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Abstract

Luminescent solar concentrators (LSCs) are pivotal in advancing building-integrated photovoltaics
(BIPV), effectively capturing solar energy through windows to promote zero-emission buildings.
Quantum dots (QDs) are promising candidates for LSC applications, but conventional QDs
containing heavy metals (Pb, Cd) face toxicity-related limitations. Thus, development of toxic heavy
metal-free QDs is crucial. AgIinS, QDs offer a promising alternative; however, achieving high
photoluminescence (PL) quantum vyield (QY) remains challenging due to non-radiative surface
defects that limit radiative recombination. In this study, we synthesized stoichiometric AgIinS, QDs
(PLQY 66%) via the hot-injection method and passivated with ZnS shells to form AgInS./ZnS
core/shell QDs. Optimization of the shell precursor concentration and growth temperature enhanced
the PLQY to a maximum of 80.7% at a 1:1 core:shell ratio and 180 °C shell growth temperature. This
is among the highest reported PLQY values for tetragonal AgInS,/ZnS QDs. Transmission electron
microscopy (TEM) revealed spherical QDs with narrow size distributions (5.4+1.9 nm), and X-ray
diffraction (XRD) verified crystallinity and phase purity. X-ray photoelectron spectroscopy (XPS)
confirmed successful ZnS shell incorporation. Upon ZnS shell formation, AgInS, QDs exhibited a
blue-shifted PL emission peak, caused by the reduction in core QD size due to Zn** induced surface
etching. These results highlight that ZnS shell effectively suppresses non-radiative surface trap
states, enhancing radiative recombination and positioning AgInS,/ZnS QDs as highly efficient, heavy
metal-free QDs for LSCs and other optoelectronic applications.
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1. Introduction

Photovoltaics is a promising technology to address the energy crisis and environmental concerns by
optimally utilizing solar energy. Building integrated sunlight harvesting with luminescent solar
concentrators (LSCs) provides a simple and cost-effective approach for utilizing solar energy using
windows for electricity generation. Colloidal semiconductor quantum dots (QDs) are promising
candidates for LSC applications. Among these, ternary AgInS, QDs are particularly promising
because of their toxic heavy metal-free composition. However, the practical use of AgIinS, QDs is
often limited due to low photoluminescence (PL) quantum vyield (QY) primarily caused by non-
radiative surface defects, highlighting the need for effective surface passivation strategies. Surface
passivation using wide-bandgap shells, such as ZnS, has emerged as an effective strategy to
enhance PLQY by mitigating surface trap states. In this study, we synthesized stoichiometric AgInS,
QDs using the hot injection method and subsequently passivated them with ZnS shells to form
core/shell QDs. Transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), energy-dispersive X-ray spectroscopy (EDS), and Fourier-
transform infrared (FTIR) spectroscopy were used to elucidate the structural, chemical, and surface
properties of the QDs. The optical and PL properties were investigated, focusing on the effects of
shell formation on absorbance, PL emission, and PLQY. We optimized the ZnS precursor
concentration and shell growth temperature and achieved a PLQY of 80.7%, which is among the
highest reported for AgInS./ZnS QDs.

2. Experimental

2.1 Materials
Silver nitrate (AgNQO3, 99.9995%, metals basis), Indium (lll) acetate (In(Ac)s, 99.99%, metals basis),
sulfur (S, 99.99%, powder), zinc stearate (Zn(St).), 1-octadecence (ODE, technical grade, 90%),
trioctylphosphine (TOP, 97%), 1-dodecanethiol (DDT, 98%), n-Hexane (298.5%), toluene (298.5%),
and ethanol (298.5%) were purchased from Sigma-Aldrich.

2.2 Synthesis of AgInS, QDs
First sulfur anion precursor was prepared with S (0.6 mmol), DDT (2.0 mL), and ODE (2.0 mL), in a
25 mL 3-neck flask and heated at 70-C for 1 h under vacuum until sulfur was fully dissolved, forming
a colourless solution. The metal cation precursor was prepared using AgNO3 (0.4 mmol), In(Ac)s; (0.4
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mmol), DDT (2.0 mL), and 1-ODE (5 mL), in a 50 mL 3-neck flask and heated at 80-C for 1 h under
vacuum. Then, the mixture was heated under N; flow, up to 180-C and the anion precursor was
injected dropwise into the flask. Then, the reaction was kept for 0.5 h for the growth of QDs.
2.3 Synthesis of AgInS,/ZnS core/shell QDs
The ZnS shell precursor was prepared with Zn(St)2 (0.4 mmol), S (0.4 mmol), and TOP (1 mL), in a
25 mL 3-neck flask and heated at 120°C under N2 for 1 h. The shell precursor was injected dropwise
into the core QD solution without further purification. The reaction was kept for 0.5 h at a designed
temperature to form the ZnS shell. The ZnS shell formation was optimized by varying the Zn(St)2
and S moles (0.1, 0.2, 0.4, 0.6, and 0.8 mmol) and the shell growth temperature (160°C, 180°C and
200°C). The resultant core/shell QDs were purified three times by the precipitation/redispersion
(ethanol/hexane) method, and the purified QDs were stored in a toluene solution for characterization.
2.4 Characterization

A JEOL 2100F transmission electron microscope (TEM) was used to obtain the TEM images. The
particle size was determined using ImagedJ software (version 1.54k, National Institutes of Health,
USA). Melvern Panalytical Empyrean X-ray diffractometer was used to obtain the X-ray diffraction
(XRD) pattern. X-ray photoelectron spectroscopy (XPS), and high-resolution XPS (HR-XPS) were
conducted by VG ESCALAB MK2 system with monochromatized K-a, Thermo Scientific, UK
spectrometer, using Si substrate. Energy-dispersive X-ray spectra (EDS) were obtained using
phenom XL benchtop SEM. Fourier-transform infrared spectra (FT-IR) were obtained from JASCO
FT/IR-4700 FTIR Spectrometer. Optical absorbance spectra were obtained from UV-3600i Plus
Shimadzu UV-VIS-NIR Spectrophotometer. Photoluminescence (PL) spectra were obtained from
FLS980 Edinburgh instruments fluorescence spectrometer, and PLQY was obtained using the
integrating sphere (excitation at 450 nm).

3. Results and Discussion

3.1 Shell Optimization
The photoluminescence (PL) properties of AginS, QDs are strongly influenced by non-radiative
surface defects. In particular, defect states such as Ag vacancies (Vag~), S vacancies (Vs*') and In
antisites (Inag?*) introduce trap states that act as non-radiative recombination centers, thereby limiting
the PLQY."® The as-synthesized AgInS, QDs in this study exhibited a PLQY of 66%. To mitigate
these losses, ZnS shells were grown to passivate surface defects, and the influence of shell
precursor concentration and shell growth temperature was systematically examined (Figure 1). At
160 °C, the maximum PLQY of 76.7% was achieved at a core:shell molar ratio of 1:1.5, indicating
more effective passivation at higher precursor concentrations. However, excessive Zn?*
incorporation at elevated temperatures may promote the formation of thicker shells, potentially
introducing additional non-radiative centers that offset the PLQY improvement. This effect was
evident at 200 °C, where the highest PLQY (72.7%) was obtained with a lower precursor ratio of
core:shell 1:0.5, suggesting that excessive Zn precursor under high-temperature conditions may
have introduced new surface defects and non-radiative pathways. The optimum PLQY was achieved
at 180 °C, yielding a maximum value of 80.7% at a core:shell ratio of 1:1. Notably, this is among the
highest reported PLQYs for AgInS.,/ZnS core/shell QDs. To gain further insight, comparative
characterization was performed between the AgInS, core QDs and the optimized AgInS,/ZnS
core/shell QDs.
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Figure 1. Variation of PLQY of AgInS2/ZnS QDs with shell concentration and temperature
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3.2 Structural and Morphological Characterization

TEM analysis was conducted to evaluate the size and morphology of AgInS, and AgInS,/ZnS QDs.
The TEM images confirmed that the QDs were spherical with a homogeneous size distribution
(Figure 2(a,b)). The average particle size of 5.0£1.3 nm of the AgInS, core QDs increased to 5.4+1.9
nm in AgInS,/ZnS core/shell QDs. According to the XRD spectra (Figure 2(c)), the AgIinS, QDs,
peaks were observed at 26 values of 26.8°, 44.7°, and 52.7°, corresponding to (112), (204), and
(312) planes of AgInS, tetragonal crystal structure.*> Upon shelling these peaks shifted towards
higher 26 values (27.2°, 45.8°, and 53.9°), shifting towards cubic ZnS crystal structure®, following
Vegard’s law. The absence of distinct ZnS diffraction peaks indicates that no separate ZnS phase
was formed, thereby confirming the successful growth of the ZnS shell on AgInS, cores rather than
the formation of a physical mixture of AgInS, and ZnS QDs. Our results align with previously reported
literature, which also reports 26 shifting towards higher angles with ZnS shelling.”° The absence of
impurity phases further confirms the crystallinity and purity of both AgInS, and AgInS,/ZnS QDs.
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Figure 2. (a) TEM images of AgInS, and (b) AgInS,/ZnS QDs, (c) XRD spectra of AgInS, and
AgInS,/ZnS QDs

3.3 Chemical Composition analysis
The composition of the QDs was determined using XPS analysis. The XPS survey scan is shown in
Figure 3(a). This confirmed the presence of Ag, In, and S elements in AgInS, QDs. Notably, Zn
peaks were detected exclusively in the AgInS2/ZnS core/shell QDs, indicating successful shell
formation. The HR-XPS for the principal elements Ag, In, S, and Zn are presented in Figures 3(b),
(c), (d), and (e), respectively. Considering the Ag HR-XPS spectra, two distinct peaks were observed
at 368.4 eV (Ag 3dsp) and 374.4 eV (Ag 3ds2), with a spin orbital separation (A) of 6 eV,
corresponding to the Ag 3d binding energies of Ag* bonded to S in AgInS,."%'* The HR-XPS of In
also showed two distinct doublet peaks at 444.9 eV (3ds;2) and 452.5 eV (3ds), with a spin orbital
separation of A=7.6 eV, confirming the presence of In*® oxidation state bonded to S in AgInS,."%-"4
The S 2p HR-XPS spectrum consisted of an envelope comprising S 2ps» (162.0 eV) and S 2p1p
(163.2 eV) components, indicating the bivalent S?- oxidation state, attributed to Ag- and In- bonded
sulfur as sulfides in tetragonal AgInS,."%-"® The HR-XPS spectrum of Zn 2ps, at 1021.8 eV, indicates
the presence of Zn?*, in the divalent oxidation state, confirming the chemical bonding with S, and
successful incorporation of the ZnS shell. Considering the core QDs, the elemental compositions of
Ag, In, and S were obtained to be 4.4%, 4.5% and 9.5% respectively, which aligned with the expected
stoichiometry for AgIinS; QDs.

EDS analysis was also performed to further verify the chemical composition of the QDs (Figure
3 (f, g)). The EDS results revealed an Ag:In:S atomic ratio of 1.0:1.0:2.1, further supporting the
successful synthesis of stoichiometric AgInS, QDs. For the core/shell QDs, the elemental ratio
Ag:In:Zn:S was 0.5:1.0:0.6:2.6. The reduced elemental ratio of Ag is attributed to the etching of
surface Ag* ions by Zn?" ions during the ZnS shelling process, indicative of a cation exchange
mechanism. These observations suggest possible formation of an alloyed Ag—In-Zn-S interfacial
layer, which is subsequently followed by the epitaxial growth of the ZnS shell. The EDS and XPS
results collectively confirm the successful synthesis of stoichiometric AgInS, QDs and AgInS2/ZnS
core/shell QDs with the expected oxidation states and corresponding chemical bonds.

To confirm the presence of the ligand 1-dodecanethiol (DDT) on the QDs, FTIR spectra of the
QDs were scanned in the mid-infrared region and compared with pure DDT as shown in Figure 3(h).
The intense narrow bands at 2924 cm™ and 2855 cm™" were associated with the symmetric and
asymmetric stretching vibrations of methylene —CH.— in the alkyl chains, respectively. The band at
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1465 cm™" was from the symmetric bending vibration of the —CH3 group and the band at 719 cm™’
corresponded to the thiol group in DDT." These findings verify the successful formation of AgIinS;
and AgInS2/ZnS QDs with DDT ligands.
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Figure 3. AgInS, and AgInS,/ZnS QDs (a) XPS surface spectra, High-resolution XPS spectra of (b)
Ag, (¢) In, (d) S, and (e) Zn, EDX spectra of (f) AgInS,, (g) AgInS,/ZnS QDs, (h) FTIR spectra.

3.4 Optical and Photoluminescence properties

To investigate the optical and photoluminescence properties of the QDs, the absorbance and PL
emission spectra were obtained (Figure 4). A prominent shoulder-like feature observed in the
absorbance spectra corresponds to the first excitonic peak of the QDs, representing the HOMO-
LUMO transition.® The first excitonic peak of the AgInS, QDs (459 nm) exhibited a blue shift to 437
nm after ZnS shell growth. Similarly, the PL emission peak shifted from 660 nm in AgInS, QDs to
628 nm in AgInS,/ZnS QDs. Such blue shifts are observed upon Zn?* incorporation, which induces
cation exchange and core QD size shrinkage.'” This effect is primarily attributed to the reduction in
the size of the AgInS, core during the ZnS shelling process. Specifically, cation exchange occurs as
Zn?* ions diffuse into the AgInS, lattice, replacing Ag* ions and leading to the etching of Ag* ions
from the core surface.® Xue's research group synthesized AgInS,-ZnS heterodimers and observed
that the PL peak of AgInS, exhibited a progressive blue shift with increased reaction time with ZnS,
indicating that enhanced diffusion of Zn into the AgInS, structure resulted in a more pronounced blue
shift.* Li et al. have also reported a blue shift with ZnS shelling, and increased shell thickness has
led to obvious higher blue shifts.®

The photoluminescence emission of AgInS; is primarily attributed to the radiative
recombination from donor-acceptor pair (DAP) recombinations.'®'® These energy states are
prominently Ag-related sub bandgap states that are associated with defects such as Ag interstitials,
vacancies, and antisite defect states.?° These DAP states are lower in energy, and the large energy
gap between these states and the first excitonic peak results in a significant Stokes shift. We report
a high Stokes shift of 201 nm for AgInS, QDs and 190 nm for AgInS2/ZnS QDs.
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Figure 4. Absorption (dashed lines) and PL emission (solid lines) spectra of AgInS, and
AgInS,/ZnS QDs with photographs under UV illumination.
4. Conclusion
This study demonstrates the successful synthesis of stoichiometric AgInS, QDs and their surface
passivation with ZnS shells to form core/shell QDs, achieving a PLQY of 80.7%, among the highest
reported for tetragonal AgInS,/ZnS QDs. Structural and chemical analyses confirmed spherical
morphology, high crystallinity, and successful ZnS shell incorporation. The ZnS shell efficiently
passivated surface defects, resulting in enhanced photoluminescence and blue-shifted excitonic and
PL emission peaks. These findings underscore the critical role of ZnS passivation in optimizing the
PLQY of AgInS,/ZnS QDs and establish a robust strategy for designing highly emissive, heavy
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metal-free quantum dots, paving the way for their integration into next-generation optoelectronic
applications.
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