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Luminescence down-shifting technology is increasingly recognized
as a crucial option for enhancing the efficiency of silicon solar cells.
However, high-quality down-shifting materials, such as perovskite
quantum dots, face challenges related to poor thermal stability.
These materials tend to agglomerate into larger sizes, leading to the
deterioration of the luminescence films at high temperature. Unlike
introducing a protecting layer on perovskite quantum dots, we
applied 3-aminopropyltriethoxysilane (APTES) as a direct capping
agent for perovskite quantum dots in this work to achieve both
efficient and stable composite down-shifting films. The interaction
between APTES and CsPbBrs; quantum dots is thoroughly analyzed
using both experimental measurements and theoretical calcula-
tions. Due to the strong interaction between APTES and CsPbBr5, an
optimal amount of APTES effectively stabilizes the quantum dots.
When mixed with ethylene-vinyl acetate (EVA) copolymer, the
strong interaction between APTES and polymer chains could sup-
press the aggregation of CsPbBr; quantum dots and inhibit degra-
dation of the composite film under heating. Upon coating on
commercial crystalline silicon solar cells, the optimal CsPbBrs
quantum dot/EVA composite film achieves an absolute efficiency
by 1.00%, maintaining a 0.81% efficiency improvement even after
annealing at 90 °C for 3 hours. In contrast, while the film without
APTES shows an efficiency improvement of 0.63% at room tem-
perature but experiences a decrease of 0.23% under the same
heating conditions. This work provides a feasible strategy to
enhance the thermal stability of CsPbBr; quantum dot/EVA com-
posite films under high-temperature conditions, offering a promis-
ing path toward the commercial application of perovskite-based
luminescence down-shifting films in silicon solar cells.
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New concepts

This work demonstrates a novel strategy to enhance the thermal stability
of CsPbBr; quantum dot (PQD)-based luminescence down-shifting (LDS)
films for crystalline silicon solar cells by directly capping PQDs with
3-aminopropyltriethoxysilane (APTES). Unlike existing studies that focus
on external encapsulation, APTES acts as a multifunctional interfacial
agent, forming strong chemical bonds with both PQDs and the ethylene-
vinyl acetate (EVA) polymer matrix. This dual interaction suppresses QD
aggregation and film degradation under heat, addressing the critical
instability issue of perovskite LDS materials. This new strategy can
overcome the intrinsic limitations of perovskite nanomaterials, offering
a scalable route for integrating unstable optoelectronic materials into
solar cells.

Introduction

Crystalline silicon solar cells, as the first commercially devel-
oped photovoltaic technology, have achieved a high level
of technological maturity and currently dominate the global
solar market with approximately 90% share. According to the
spectral response curve of typical crystalline silicon cells, the
photon conversion efficiency of the device exceeds 90% for light
in the 500-800 nm wavelength range, but drops sharply to
below 50% for wavelengths shorter than 500 nm."" Since there
is a positive correlation between the spectral response and the
photoelectric efficiency of solar cells, this indicates that crystal-
line silicon solar cells cannot effectively utilize the energy from
ultraviolet and blue photons. Applying a film on the surface of
traditional crystalline silicon solar cells that convert ultraviolet
and blue light into lower-energy photons could significantly
improve device efficiency at a low cost. This down-shifting
technology holds great potential in the photovoltaic industry.
All-inorganic perovskite CsPbX; (X = Cl, Br, I) quantum dots
exhibit high photoluminescence quantum yields (PLQYs) of up
to 90%, with an adjustable fluorescence wavelength spanning
the entire visible spectrum. They also feature narrow emission
linewidths, good defect tolerance, and grain size tunability
through adjustment of the halogen precursor ratio or synthesis
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conditions.®”® These properties make them promising candi-
dates for down-shifting materials in silicon solar cells.

However, perovskite quantum dots are prone to surface anion
exchange and are susceptible to decomposition under polar
molecule exposure. They exhibit high sensitivity to environmen-
tal factors such as water vapor, light, and temperature, which
limits their practical applications.’™" To improve the stability of
perovskite quantum dots, various strategies have been explored,
including metal/halide ion doping,'* epitaxial growth,"* surface
ligand modification,"*™*® surface coating,'””>° and composite
formation with other materials.> > Among these, inorganic
silicon oxide coating is an effective strategy. For instance, Sun
et al.** achieved the growth of SiO, thin shells on the surface of
perovskite quantum dots through the adsorption of amino
groups in 3-aminopropyltriethoxysilane (APTES) and the hydro-
lysis of silicon-oxygen bonds. Meng et al.>® further improved this
process by sequentially adding APTES, tetramethoxysilane
(TMOS), and tetraethoxysilane (TEOS) to form a three-layer
Si0, shell coating. Shi et al.>® developed a triple silane coupling
agent system for perovskite quantum dots, employing APTES,
polydimethylsiloxane (PDMS), and hydrophilic
terminated polyethylene glycol (Si PEG) to form a protective
shell while also enhancing water dispersibility. Li et al.>” used
pre-hydrolyzed TMOS for two-step modification to transform
Cs,PbBr, nanocrystals into CsPbBr; quantum dots while form-
ing SiO, shells on their surfaces. The quantum dots obtained
through this method have excellent monodispersity.

Integrating perovskite quantum dots into polymer matrices
to form composite films represents a viable strategy of down-
shifting in silicon solar cells. Our team prepared CsPbBr;—
Cs,PbBrs perovskite quantum dot/ethylene-vinyl acetate (EVA)
composite films, followed by surface modification of the quan-
tum dots with diethyl zinc. As a down-shifting composite film
for crystalline silicon solar cells, this approach achieved a
1.18% increase in the cell’s power conversion efficiency.*®
Wang et al.?® also demonstrated that an in situ-prepared
CsPbBr; quantum dots/polyolefin elastomer (POE) adhesive
film enhanced the power conversion efficiency (PCE) of crystal-
line silicon solar cells by 0.68% through hot pressing. This
composite film fabrication approach could be compatible with
existing photovoltaic adhesive film production lines. Although
it is estimated to increase film costs by approximately 2-3 RMB
m ™ due to the use of perovskite quantum dots, a 1% efficiency
enhancement for photovoltaic modules can be achieved. The
resulting additional power generation revenue would fully
cover the increased material cost.

However, due to the inherent temperature sensitivity of
perovskite quantum dots and surface ligand desorption, poly-
mers cannot fully protect the quantum dots from the damaging
effects of moisture, heat, and oxygen. Consequently, the com-
posite film is prone to degradation at elevated temperatures,
manifesting as significant reductions in photoluminescence
intensity and lifetime, as well as a diminished solar cell
conversion efficiency. Given that the photovoltaic adhesive film
will undergo a hot-pressing process and must also withstand
the high temperatures generated during light exposure in the
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actual operation, protection of quantum dots is essential. Sur-
face coating of perovskite quantum dots with inorganic oxides
represents a reliable strategy to mitigate particle aggregation
and growth within polymer matrices. However, such coatings
may reduce the dispersibility of the perovskite quantum dots in
solvents, and the oxides may not exclusively form on the surface
of the quantum dots. The resulting scattered inorganic colloids
could exhibit incompatibility with the polymer matrix, while
the reduced dispersibility would compromise both the unifor-
mity and transparency of the composite films. In this article, we
propose a simple method to enhance the thermal stability of
perovskite quantum dots using APTES. When combined with
EVA, the resulting composite film exhibits excellent stability at
90 °C, effectively preventing degradation while significantly
improving the efficiency of silicon solar cells.

Materials and methods
Materials

All chemical reagents were used as received without further
purification, including cesium carbonate (Cs,CO3, 99.9%, Alad-
din), lead bromide (PbBr,, 99%, Aladdin), tetraheptylammonium
bromide (CysHeoBrN, 99%, Aladdin), oleic acid (C;5Hz340,, 85%,
Aladdin), octylamine (CgH;oN, 99%, Aladdin), 1,2,4-trimethyl-
benzene (CgH;,, 98%, Macklin), APTES (CoH,3NO;Si, 98%, Mack-
lin), and ethylene vinyl acetate (EVA, Foster) copolymer. The multi-
crystal silicon solar cells were purchased from Anyang Guangke
Jiao Energy Co., Ltd, with a size of 2 x 2 cm’.

Preparation of perovskite quantum dots/polymer composite
films

0.0407 g of Cs,CO; was stirred and dissolved in 2 mL of oleic
acid (OA) at 70 °C, referred to as solution A. Next, 0.0588 g of
PbBr,, 0.1256 g of tetraheptylammonium bromide (TmBr),
160 pL of oleic acid, and 160 pL of octylamine (OLm) were added
to 16 mL of 1,2,4-trimethylbenzene and stirred until fully dis-
solved, forming solution B. 200 pL of solution A was immediately
injected into 2 mL of solution B, and the mixture was stirred on a
hot plate at 70 °C and 500 rpm for 1.5 hours to prepare perovskite
quantum dots. The solution was then centrifuged at 2000 rpm,
and 3, 5, 10, 30, and 50 pL of APTES solution were added to every
1 mL of the supernatant, respectively. The mixture was heated at
70 °C and stirred at 500 rpm in air for 1 hour. Subsequently, 2 mL
of EVA solution (0.1 g mL™" in 1,2,4-trimethylbenzene) was added
to the mixture and stirred. To prepare the final composite film,
10 pL of different QD/EVA mixtures was spin-coated onto a solar
cell at a speed of 1000 rpm. The film was then dried in an oven at
60 °C for 1 hour to yield a silicon solar cell with a downshifting
composite film.

Characterization

The fluorescence characteristics of the perovskite quantum dot
composite films were analyzed using steady-state photolumi-
nescence spectroscopy (PL, FS5, Edinburgh). The carrier life-
time of the composite films was measured using time-resolved
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photoluminescence spectroscopy (TRPL, FLS980, Edinburgh).
The composition, structure, and surface morphology of the
materials were investigated through X-ray diffraction (XRD, D8
Advance, Bruker), field emission scanning electron microscopy
(FESEM, SU8220, Hitachi), X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi, Thermo Fisher), and transmission electron
microscopy (TEM, Tecnai G2 F20, FEI). The optical properties of
the composite films were assessed using a UV-Vis spectrophoto-
meter (UV-Vis, Cary 300, Varian). Additionally, Fourier-transform
infrared spectroscopy (FT-IR, VERTEX 80 V, Bruker) was employed
to identify specific functional groups in the polymer and compo-
site films. The photovoltaic performance of silicon solar cells was
evaluated by measuring the current density-voltage (J-V) charac-
teristics using an electrochemical workstation (Keithley 2420
source meter), with the devices irradiated under standard AM1.5
simulated sunlight (100 mW cm ™2, Oriel Sol 3A, Newport). To
accurately assess the performance of the composite film, we first
measured the J-V curve of bare silicon solar cells and then
compared it with those of pure polymer or varied perovskite
quantum dots/composite films.

Results and discussion

As shown in Scheme 1, there are usually two modification
methods using APTES for the CsPbBr; perovskite quantum dots
(in the following text, it is abbreviated as PQDs). One is to wash
the surface ligand with ethyl acetate, then add APTES and
hydrolyze it in air to obtain quantum dots with SiO, protection.
However, the quantum dots obtained by this method have poor
monodispersity and are prone to aggregation (Fig. S1a). Another
approach is to directly add a controlled amount of APTES into
the unpurified PQD solution. Due to the presence of other
ligands such as oleic acid, even if APTES undergoes hydrolysis,
it cannot undergo inward crosslinking to form a shell.*
Previous studies®'™* have demonstrated that the PLQY of
PQDs invariably decreases after purification, regardless of the
solvent used, due to the removal of some surface ligands during
the purification process, which facilitates aggregation and
growth of quantum dots. However, since our quantum dots
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are intended for photoluminescence rather than electrolumi-
nescence, the presence of excessive free ligands does not
impact the transparency of the solution. Consequently, omit-
ting the purification step represents a viable strategy. The
APTES reaction mechanism in solution is illustrated as
follows,>® where the Si-OH groups on APTES may undergo
hydrolysis and crosslink with Si-OH groups on other APTES
molecules, forming Si-O-Si bonds.

-NH;" + X~ - -NHz;X (X=Br,I) (1
-SiOC,H; + H,0 — -SiOH + C,H;OH 2)
-SiOH + -SiOC,H;s — -SiOSi- + C,H;0H (3)
-SiOH + -SiOH — -SiOSi- + H,0 4)

To determine the phase composition of the PQDs, X-ray
diffraction (XRD) analysis was conducted. As shown in Fig. 1,
the prominent diffraction peaks of the PQDs match the stan-
dard reference patterns for CsPbBr;. Specifically, peaks at
15.32° 30.74°, and 44.57° correspond to the (110), (002), and
(220) crystal planes of CsPbBrj3, respectively. When the APTES
volume is below 10 pL, the peak positions and intensities
remain identical to those of pristine PQDs, confirming that
APTES addition at this level preserves the internal structure of
CsPbBr; PQDs. However, at 30 pL APTES, new diffraction peaks
emerge at 13.19° and 25.88°, indexed to the (110) and (024)
planes of Cs,PbBre, indicating the formation of a CsPbBr;/
Cs,PbBrs composite phase localized at the PQD surface. With
further increase of APTES volume to 50 pL, all CsPbBr;-related
peaks vanish, except the (220) peak at 44.57°. After annealing at
90 °C for 3 hours, the sharpened diffraction peaks suggest
improved crystallinity for the pristine one. The PQD sample
with <10 pL APTES maintains stable peak positions and
intensities after annealing, demonstrating thermal stability in
both phase composition and crystal size. In contrast, at 30 pL
APTES, the CsPbBr; and Cs,PbBry peak intensities markedly
decrease, accompanied by a new peak at 6° - evidence of
APTES-induced ethanol hydrolysis driving perovskite transfor-
mation into a low-dimensional phase.** Additionally, the broad
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Scheme 1 Room temperature synthesis of CsPbBrs PQDs and two modification routes using APTES.

This journal is © The Royal Society of Chemistry 2025

Mater. Horiz.


https://doi.org/10.1039/d5mh00578g

Published on 01 August 2025. Downloaded by Y unnan University on 8/23/2025 7:48:45 PM.

Communication

View Article Online

Materials Horizons

(110) (024)
* 4 (100) %

A,

R T L T VNP S P

Ry L T T e

Intensity (a.u.)

% (200)
Wit MW, i . SOpL-annealed

|
I*»WWMW%MWWM“WXWWMWWM(MM,waﬁmmy

SVUUPISHVNIIN WIRSIPUIUIT- | TSR

%220

30uL-annealed

VALar s bbbt A AN e

10uL

10pL-annealed

L IV

S5uL-annealed

_ 3uL-annealed
0
st PO W
0-annealed

% Cs,PbBr,pdf(97-002-5124)
% CsPbBr;pdf(54-0752)

e

40 60

2 Theta (degree)
Fig. 1 XRD patterns of PQDs with different amounts of APTES before and after annealing at 90 °C for 3 h.

hump between 15° and 25° corresponds to amorphous SiO,
derived from APTES (Fig. S1b).

In the transmission electron microscopy (TEM) image
(Fig. 2a), the PQDs exhibit a uniform size distribution, with
diameters ranging from 4 to 15 nm and an average size of 8.4 nm
(Fig. S2a). As shown in Fig. 2b-d, the particle size showed a slight
reduction, measuring approximately 7 nm (statistical data in Fig.
S2b-d) with the addition of APTES amounts of 3, 5, and 10 pL.
Generally speaking,®>*® for perovskite quantum dots synthesized
by room-temperature ligand-assisted methods, the stronger the
electronegativity of the ligand or the greater the amount of
ligand added, the smaller the resulting quantum dot size.
According to our following computational simulations, the
adsorption energy between APTES and CsPbBr; quantum dots
is greater than that oleic acid and the quantum dots. Conse-
quently, this inhibits the accumulation of PbBr, precursors on
the quantum dot surface and suppresses the Ostwald ripening
process. High-resolution TEM (Fig. 2e) reveals lattice fringes
corresponding to the (110) and (200) planes of CsPbBr;, as
confirmed by interplanar spacing measurements. When the
APTES concentration increases to 30 pL, the average particle
size decreases to 2.6 nm (Fig. S2e), indicating ligand-induced
size reduction, while micron-scale aggregates (~ 80 nm) emerge
(Fig. 2f). At 50 pL APTES, isolated PQDs nearly disappear, leaving
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only large spherical particles (Fig. 2g). High-resolution TEM and
energy-dispersive X-ray spectroscopy (EDS) mapping (Fig. S3)
suggests these aggregates consist of Cs,PbBr¢ and SiO,, consis-
tent with XRD analysis. Fig. 2h demonstrates significant coar-
sening of PQDs at elevated temperatures. Unmodified PQDs
(Fig. 2a) follow isotropic Ostwald ripening,*” where ions dissoci-
ate from smaller grains and redeposit on larger ones, a process
accelerated by temperature. In APTES-modified samples (Fig. 2i),
amino groups passivate surface defects via adsorption, while
outward-oriented organic chains and Si-O bonds reduce inter-
particle forces, effectively suppressing thermal coarsening. Ele-
mental mapping (Fig. S4) confirms uniform distributions of Cs,
Pb, and Br in PQDs/EVA films pre- and post-annealing. The
APTES-modified PQDs/EVA film additionally shows homoge-
neous Si distribution, further verifying its thermal stability.
The X-ray photoelectron spectroscopy (XPS) results shown in
Fig. 3 characterize the valence states of the pristine PQDs,
APTES-modified PQDs (PQDs@APTES), and PQDs@APTES/
EVA composite films. As shown in Fig. 3a, all the samples
exhibit characteristic peaks for Cs, Pb, Br, C, N, and O. The
incorporation of APTES allows for the detection of the Si
element in both PQDs@APTES and PQDs@APTES/EVA compo-
site films. The perovskite quantum dots display two emission
peaks (Fig. 3b), corresponding to Pb 4fs, and Pb 4f,,. After

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 TEMimages of (a) PQDs and PQDs with (b) 3 uL mL™, (c) 5 uL mL™%, (d) 10 L mL™%, (A 30 uL mL~% and (g) 50 uL mL~* APTES. TEM images of PQDs
(h) without and (i) with 10 uL APTES/mL after being heated at 90 °C for 3 h. (e) High resolution TEM images of PQDs modified with 10 uL mL~* APTES.

modification with APTES, these peaks shift to 142.39 eV and
137.54 eV, respectively, compared to the PQDs. In Fig. 3c, for
the Br 3d spectrum, the peaks at 68.59 eV and 67.54 eV
correspond to Br 3d;, and Br 3ds,, respectively. These peaks
shift to 68.49 eV and 67.44 eV after modification, with both
binding energies decreasing by 0.1 eV. This reduction in bind-
ing energy suggests a weakened Pb-Br bond, which conforms to
the common rules of cationic ligands.*® However, the higher
binding energies observed for the pristine quantum dots likely
originate from aggregation and growth of the quantum dots
during the drying process of sample preparation. In contrast,
the quantum dots maintain their original morphology after
modification with APTES. Upon mixing with EVA, both Pb 4f;,
and Pb 4f,, peaks shift to higher binding energies in the
composite film, indicating a more stable structure,***" while

This journal is © The Royal Society of Chemistry 2025

the Br 3dj/, and Br 3ds), peaks show little change. In Fig. 3d, a
peak at 101.84 eV is observed, corresponding to the Si-O bond.
This peak is absent in the original PQDs’ spectrum, indicating
the adsorption of APTES onto the surface of the quantum dots.

Fourier transform infrared spectroscopy (FT-IR) was used to
analyze the functional groups present in different samples, as
shown in Fig. 4a. The pristine quantum dots exhibit a sym-
metric stretching vibration of the carboxylic acid (COOH) group
from oleic acid at 1708 cm ', along with C-H stretching
vibrations at 1548, 2921 and 2850 cm ™', which are character-
istic of organic ligands such as oleic acid and octylamine.** In
contrast, due to the existence of APTES, the attenuation of these
peaks confirms partial ligand substitution. When the modified
quantum dots are mixed with EVA, the FT-IR spectrum reveals
peaks at 1735 cm ™" and 1236 cm™ ', which correspond to the
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Fig. 3 (a) Wide-scan XPS spectra of PQDs, PQDs/EVA and PQDs@APTES (10uL mL™)/EVA, and narrow-scan XPS spectra of (b) Pb 4f, (c) Br 3d, and (d) Si

2p of different films.

C=O0 and C-O-C bonds in EVA. Other peaks at 2916 cm™ ",
2848 cm %, 1020 cm %, and 719 cm ' are attributed to the
stretching vibrations of C-H and C-O bonds in EVA.** The peak
at 1544 cm™ " corresponds to the N-H bending vibration from
APTES.** The spectrum of SiO, formed by the natural hydrolysis
of pure APTES in air is also presented in Fig. 4. The peaks at
1001 cm ! and 686 cm ™! can be attributed to Si-O-Si, which
exhibit a red-shift compared with the peak at 1130 cm ?,
indicating that the Si-O-Si bond energy in naturally hydrolyzed
APTES is low, forming a loose network structure.**

Due to the fact that the outer surface of CsPbBr; is Br-rich
under realistic conditions,*®> we selected the (—1 0 0) surface
and removed Cs atoms to obtain a Br-terminated surface. As
shown in Fig. S5a, the bridge site between two Pb atoms
exhibits a positively charged region, while the N atom in APTES
is surrounded by a negatively charged region (Fig. S5b). There-
fore, the adsorption of APTES at the Pb bridge site is theoreti-
cally feasible. Then we determined the adsorption energy of
oleic acid (OA) and APTES on the quantum dot surfaces and

Mater. Horiz.

their interactions with EVA molecules by density functional
theory (DFT) calculations (The Calculation section is in the SI).
As shown in Fig. 4b, CsPbBr; exhibits a lower adsorption energy
with oleic acid (—0.01 eV) and a higher adsorption energy with
APTES (—0.76 eV). The results demonstrate that APTES can
function as a dual-functional surface modifier for CsPbBr;
quantum dots, effectively passivating surface defects through
vacancy filling while demonstrating ligand exchange capability
to partially displace OA molecules. The higher adsorption
energy significantly reduces the detachment risk of the ligand
on PQDs, which could restrain aggregation of quantum dots
during film fabrication. The adsorption energy of APTES and
EVA (—0.94 eV) is also stronger than that of OA (—0.11 eV),
indicating that PQDs with the APTES capping agent could have
a higher solubility in EVA. This is a critical prerequisite to
obtain a composite film with good transparency.

For an effective CsPbBr; green down-shifting film for silicon
solar cells, it should exhibit high light transmission in the 500-
800 nm wavelength range and strong light absorption in the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) FT-IR spectra of PQDs, PQDs@APTES (10uL mL™Y), PQDs@APTES/EVA and SiO, prepared using pure APTES in air. (b) The adsorption energy
calculation results of CsPbBrz with OA and APTES, EVA with OA and APTES.

200-500 nm range to ensure optimal photovoltaic performance.
From Fig. 5a, it can be observed that the pristine PQDs/EVA
composite film shows low light transmission below 500 nm,
indicating good light absorption by the perovskite quantum dots.
However, light transmission above 500 nm is also quite low, which
will limit the photon utilization in silicon solar cells. Upon the
introduction of APTES, a smaller particle size and better dispersiv-
ity in EVA benefits light transmission of the films. Therefore, the
addition of APTES improves light transmission at longer wave-
lengths, but the phase conversion of perovskite quantum dots
adversely affects their light absorption at shorter wavelengths. A
balance must be struck between enhancing light transmission at
longer wavelengths and maintaining light absorption at shorter
wavelengths. The pristine PQDs/EVA composite film after anneal-
ing at 90 °C for 3 hours shows improved light transmission above
500 nm, which could be attributed to the aggregation and growth
of the PQDs. The reduction in the number of PQDs leads to a
decrease in light scattering. This improvement is not what we
expected, as its ability to absorb and convert short wavelength light
has decreased. While PQDs/EVA composite films with 3, 5, and 10
UL APTES maintain their light transmission performance after
annealing, demonstrating the protective effect of APTES on the
perovskite quantum dots. For the film with 30 pL APTES, the
enhanced light transmission can be attributed to the transforma-
tion of the perovskite structure into a low-dimensional phase at
higher temperatures, as confirmed by the XRD results.

The photoluminescence (PL) properties of the different
films are shown in Fig. 5b. When 3 pL of APTES is added, the
PL intensity of the composite film slightly decreases compared
to the pristine PQDs/EVA composite film, while as more APTES
is introduced (5-10 pL), the PL intensity gradually increases
and becomes comparable to that of the pristine film, which can
be attributed to the surface passivation and protection provided
by APTES. On the other hand, when the APTES amount reaches
30 pL or more, the peak intensity sharply decreases, likely due
to the decomposition of the perovskite quantum dots under

This journal is © The Royal Society of Chemistry 2025

excess APTES. After annealing at 90 °C for 3 hours, the peak of
the pristine PQDs/EVA composite film shifts from 512 nm to
526 nm, with the peak intensity dropping to only 3% of its
initial value before annealing. The optimal performance is
observed in the PQDs/EVA composite film with 10 uL APTES,
which shows a slight increase in the full-width at half max-
imum (FWHM), while the peak intensity remains at 78% of its
original value before annealing. Meanwhile, the PLQY of the
PQDs@APTES/EVA composite film has increased from 66.07%
to 94.05% compared to the PQDs/EVA composite film (Fig. 5c¢).
These results suggest that the addition of APTES effectively
preserves the fluorescence performance of the quantum dots.

Transient time-resolved photoluminescence (TRPL) spectro-
scopy was conducted (Fig. 5d), and the TRPL decay curves were
fitted using a double exponential decay function, which
included two decay components. The decay times, t; and 15,
correspond to non-radiative recombination and intrinsic radia-
tion recombination of charge carriers, respectively.*® The
fluorescence lifetime of PQDs/EVA composite films with a small
amount of APTES added is generally around 12 ns (Table S1),
which is approximately 5 ns longer than that of the pristine
PQDs/EVA composite film. This indicates that APTES helps
passivate the surface defects of the quantum dots. However,
when the APTES concentration exceeds 30 pL, the quantum
dots begin to decompose, leading to a significant reduction in
the fluorescence lifetime. After annealing at 90 °C for 3 hours,
the pristine PQDs/EVA composite film loses its photolumines-
cent properties, resulting in the fluorescence lifetime approach-
ing zero. In contrast, the fluorescence lifetime of the PQDs/EVA
composite films with a small amount of APTES remains stable
at around 9-10 ns (Table S2). This indicates that APTES
effectively passivates surface defects on the quantum dots
and helps maintain their performance even at elevated
temperature.

To rigorously evaluate the photovoltaic performance
enhancement provided by these down-shifting composite films
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Fig. 5 (a) The UV-Vis spectra and (b) PL spectra of PQDs/EVA composite films before (solid line) and after (dashed line) annealing at 90 °C for 3 h. (c)
PLQY diagram of the PQD/EVA composite film and the PQDs@APTES (10 uL mL™)/EVA composite film. (d) TRPL spectra of PQDs/EVA composite films

before (solid spheres) and after (hollow spheres) annealing.

and their tolerance at high temperatures, we first tested a bare
silicon solar cell, referred to as the reference device. Next, we
spin-coated 10 pL of different QD/EVA mixtures onto the same
solar cell at a speed of 1000 rpm and then measured its device
performance. Finally, we subjected the device to annealing at
90 °C for 3 hours and evaluated its photovoltaic performance.
All three tests were based on the same reference device. There-
fore, any efficiency changes observed in the device with the
down-shifting film can be attributed to the coating film rather
than the silicon solar cell itself. As shown in Fig. 6a—e and
Table 1, all of the perovskite quantum dot composite film
coatings improved the efficiency of the solar cells. The effi-
ciency enhancement is mainly attributed to the improvement of
Jse, originating from spectral conversion of quantum dots.?’
Parallel test results are shown in Table S3, and the average PCE
improvement was calculated and is shown in Fig. 6f. We
observe that the best performance was achieved with 10 pL of
APTES, resulting in an efficiency increase of 1.00% (0.80% on
average), significantly higher than 0.63% (0.37% on average)

Mater. Horiz.

obtained using the pristine PQDs/EVA composite film. The
device efficiencies are close to the 13.73% absolute efficiency
achieved by the Abdelbar team.'® The relatively low values
could originate from the downsizing process for small-sized
crystalline silicon solar cells, which might induce microstruc-
tural defects including microcracks and elevated interfacial
contact resistance, potentially compromising device perfor-
mance relative to standard commercial modules. After anneal-
ing at 90 °C, the efficiency of the devices generally decreased.
For the pristine PQDs/EVA, the efficiency even decreased by
0.23% (0.11% on average) compared to the reference device.
However, the devices with APTES-modified PQDs/EVA compo-
site films still exhibited enhanced efficiency compared to the
reference. The optimal performance was still observed with the
10 pL APTES film, with an efficiency increase of 0.81% (0.68%
on average) compared to the reference device, although this
was a small decrease compared to the non-annealed device.
Based on the characterization results of composite films
before and after annealing, it was found that a concentration of

This journal is © The Royal Society of Chemistry 2025
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Table 1 The photovoltaic parameters of devices with different composite films

Reference devices

Devices with composite films

Devices with composite films beyond 90 °C

Voe (V) Jse (MA ecm™2) FF (%) PCE (%) Ve (V) Joe (MA cm™2) FF (%) PCE (%) Agsr (%) Voe (V) Jse (MA cm™2) FF (%) PCE (%) Aggr (%)

Pristine PQDs 0.62  34.49 61.53 13.21 0.62 35.66
3 uL APTES 0.61 34.38 62.63 13.21 0.62 35.80
5 uL APTES 0.62 33.76 61.20 12.75 0.62  35.05
10 pL APTES 0.61  32.00 63.88 12.54 0.62  33.59
30 uL APTES 0.61 33.84 61.18 12.67 0.62 35.18

10 pL mL ™" APTES additive appeared to be optimal. Therefore, to
explore the composite film performance under more stringent
conditions, the 10 pL mL ™! APTES concentration was selected for
the experimental group. As shown in Fig. 7a and b, for the pristine
PQDs/EVA composite films, the PL peaks almost disappeared
after 1 hour of annealing at 140 °C. This indicates that pristine
CsPbBr; PQDs could not withstand the common photovoltaic
adhesive encapsulation temperatures encountered in industrial
production. In contrast, the APTES-modified PQDs/EVA compo-
site films retained approximately 75% of their initial fluorescence
intensity. For the films subjected to UV exposure (Fig. 7c and d),
the pristine PQDs/EVA composite films exhibited weakened and
asymmetric fluorescence. As reported,’ CsPbBr; undergoes
photodegradation under light, where Br~ ion dissociation leads
to aggregation, defect formation, and trap states. APTES modifica-
tion significantly suppressed this degradation trend. Regarding

This journal is © The Royal Society of Chemistry 2025

62.28 13.84 0.63 0.62  34.08 61.28 12.98 —0.23
62.53 13.92 0.70 0.62 36.23 60.66 13.62 0.41
62.17 13.55 0.80 0.62 35.04 61.91 13.39 0.64
64.96 13.54 1.00 0.62  33.00 65.20 13.35 0.81
61.94 13.53 0.86 0.62 33.70 62.86 13.06 0.22

water immersion (Fig. 7e and f), although the perovskite is
inherently sensitive to moisture,’® the EVA encapsulation effec-
tively prevented water molecule penetration into the composite
film. Consequently, no significant fluorescence quenching was
observed upon water immersion.

The operational stability of silicon solar cells coated with
either PQD/EVA or PQDs@APTES (10uL)/EVA was also evalu-
ated under continuous illumination and heating (Fig. 8). After
192 hours of illumination, the device efficiency increased by
only 0.32% for PQD/EVA, compared to a 0.73% increase for the
PQDs@APTES/EVA device. Similarly, after 192 hours of contin-
uous heating, the efficiency decreased by 0.24% for PQD/EVA,
whereas the PQDs@APTES/EVA device exhibited a 0.58%
increase. These results further confirm the enhanced thermal
stability and photostability imparted by APTES modification to
the composite films.
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Conclusions

In this study, we successfully developed a composite luminescence
down-shifting film with both high efficiency and exceptional ther-
mal stability by employing 3-aminopropyltriethoxysilane (APTES) as
a direct capping agent for CsPbBr; perovskite quantum dots.
Experimental characterization and theoretical calculations revealed
that the strong interaction between APTES and CsPbBr; PQDs
effectively suppressed PQD aggregation under high-temperature
conditions. Simultaneously, the robust bonding between APTES
and ethylene-vinyl acetate (EVA) copolymer chains increases the
transparency of the composite film. When applied to commercial
crystalline silicon solar cells, the optimized CsPbBr; PQD/EVA
composite film achieved an absolute efficiency enhancement of
1.00%, retaining a 0.81% improvement even after annealing at
90 °C for 3 hours. In contrast, the film without APTES exhibited a
reduced efficiency under identical heating conditions, underscoring
the critical role of APTES in stabilizing the PQDs. The composite
film modified by APTES also presented better performance under
more stringent conditions, such as high temperature, moisture, UV
light, and long-term illumination/heating. This work provides a
reliable solution to improve the high-temperature stability of PQD-
based down-shifting films and validate their practical application
potential in commercial silicon solar cells, opening a promising
avenue for advancing photovoltaic efficiency through stable and
scalable luminescence down-shifting technologies.
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