figure 4B shows the de-
vice statistics after 2016 h. The SE-SiQD-modified devices main-
tained a median PCE of #15% and continued to show a narrower
distribution than the references devices. Full statistical data are
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Figure 4. SE-SiQD enhanced solar cell device stability based on an absorber thickness of 510 nm. Box chart of the power conversion efficiency (PCE) for
the peak device performance which was observed after 336 h A) and after 2016 h B). The measurements at various intervals is shown in C) where the
shaded error bars represent a 95% confidence interval. Devices were stored in a dark dry box between measurements (relative humidity <1%).

provided in the Supporting Information (Figures S20-S22, Sup-
porting Information). Figure 4C shows the device performance
measured in intervals over a period of 3864 h. After 3864 h ap-
proximately half of the devices had completely shunted, and only
data from functioning devices are included. Among the remain-
ing working cells, the SE-SiQD-modified devices continued to ex-
hibit good performance and a narrow distribution. We also eval-
uated film stability under accelerated conditions in a humidity-
controlled chamber (30% RH) under continuous illumination.
The results are shown in the (Figures S23 and S24, Supporting
Information). Photographs of the films revealed that the hybrid
devices with SE-SiQDs retained a darker film appearance indicat-
ing that the film is less degraded, while the neat FAPDI, became
more transparent indicating a higher degree of decomposition.

2.4. Discussion on SE-SiQDs Incorporation and Impact on
Device Performance

Based on these results and findings, we propose a mechanism
by which SE-SiQDs influence perovskite film formation, as il-
lustrated schematically in Figure 5. In a DMF:DMSO solvent
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mixture, Pb?* and I~ form negatively charged iodoplumbate
complexes, while FA* (and a small amount of MA™*) also co-
ordinate with the solvents.”?] The SE-SiQDs exhibit a nega-
tive surface charge (Zeta potential of # —40 mV) following sur-
face engineering, which remains stable for at least two hours
after treatment.’* This negative charge likely originates from
the surface oxide layer formed during processing, which in-
cludes siloxane (Si—O-Si), silanol (Si~OH), and deprotonated
siloxide (Si—O~) groups.”>7%! These surface groups contain lone
pairs that may act as Lewis bases, enabling weak coordination
with Pb%* ions in the precursor. Such interactions could in-
fluence iodoplumbate speciation and promote more uniform
perovskite nucleation. Similar effects have been reported for
carbon QDs with —OH and C=O surface functional groups,
which coordinate with Pb** and form hydrogen bonds with or-
ganic cations, reducing defect density and suppressing non-
radiative recombination in the perovskite film.[”778] Additives
such as urea and thiourea also form perovskite-Lewis base
intermediates via Pb** coordination, enhancing crystallization
control and device stability.”! The observed behavior of SE-
SiQDs is consistent with these reports, as ~OH-functionalized
nanoparticles, including SiO, and carbon QDs, have been shown
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Figure 5. Schematic representation of the possible mechanism by which SE-SiQDs assist in improved Pbl, incorporation and grain packing.

to modulate perovskite crystallization kinetics through Pb?*
coordination.3877.78:80]

Furthermore, as our results show (Figure 2E; Figures S9 and
S10, Supporting Information), the excess Pbl, is more efficiently
incorporated into the perovskite film and does not segregate
to the surface during crystallization, unlike in the case of neat
FAPDI, films. Unreacted Pbl, leads to the formation of amor-
phous PbI, at the grain boundaries and film surface which im-
pedes charge carrier extraction.®!l As the amorphous PbI, de-
grades into metallic Pb® and gaseous iodide, the metallic Pb° can
act as recombination sites and reduce device performance.!®8!]
As seen in TEM images (Figure 2; Figure S12, Supporting Infor-
mation), introducing SE-SiQDs into the perovskite film results in
lower quantities of Pbl, at the top surface of the perovskite film,
which leads to higher device performance. We also show that the
device stability is improved (Figure 4; Figures S20-S24, Support-
ing Information). We therefore expect that negatively charged
SE-SiQDs can assist in the incorporation of excess Pb?* into the
perovskite, as illustrated in Figure 5. This ultimately leading to a
denser, higher-quality perovskite film with fewer defects, consis-
tent with our SEM observations (Figure 2).

While large quantities of excess Pbl, (%10 mol%) are usu-
ally required to achieve such large changes in the Fermi level
(on the order of 100 meV),"®] we are able to demonstrate sim-
ilar changes with just %0.033% by weight of SE-SiQDs in the
perovskite precursor solution (Figure 3B; Figures S14-S18, Sup-
porting Information) without negatively affecting device perfor-
mance. More importantly, the changes demonstrated here are
highly tunable. While n-type character can be induced by intro-
ducing small molecules (e.g., 0.1 wt.% capsaicin),®?! the use of
QDs allows far greater control over the electronic band energy
properties, modification of the surface states, Zeta potential, as
well as introducing quantum confinement phenomena into the
perovskite film.

In addition to our direct evidence of the silicon incorporation
and unform distribution (Figure S11, Supporting Information),
structural and optoelectronic differences in the films (Figure 2;
Figures S1-S6, Supporting Information), along with improved
solar cell stability (Figure 5), provide further indirect evidence of
SE-SiQDs contribution to the film properties and device perfor-
mance. Experiments show significant changes in the electronic
energy band properties (Figures S1-S6 and S14-S17, Support-
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ing Information), including shifts in the XPS spectra for Pb 4f
(Figure S9, Supporting Information). Transport and optical prop-
erties reveal increased diffusion lengths (Figure S19, Support-
ing Information), shifts and FWHM broadening in PL peaks
(Figures S2-S6, Supporting Information), and changes in the
energy band gap (Figure 2; Figures S1 and S3, Supporting In-
formation). Films with SE-SiQDs also demonstrated greater sta-
bility in air and in the humidity-controlled chamber conditions
(Figures S23 and S24, Supporting Information). Solar cell perfor-
mance improved, particularly in FF, V., and diffusion length.
We successfully incorporated SE-SiQDs within the perovskite
without compromising the integrity of the perovskite film. On
the contrary, we observed improvements that can be attributed
to the reduction of Pbl,, resulting in a higher-quality perovskite
film with denser grains and a 26% increase in grain packing,
along with a lower concentration of Pbl, on the surface of the
film. This, in turn, enhances the film’s stability and solar cell
performance.

2.5. Impact of Film Thickness on Device Performance

To further investigate the influence of SE-SiQDs on FAPbI, solar
cell performance, hybrid films with thicknesses of 300, 510, and
730 nm were prepared. All films were fabricated using the same
precursor solution to maintain a consistent SE-SiQD concentra-
tion across samples. The film thickness was controlled by varying
the spin coating speed. It is well established that spin speed not
only affects film thickness but also influences grain size due to
changes in solvent evaporation rate, which in turn alters crystal
growth dynamics. The increased solvent evaporation rate leads to
higher supersaturation and more nucleation events, resulting in
a greater number of smaller grains. In contrast, slower evapora-
tion allows fewer nuclei to grow larger without spatial competi-
tion, producing films with larger crystal grains. Therefore, higher
spin speeds yield thinner films with smaller grains, while lower
spin speeds result in thicker films with larger crystal grains.[#3-8¢]

The statistical distribution of the device performance is pre-
sented as box plots in Figure 6A-D and the mean values are re-
ported in the Table S2 (Supporting Information). Forward and
reverse statistical data for the device parameters correspond-
ing to the devices in Figure 6A-D, along with the calculated
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Figure 6. Grain size and thickness dependence on SE-SiQD integration. A-D) Box plots of photovoltaic parameters for devices based on FAPbI; and
FAPbI; with SE-SiQDs for various absorber thicknesses: 300, 510 and 730 nm. A) power conversion efficiency (PCE), B) fill factor (FF), C) short circuit
current density (Jsc), and D) open circuit voltage (Voc). E-G) Schematic representations of perovskite grain size and film thickness: E) 300 nm thick film
with ~500 nm grain size; F) 510 nm thick film with ~1 um grain size; G) 730 nm thick film with ~1.5 um grain size. The likelihood of an SE-SiQD being
randomly located at a grain boundary is also illustrated. The size of the SE-SiQDs is exaggerated for illustrative purposes. H-J) Calculated probability of
an SE-SiQD located within 1-5 nm of the grain boundary and influence on the device V.

hysteresis index, are provided in the Figures S25 and S26 (Sup-
porting Information).

For 300 nm-thick devices, the FAPbI,-reference devices ex-
hibited a mean PCE of 12.3%, with a Jcof 17.7 mA/cm?, a
Voc of 1.13 V and a FFof 61.2%. Upon incorporation of SE-
SiQDs, the hybrid devices exhibited a mean PCE 0f 12.8%, a J of
18.4mA cm™2, a Vo of 1.04 V and a FF 0f 66.7%.

For 510 nm-thick devices, the FAPbI,-reference devices ex-
hibited a meanPCE of 17.7%, with a Jscof 23.7 mA/cm?, a
Voc of 1.07 V and a FFof 69.4%. Upon incorporation of SE-
SiQDs, the hybrid devices exhibited a mean PCE 0£20.0%, a J of
23.6mA cm™, a V- of 1.07 V and a FF 0f79.0%.

For 730 nm-thick devices, the FAPDI;-reference devices ex-
hibited a mean PCE of 14.7%, with a Jscof 21.5 mA/cm?, a
Voc of 1.01 V and a FFof 67.7%. Upon incorporation of SE-
SiQDs, the hybrid devices exhibited a mean PCE 0f 17.2%, a [ of
22.5mA cm™, a Vo 0f 1.06 V and a FF 0f72.6%.

Notably, across all device thicknesses, an increase in FF was ob-
served following the introduction of SE-SiQDs into the FAPDI,
film, indicating that SE-SiQDs consistently improved the bulk
film properties of the perovskite. A similar enhancement in per-
formance was also observed for both thicknesses of RbOMAFA
films incorporating SE-SiQDs (Figures S27 and S28; Table S3,
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Supporting Information), suggesting that SE-SiQDs contribute
positively to the bulk quality of ROMAFA perovskite films as well.

In the case of the 300 nm-thick FAPDI, film, the average V-
significantly decreased following SE-SiQD incorporation from
1.13 to 1.04 V. One possible explanation is that, at smaller grain
sizes, the probability of an SE-SiQD residing at or near a grain
boundary increases. This grain size-dependent V. behavior is il-
lustrated in Figure 6E-G for the corresponding film thicknesses
and grain sizes, where SE-SiQDs located close to grain bound-
aries are highlighted in red. As grain size and film thickness in-
crease, the likelihood of an SE-SiQD being located in close prox-
imity to a grain boundary decreases.

To further investigate this, we calculated the probability of an
SE-SiQD being located within 1-5 nm of grain boundaries based
on the measured film thicknesses, using a geometric model that
assumes regular hexagonal prism grains and an SE-SiQD diam-
eter of 1.8 nm (Supporting Information, Section S1). The re-
sults, shown in Figure 6H,I, are annotated with the measured
grain sizes for 510 nm films and estimated values for 300 and
730 nm films. We find that there is a 5%-15% probability of a SE-
SiQD being located within a few nanometers of at a grain bound-
ary for the 300 nm film, while for thicker films this probability
drops to 3%-7% (510 nm film) and 2%-5% (730 nm film). When
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located at or near grain boundaries, we expect that SE-SiQDs
perturb the local perovskite crystal structure and introduce
recombination sites that reduce V.. This interpretation is sup-
ported by the increased hysteresis index observed for the 300 nm
hybrid films (Figures S25 and S26, Supporting Information). As
grain size and film thickness increase, the reduced probability
of grain boundary proximity likely contributes to the increase in
Vo, along with improved film quality and grain packing density.

This behavior appears specific to the FAPDI; system. V. im-
proves in RbMAFA films at both studied thicknesses (Figure S28,
Supporting Information), suggesting that differences in material
stability influence how SE-SiQDs affect device performance. The
RbMAFA composition is selected as such to be structurally ro-
bust and more resistant to the formation of the non-photoactive
5-phase. As aresult, it maintains high film quality even at smaller
grain sizes and in the presence of SE-SiQDs, unlike FAPDI;,
which is more prone to phase instability and tends to convert
from the photoactive black a-phase to the yellow non-perovskite
5-phase under ambient conditions. This issue is particularly pro-
nounced in thinner FAPbI, films with smaller grains, where in-
creased surface energy and strain can promote §-phase forma-
tion. Additives such as methylammonium chloride (MACI) are
commonly introduced into the precursor solution to encourage
a-phase crystallization and suppress 6-phase formation. How-
ever, incorporating SE-SiQDs likely compromises phase stability
and structural coherence at the grain boundaries and the grain
size should therefore be controlled to larger sizes to minimize
such interference.

Interestingly, when the FAPbI, grain size is large, typically in
thicker films, the introduction of SE-SiQDs correlates with an in-
crease in V. This suggests that while SE-SiQDs may be detri-
mental in small-grain films due to increased recombination at
grain boundaries, they can have a net beneficial effect in large-
grain FAPDI, films, likely by enhancing bulk film quality or pas-
sivating defects. Thus, the influence of SE-SiQDs appears to be
highly dependent on the underlying perovskite morphology.

A broader process optimization effort, including variation in
precursor composition and SE-SiQD concentration, will likely be
necessary to disentangle the individual contributions of these
effects. Overall, incorporating SE-SiQDs into the 510 nm and
730 nm FAPDI, hybrid films results in an average absolute PCE
improvement of over 2%, demonstrating their beneficial impact
when grain boundary-related losses are minimized.

It should be noted that these results were achieved only when
using SE-SiQDs. In contrast, the use of SiQDs without the fs-
laser surface engineering step has consistently resulted in a re-
duction in solar cell performance (Figure S30 and Table S4, Sup-
porting Information). Devices incorporating untreated SiQDs ex-
hibited a reduced fill factor (FF), in contrast to those with SE-
treated SiQDs, which consistently showed improved FF. The as-
prepared SiQD powder consists of agglomerates, and the SiQD
surfaces are predominantly hydrogen-terminated,/”*! which hin-
ders effective interaction with perovskite precursors. The novel
approach introduced here involving direct femtosecond laser
treatment in a DMF/DMSO solution not only breaks down these
agglomerates but also produces fresh SiQD surfaces, likely ter-
minated with hydroxyl groups. This modification enhances their
interaction with perovskite precursors, promoting more efficient
incorporation of excess Pbl, into the perovskite film. As a re-
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sult, the formation of amorphous PbI, at grain boundaries and
on the film surface is suppressed, improving charge carrier
extraction.l®!] This observation is consistent with our previous
work on non-surface engineered SiQDs,**] and suggests that suc-
cessful integration of QDs into the perovskite film (irrespective of
the perovskite composition) is closely linked to the interface be-
tween the perovskite and the QDs and therefore requires careful
tuning of the QD surface states.

3. Conclusions

We fabricated perovskite absorber films and successfully inte-
grated femtosecond-laser-treated SE-SiQDs within the perovskite
layer. The resulting hybrid films exhibited a slightly widened
bandgap and a 26% increase in grain packing density. Our anal-
ysis showed that SE-SiQDs are evenly distributed throughout
the perovskite film, with no significant accumulation at grain
boundaries. Incorporating SE-SiQDs was found to enhance solar
cell performance by promoting denser grain formation, reducing
defect densities, improving Pbl, incorporation, and facilitating
more efficient carrier transport and extraction. In addition, the
presence of SE-SiQDs contributed to improved long-term device
stability. These findings highlight the potential of femtosecond
SE-SiQDs as a functional additive in perovskite solar cells, offer-
ing a promising strategy for advancing both material design and
device architecture.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This work was partly supported by the New Energy and Industrial Technol-
ogy Development Organization (NEDO), Japan, project code JPJN20005,
by the Engineering and Physical Sciences Research Council (EPSRC), UK
(EP/R008841/1, EP/M024938/1, EP/K022237/1) and by the Japan Soci-
ety for the Promotion of Science through the Invitational Fellowships for
Research in Japan (BR230303, 22KF0413). A part of this work was sup-
ported by “Advanced Research Infrastructure for Materials and Nanotech-
nology in Japan (ARIM)” of the Ministry of Education, Culture, Sports, Sci-
ence and Technology (MEXT). Grant Number JPMXP1223AT5030. The au-
thors were grateful to Hiroyuki Matsuzaki in AIST Nanocharacterization
Facility (ANCF) for providing access to the femtosecond laser facilities.
The authors thank Hitoshi Sai and Toshiki Oku for assistance with HF
processing.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords

FAPbl;, hybrid solar cells, perovskite solar cells, perovskites, silicon
quantum dots

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

ADVANgED
ENERGY
MATERIALS

Received: May 28, 2025
Revised: July 7, 2025
Published online: July 22, 2025

(1
(2
(3]

(4]

(3]
(6]
Y
(8]

9

(1]
(1

(12]
(3]

(14]

[15]
(18]
(17]
(18]

(19]

(20]

(21]

(22]

(23]

Adv. Energy Mater. 2025, 15, e02864

C. McDonald, C. Ni, P. Maguire, P. Connor, J. T. S. Irvine, D. Mariotti,
V. Svrcek, Nanomaterials 2019, 9, 1481.

X. Li, S. Aftab, S. Hussain, F. Kabir, A. M. A. Henaish, A. G. Al-Sehemi,
M. R. Pallavolu, G. Koyyada, J. Mater. Chem. A 2024, 12, 4421.

G. Xing, N. Mathews, S. Sun, S. S. Lim, Y. M. Lam, M. Gratzel, S.
Mhaisalkar, T. C. Sum, Science 2013, 342, 344.

S. D. Stranks, G. E. Eperon, G. Grancini, C. Menelaou, M. J. P. P.
Alcocer, T. Leijtens, L. M. Herz, A. Petrozza, H. ). Snaith, Science 2013,
342, 341.

G. E. Eperon, S. D. Stranks, C. Menelaou, M. B. Johnston, L. M. Herz,
H. ). Snaith, Energy Environ. Sci. 2014, 7, 982.

F. Zhang, H. Zhong, C. Chen, X. G. Wu, X. Hu, H. Huang, J. Han, B.
Zou, Y. Dong, ACS Nano 2015, 9, 4533.

J. Y. Kim, J. W. Lee, H. S. Jung, H. Shin, N. G. Park, Chem. Rev. 2020,
120, 7867.

J. Xing, Y. Zhao, M. Askerka, L. N. Quan, X. Gong, W. Zhao, . Zhao,
H. Tan, G. Long, L. Gao, Z. Yang, O. Voznyy, ). Tang, Z. H. Lu, Q.
Xiong, E. H. Sargent, Nat. Commun. 2018, 9, 3541.

Z. Li, ). Moon, A. Gharajeh, R. Haroldson, R. Hawkins, W. Hu, A.
Zakhidov, Q. Gu, ACS Nano 2018, 12, 10968.

K. Wang, S. Wang, S. Xiao, Q. Song, Adv. Opt. Mater. 2018, 6, 1800278.
J. Feng, C. Gong, H. Gao, W. Wen, Y. Gong, X. Jiang, B. Zhang, Y. Wu,
Y. Wu, H. Fu, L. Jiang, X. Zhang, Nat. Electron. 2018, 1, 404.

M. J. Paik, Y. Y. Kim, . Kim, J. Park, S. I. Seok, Joule 2024, 8, 2073.

Y. Shen, T. Zhang, G. Xu, ). A. Steele, X. Chen, W. Chen, G. Zheng,
J. Li, B. Guo, H. Yang, Y. Wu, X. Lin, T. Alshahrani, W. Yin, J. Zhu, F.
Wang, A. Amassian, X. Gao, X. Zhang, F. Gao, Y. Li, Y. Li, Nature 2024,
635, 882.

M. A. Green, E. D. Dunlop, M. Yoshita, N. Kopidakis, K. Bothe, G.
Siefer, X. Hao, J. Y. Jiang, Prog. Photovoltaics Res. Appl. 2024, 33, 795.
W. Shockley, H. J. Queisser, J. Appl. Phys. 1961, 32, 510.

S. Ruihle, Sol. Energy 2016, 130, 139.

T. Leijtens, K. A. Bush, R. Prasanna, M. D. McGehee, Nat. Energy
2018, 3, 828.

C. McDonald, H. Sai, V. Svrcek, A. Kogo, T. Miyadera, T. N. Murakami,
M. Chikamatsu, Y. Yoshida, T. Matsui, ACS Appl. Mater. Interfaces
2022, 14, 33505.

K. O. Brinkmann, T. Becker, F. Zimmermann, C. Kreusel, T.
Gahlmann, M. Theisen, T. Haeger, S. Olthof, C. Tiickmantel, M.
Giinster, T. Maschwitz, F. Gébelsmann, C. Koch, D. Hertel, P.
Caprioglio, F. Pefia-Camargo, L. Perdigén-Toro, A. Al-Ashouri, L.
Merten, A. Hinderhofer, L. Gomell, S. Zhang, F. Schreiber, S.
Albrecht, K. Meerholz, D. Neher, M. Stolterfoht, T. Ried|, Nature 2022,
604, 280.

J. Zheng, C. Xue, G. Wang, M. A. Mahmud, Z. Sun, C. Liao, }. Yi, J.
Qu, L. Yang, L. Wang, S. Bremner, J. M. Cairney, J. Zhang, A. W. Y.
Ho-Baillie, ACS Energy Lett. 2024, 9, 1545.

H. Shen, T. Duong, J. Peng, D. Jacobs, N. Wu, J. Gong, Y. Wu, S. K.
Karuturi, X. Fu, K. Weber, X. Xiao, T. P. White, K. Catchpole, Energy
Environ. Sci. 2018, 11, 394.

K. A. Bush, A. F. Palmstrom, Z. ). Yu, M. Boccard, R. Cheacharoen, J.
P. Mailoa, D. P. McMeekin, R. L. Z. Hoye, C. D. Bailie, T. Leijtens,
I. M. Peters, M. C. Minichetti, N. Rolston, R. Prasanna, S. Sofia,
D. Harwood, W. Ma, F. Moghadam, H. . Snaith, T. Buonassisi,
Z. C. Holman, S. F. Bent, M. D. McGehee, Nat. Energy 2017, 2,
17009.

Z. Liu, R. Lin, M. Wei, M. Yin, P. Wu, M. Li, L. Li, Y. Wang, G. Chen,
V. Carnevali, L. Agosta, V. Slama, N. Lempesis, Z. Wang, M. Wang, Y.

€02864 (11 of 12)

(24]
(25]
28]
(27)
(28]
(29]
(3]
(31]
(32]
(33]
(34]
35]
36]
(37]

(38]

(39]

40]

(41]

(42]

(43]

(44]

[45]
[46]
[47]
(48]
(4]

[50]

(31

www.advenergymat.de

Deng, H. Luo, H. Gao, U. Rothlisberger, S. M. Zakeeruddin, X. Luo,
Y. Liu, M. Gritzel, H. Tan, Nat. Mater. 2025, 24, 252.

T. Matsui, C. McDonald, A. Mirzehmet, . McQueen, R. S. Bonilla, H.
Sai, Small 2025, 21, 2500969.

Z.Wang, Q. Lin, B. Wenger, M. G. Christoforo, Y. H. Lin, M. T. Klug,
M. B. Johnston, L. M. Herz, H. J. Snaith, Nat. Energy 2018, 3, 855.
W. Chi, S. K. Banerjee, Adv. Funct. Mater. 2022, 32, 2200029.

A. ). Nozik, Chem. Phys. Lett. 2008, 457, 3.

M. C. Beard, J. Phys. Chem. Lett. 2011, 2, 1282.

R. Zhou, L. Wan, H. Niu, L. Yang, X. Mao, Q. Zhang, S. Miao, J. Xu,
G. Cao, Sol. Energy Mater. Sol. Cells 2016, 155, 20.

V. G. V. Dutt, S. Akhil, R. Singh, M. Palabathuni, N. Mishra, J. Phys.
Chem. C 2022, 126, 9502.

J. Hu, C. Bi, K. Ren, X. Zhang, W. Wang, S. Ma, M. Wei, Y. Lu, M. Sui,
Nano Lett. 2024, 24, 4571.

P. Galar, P. Piatkowski, T. T. Ngo, M. Gutiérrez, |. Mora-Serd, A.
Douhal, Nano Energy 2018, 49, 471.

X. Gan, S. Yang, J. Zhang, G. Wang, P. He, H. Sun, H. Yuan, L. Yu, G.
Ding, Y. Zhu, ACS Appl. Mater. Interfaces 2019, 11, 37796.

X. Fang, J. Ding, N. Yuan, P. Sun, M. Lv, G. Ding, C. Zhu, Phys. Chem.
Chem. Phys. 2017, 19, 6057.

C. Rocks, V. Svrcek, T. Velusamy, M. Macias-Montero, P. Maguire, D.
Mariotti, Nano Energy 2018, 50, 245.

C. McDonald, C. Ni, V. Svreek, M. Lozac’H, P. A. Connor, P. Maguire,
J. T. S. Irvine, D. Mariotti, Nanoscale 2017, 9, 18759.

S. Rakshit, P. Piatkowski, I. Mora-Serd, A. Douhal, Adv. Opt. Mater.
2022, 10, 2102566.

S. Collavini, F. Amato, A. Cabrera-Espinoza, F. Arcudi, L. Dordevi¢,
I. Kosta, M. Prato, ). L. Delgado, Energy Technol. 2022, 10,
2101059.

X. Gong, L. Guan, Q. Li, Y. Li, T. Zhang, H. Pan, Q. Sun, Y. Shen, C.
Gritzel, S. M. Zakeeruddin, M. Gritzel, M. Wang, Sci. Adv. 2020, 6,
aay5661.

A. U. Kambley, B. Alessi, C. McDonald, P. Papakonstantinou, V.
Svrcek, D. Mariotti, Sci. Reports 2024, 14, 21613.

S. Masi, C. Echeverria-Arrondo, K. M. Muhammed Salim, T. T. Ngo,
P. F. Mendez, E. L6pez-Fraguas, D. F. Macias-Pinilla, J. Planelles, J. I.
Climente, |. Mora-Ser6, ACS Energy Lett. 2020, 5, 418.

V. Svrcek, D. Mariotti, U. Cvelbar, G. Filipi¢, M. Lozac'H, C.
McDonald, T. Tayagaki, K. Matsubara, J. Phys. Chem. C 2016, 120,
18822.

D. Mariotti, V. Svreek, . W. J. Hamilton, M. Schmidt, M. Kondo, Adv.
Funct. Mater. 2012, 22, 954.

V. Svrcek, K. Dohnalova, D. Mariotti, M. T. Trinh, R. Limpens, S. Mitra,
T. Gregorkiewicz, K. Matsubara, M. Kondo, Adv. Funct. Mater. 2013,
23,6051,

M. Biirkle, M. Lozac’h, C. McDonald, M. Macias-Montero, B. Alessi,
D. Mariotti, V. Svréek, Adv. Funct. Mater. 2020, 30, 1907210.

A. V. Buryak, P. D. Trapani, D. V. Skryabin, S. Trillo, Phys. Rep. 2002,
370, 237.

K. Sattler, J. Miihlbach, O. Echt, P. Pfau, E. Recknagel, Phys. Rev. Lett.
1981, 47, 160.

C. Mcdonald, C. Ni, P. Maguire, D. Mariotti, V. Svrcek, Nanoscale Adv
2019, 71, 4683.

A. D. Taylor, Q. Sun, K. P. Goetz, Q. An, T. Schramm, Y. Hofstetter,
M. Litterst, F. Paulus, Y. Vaynzof, Nat. Commun. 2021, 12, 1878.

S. Zhumagali, F. H. Isikgor, P. Maity, J. Yin, E. Ugur, M. De Bastiani,
A. S. Subbiah, A. J. Mirabelli, R. Azmi, G. T. Harrison, |. Troughton, E.
Aydin, ). Liu, T. Allen, A. ur Rehman, D. Baran, O. F. Mohammed, S.
De Wolf, Adv. Energy Mater. 2021, 11,2101662.

A. Al-Ashouri, E. Kéhnen, B. Li, A. Magomedov, H. Hempel, P.
Caprioglio, ). A. Mérquez, A. B. M. Vilches, E. Kasparavicius, .
A. Smith, N. Phung, D. Menzel, M. Grischek, L. Kegelmann, D.
Skroblin, C. Gollwitzer, T. Malinauskas, M. Jost, G. Matig, B. Rech, R.
Schlatmann, M. Topi¢, L. Korte, A. Abate, B. Stannowski, D. Neher,

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[52]

(53]

[54]

[55]
[56]

[57]

(58]

[59]
(60]

[61]
(62]
(63]

(64]

65]

(66]

Adv. Energy Mater. 2025, 15, e02864

ADVANgED
ENERGY
MATERIALS

M. Stolterfoht, T. Unold, V. Getautis, S. Albrecht, Science 2020, 370,
1300.

M. Saliba, T. Matsui, K. Domanski, J.-Y. Seo, A. Ummadisingu, S. M.
Zakeeruddin, J.-P. Correa-Baena, W. R. Tress, A. Abate, A. Hagfeldt,
M. Gratzel, Science 2016, 354, 206.

L. K. Ono, E. J. Juarez-Perez, Y. Qi, ACS Appl. Mater. Interfaces 2017,
9,30197.

M. Kim, G. H. Kim, T. K. Lee, I. W. Choi, H. W. Choi, Y. Jo, Y. J. Yoon, J.
W. Kim, J. Lee, D. Huh, H. Lee, S. K. Kwak, J. Y. Kim, D. S. Kim, Joule
2019, 3, 2179.

O. Almora, C. |. Cabrera, . Garcia-Cerrillo, T. Kirchartz, U. Rau, C. .
Brabec, Adv. Energy Mater. 2021, 11, 2100022.

H. M. Jang, S. H. Lee, K. Y. Jang, J. Park, T. W. Lee, Commun. Phys.
2023, 6, 372.

L. Ni, U. Huynh, A. Cheminal, T. H. Thomas, R. Shivanna, T. F.
Hinrichsen, S. Ahmad, A. Sadhanala, A. Rao, ACS Nano 2017, 11,
10834.

S. Zouhair, S. M. Yoo, D. Bogachuk, ). P. Herterich, . Lim, H. Kanda,
B. Son, H. J. Yun, U. Wiirfel, A. Chahboun, M. K. Nazeeruddin,
A. Hinsch, L. Wagner, H. Kim, Adv. Energy Mater. 2022, 12,
2200837.

V. M. Goldschmidt, Naturwissenschaften 1926, 14, 477.

G. Kieslich, S. Sun, A. K. Cheetham, R. Seshadri, W. D. Bonificio, D.
R. Clarke, C. Ferndndez-Lorenzo, D. M. de los Santos, T. Aguilar, J.
Martin-Calleja, A. A. Haghighirad, M. A. Sefiaris-Rodriguez, Chem.
Sci. 2015, 6, 3430.

B. Saparov, D. B. Mitzi, Chem. Rev. 2016, 116, 4558.

F. Wang, M. Tan, C. Li, C. Niu, X. Zhao, Org. Electron. 2019, 67, 89.
L. Kong, G. Liua, J. Gong, Q. Hu, R. D. Schaller, P. Dera, D. Zhang, Z.
Liu, W. Yang, K. Zhu, Y. Tang, C. Wang, S. H. Wei, T. Xu, H. K. Mao,
Proc. Natl. Acad. Sci. USA 2016, 113, 8910.

A. Pieniazek, F. Dybata, M. P. Polak, t. Przypis, A. P. Herman,
J. Kopaczek, R. Kudrawiec, J. Phys. Chem. Lett. 2023, 14,
6470.

G. Grancini, V. D’Innocenzo, E. R. Dohner, N. Martino, A. R. Srimath
Kandada, E. Mosconi, F. De Angelis, H. |. Karunadasa, E. T. Hoke, A.
Petrozza, Chem. Sci. 2015, 6, 7305.

T. Wang, B. Daiber, ). M. Frost, S. A. Mann, E. C. Garnett, A. Walsh,
B. Ehrler, A. M. A. Leguy, P. R. F. Barnes, A. Walsh, M. Atature, R.
T. Phillips, R. H. Friend, A. Mura, G. Bongiovanni, U. Wiesner, H. J.
Snaith, D. S. Ginger, R. J. Nicholas, H. |. Snaith, Energy Environ. Sci.
2017, 10, 509.

€02864 (12 of 12)

(67]
(68]

(69]

[70]
7]
72)
73]
[74]
[75]
[76]
77)
78]
[79]
[80]
8]

(82]

(83]
(84]
(85]

(86]

www.advenergymat.de

L. Guo, G. Xu, G. Tang, D. Fang, ). Hong, Nanotechnology 2020, 37,
225204.

Y. Gao, H. Raza, Z. Zhang, W. Chen, Z. Liu, Adv. Funct. Mater. 2023,
33,2215171.

L. Zhao, Q. Li, C. H. Hou, S. Li, X. Yang, . Wu, S. Zhang, Q. Hu, Y.
Wang, Y. Zhang, Y. Jiang, S. Jia, J. J. Shyue, T. P. Russell, Q. Gong, X.
Hu, R. Zhu, J. Am. Chem. Soc. 2022, 144, 1700.

P. Cui, D. Wei, J. Ji, H. Huang, E. Jia, S. Dou, T. Wang, W. Wang, M.
Li, Nat. Energy 2019, 4, 150.

J. Park, J. Kim, H. S. Yun, M. J. Paik, E. Noh, H. J. Mun, M. G. Kim, T.
J. Shin, S. I. Seok, Nature 2023, 616, 724.

J. Kong, H. Wang, ). A. Réhr, Z. S. Fishman, Y. Zhou, M. Li, M. Cotlet,
G. Kim, C. Karpovich, F. Antonio, N. P. Padture, A. D. Taylor, ACS
Appl. Energy Mater. 2020, 3, 7231.

J. Jiang, J. M. Vicent-Luna, S. Tao, J. Energy Chem. 2022, 68, 393.

V. Svreek, D. Mariotti, S. Mitra, T. Kaneko, L. Li, U. Cvelbar, K.
Matsubara, M. Kondo, J. Phys. Chem. C 2013, 117, 10939.

T. Velusamy, S. Mitra, M. Macias-Montero, V. Svrcek, D. Mariotti, ACS
Appl. Mater. Interfaces 2015, 7, 28207.

V. Svrcek, T. Velusamy, M. Lozach, C. Rocks, C. McDonald, D.
Mariotti, ECS Meet. Abstr. 2017, 1010.

Q. Cao, Y. Zhang, X. Pu, J. Zhao, T. Wang, K. Zhang, H. Chen, X. He,
J. Yang, C. Zhang, X. Li, J. Energy Chem. 2023, 86, 9.

J. Liu, W. Cai, Y. Yin, M. Wang, ). Zhang, S. Qamar, X. Zheng, H. Guo,
N. Liu, S. Li, J. Bian, Y. Shi, W. Cai, Energy Mater. Adv. 2025, 6, 0197.

Q. Cai, C. Liang, Z. Lin, W. Zhang, G. Shen, H. Dong, X. Xu, H. Wang,
C. Mu, G. Xing, Sustain. Energy Fuels. 2022, 6, 2955.

Z. Liang, B. Yang, A. Mei, S. Lin, H. Han, Y. Yuan, H. Xie, Y. Gao, C.
Zhou, Chinese Phys. B. 2020, 29, 078401.

B. Roose, K. Dey, Y. H. Chiang, R. H. Friend, S. D. Stranks, J. Phys.
Chem. Lett. 2020, 11, 6505.

S. Xiong, Z. Hou, S. Zou, X. Lu, J. Yang, T. Hao, Z. Zhou, J. Xu, Y.
Zeng, W. Xiao, W. Dong, D. Li, X. Wang, Z. Hu, L. Sun, Y. Wu, X. Liu,
L. Ding, Z. Sun, M. Fahlman, Q. Bao, Joule 2021, 5, 467.

Z.Wang, N. Liu, H. Xie, B. Liu, Z. Fang, ]. Zhang, Y. Zhao, H. Huang,
D. Niu, Q. Chen, Y. Gao, Thin Solid Films 2024, 798, 140347.

Y. Zhang, Z. Wang, T. Liu, B. Yang, S. Hu, H. Li, C. X. Sheng, Electron.
Mater. Lett. 2022, 18, 282.

L. Zeng, S. Chen, K. Forberich, C. J. Brabec, Y. Mai, F. Guo, Energy
Environ. Sci. 2020, 13, 4666.

Z. Wu, P. Yan, S. Hu, B. Yang, C. Wang, C. Xiang, H. Li, C. X. Sheng,
Opt. Mater. (Amst). 2023, 142, 114102.

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advenergymat.de

	Improved Performance and Stability of Perovskite Solar Cells by Incorporating Silicon Quantum Dots within the FAPbI3 Active Layer
	1. Introduction
	2. Results and Discussion
	2.1. Synthesis and Characterization of the SE-SiQDs
	2.2. Films Material Characterization and Opto-Electronic Properties
	2.3. Characterization and Stability of Photovoltaic Devices
	2.4. Discussion on SE-SiQDs Incorporation and Impact on Device Performance
	2.5. Impact of Film Thickness on Device Performance

	3. Conclusions
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


