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Heterostructure seed-mediated synthesis of zinc
phosphide quantum dots for bright band-edge
emissiont

Ju ho Kim,? Hyekyeong Kwon,? Myoungho Jeong® and Jiwon Bang () *

This study explores the synthesis of colloidal zinc phosphide quantum dots (QDs) by a novel In(Zn)P
cluster seed-mediated approach, addressing the challenge of achieving low-cost, high-quality, nontoxic
QDs suitable for optoelectronic applications. By intentionally limiting the amount of In precursor added
to a hot solvent containing Zn and P precursors, In-rich In(Zn)P cluster seeds were formed. Subsequently,
these clusters served as seeds for the growth of zinc phosphide nanocrystals, effectively using the
remaining Zn and P precursors for further crystal growth. The synthesized QDs exhibited a tetragonal-like
ZnzP, structure and exceptional optical properties, including band-edge photoluminescence (PL) emis-
sion under ambient conditions. A ZnS shell was applied to further enhance the PL intensity, achieving a PL
quantum yield of 40% and an average PL decay lifetime of 74 ns, while significantly improving the stability
of the QDs. Temperature-dependent PL spectroscopy revealed significant resistance to thermal quench-
ing with an exciton dissociation energy of 62 meV, underscoring the potential of this approach for advan-
cing the field of optoelectronics. This method provides a pathway to fabricate zinc phosphide-based QDs
with controlled optical properties and highlights the effective use of earth-abundant materials in the
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Introduction

Colloidal quantum dots (QDs) have garnered considerable atten-
tion in the field of optoelectronics owing to their unique optical
properties, which can be tuned with the size, shape and compo-
sition of the QDs." Although Cd-chalcogenide and Pb-halide per-
ovskite QDs have excellent optical properties in the visible range,
their toxicity restricts their practical applications. As an alterna-
tive, heavy-metal-free InP-based QDs have been extensively
studied owing to their excellent light emission properties, includ-
ing intense and stable emissions with narrow bandwidths in the
visible spectral range. These QDs have already been integrated as
down-converting phosphors in displays and are being considered
for other applications, such as biomedical imaging and
sensors.>> However, the scarcity and high cost of In pose chal-
lenges to the widespread use of InP-based QDs, driving the
search for more sustainable alternatives.

Binary zinc phosphide crystals exist in various compounds
such as Zn;P,, ZnP,, and ZnP,, with tetragonal-Zn;P, being
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development of environmentally benign photonic materials.

the most stable phase under zinc-rich conditions among the
various Zn-P compounds with polymorphs.®” Tetragonal-
Zn;P,, an earth-abundant semiconductor characterized by a
large optical absorption coefficient,® an ideal direct bandgap
of 1.5 eV suited for solar light harvesting, and a long minority
carrier diffusion length (up to 10 um),>'® which enables
effective responses to visible and near-infrared light. Thus,
Zn;P, has emerged as a promising candidate for opto-
electronic applications, particularly as a photovoltaic
material.'* In addition to the light-absorbing capabilities of
Zn;P,, quantum-confined Zn;P, nanoparticles with controlled
sizes can emit across the visible spectral range. However, the
synthesis of nanosized colloidal Zn;P, QDs is associated with
considerable challenges. The process requires burst nucleation
and subsequent crystal growth under high-temperature pyrol-
ysis, which is critical for controlling the QD size and enhan-
cing its optical properties.’>'* Furthermore, the limited avail-
ability of suitable precursors and challenges in managing the
colloidal synthesis process often result in QDs with subopti-
mal excitonic absorption and emission properties.

Dialkyl zinc, the commonly used Zn source for preparing
Zn;P, QDs via the organometallic route,""'*™*® is highly pyro-
phoric, explosive, and costly. This highly reactive zinc precur-
sor is difficult to control, does not produce reproducible
results, and is prone to rapid deactivation via oxidation.'”
Alternatively, zinc carboxylates have been studied as precur-
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sors; however, converting highly stable Zn-P molecular inter-
mediates into monomers is challenging, which hinders their
ability to enter the burst nucleation step.>>** Additionally, they
have yet to yield high-quality QDs with the desired emission
properties,'® leaving scope for further research and develop-
ment in this area. To the best of our knowledge, previous
studies have not reported band-edge-like emissions for col-
loidal Zn;P, QDs; instead, they have demonstrated large Stokes
shifted emissions with low (<5%) emission quantum yields
(QYs),'*'¥2° which further limits their practical applications.

Conversely, in the synthesis of colloidal InZnP alloy QDs,
when both Zn and In cationic precursors are reacted with tri-
methylsilyl phosphine (TMS-P), the QDs typically exhibit an In-
rich core with zinc predominantly on the surface,>' > owing to
the higher reactivity of In to form the InP lattice than for the
Zn;P, lattice formation.>* Inspired by this methodology, we
adopted a novel approach using InP cluster seeds to facilitate
the growth of Zn;P, QDs. We reacted Zn and P precursors with
a small amount of In precursor at a high temperature (approxi-
mately 270 °C). By precisely controlling the precursor concen-
trations and ratios, In precursors were rapidly consumed
during the nucleation stage to form In(Zn)P cluster seeds. This
was followed by the growth of Zn;P, QDs, as residual Zn and P
precursors were deposited on the InP seed template at a high
growth temperature, resulting in high-optical-quality Zn;P,
QDs. The In(Zn)P seed-mediated synthesis of ZnzP, QDs
resulted in exceptional optical properties, including band-edge
photoluminescence (PL) emission under ambient conditions.
Furthermore, the shelling of Zn;P, QDs with ZnS improved the
PL QYs by approximately 40% and enhanced the stability of
the QDs with resistance to thermally induced PL quenching,
marking a significant advancement in the field of opto-
electronic materials.

Experimental

Materials

Zinc acetate (Zn(OAc),, 99.99%), indium acetate (In(OAc)s,
99.99%), palmitic acid (PA, >99%), and 1-octadecene (ODE,
90%) were purchased from Merck. S-pieces (99.5% purity) were
purchased from Alfa Aesar. Oleylamine (OAm, >50%) and oleic
acid (OA, >85%) were purchased from Alfa Aesar. Tris(tri-
methylsilyl)phosphine ((TMS);P, >98%) was supplied by JI-
tech, Korea. Trioctylphosphine (TOP, 97%) was purchased
from Strem Chemicals. All chemicals were used as received.

Synthesis of the In(Zn)P-Zn;P, QDs

In a 50 ml three-necked round-bottom flask, 0.8 mmol of Zn
(OAc),, 0.08 mmol of In(OAc);, and 1.8 mmol of PA were dis-
solved in a mixture of 9 ml ODE and 0.2 ml OAm. The reaction
flask was degassed at 120 °C for 2 h. The temperature was then
raised to 270 °C under a nitrogen atmosphere, and 0.16 mmol
of (TMS);P in 1 ml of TOP solution was rapidly injected into
the flask. The solution was annealed at this temperature until
In(Zn)P-Zn;P, QDs of the desired size were formed. After being
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cooled to room temperature, the QDs were purified via cen-
trifugation in a mixture of methyl acetate and ethanol (5:5
ratio) and redispersed in chloroform and hexane for optical
and structural analyses, respectively.

Synthesis of the In(Zn)P-Zn;P,/ZnS QDs

Preparation of ZnS precursors. Zinc-oleate (Zn(OA),) stoke
solution was prepared as follows. In a mixture of 32 mmol OA
and 40 ml of ODE, 16 mmol Zn(OAc), was dissolved. The
mixture was degassed at 110 °C for 3 h, after which the atmos-
pheric gas was replaced with nitrogen. The mixture was then
heated to 250 °C and maintained at this temperature for 2 h
before being cooled to 80-100 °C.

TOP-S stock solution. In 5 ml of TOP in a nitrogen gas-filled
glove box at room temperature, 5 mmol of sulfur pieces was
dissolved.

Synthesis of the In(Zn)P-Zn;P,/ZnS QDs

In a 50 ml three-necked round-bottom flask, purified In(Zn)
P-Zn;P, QDs (approximately 5 mg) in chloroform were mixed
with 0.8 mmol of Zn(OA), and 4 ml of ODE. The mixture was
degassed at 100 °C for 2 h. The atmosphere was then replaced
with nitrogen, and the temperature was raised to 300 °C.
Subsequently, 1 ml of the TOP-S stock solution was added
dropwise for 30 min, followed by additional annealing of the
reaction solution at the same temperature for 30 min.

Characterization

Ultraviolet-visible (UV-vis) and PL spectra were obtained using
a Thermo Scientific UV-Vis spectrophotometer (Genesys 180)
and Ocean Optics spectrometer (HR2000+), respectively.
Absolute PL QYs were measured using an Otsuka QE 2000
instrument. Time-resolved PL measurements were performed
using the time-correlated single-photon counting (TCSPC)
technique. A picosecond pulsed 405 nm laser source
(PicoQuant, LDH-P-C-405B) was used as the excitation source;
emission photons were captured using a photon-counting
photomultiplier tube (PMA 192, PicoQuant), and data proces-
sing was performed using the SPC-130 TCSPC module
(PicoQuant, PicoHarp 300). X-ray diffraction(XRD) measure-
ments were performed using a Smartlab (Rigaku) instrument
with an X-ray source wavelength of 1.5412 A. Computational
XRD patterns were obtained using the Materials Project (MP)**
database version (v2024.05.02.) Transmission electron micro-
scope (TEM) images were acquired using a Thermo Fisher
Scientific FEI (Talos F200X) instrument capable of accelerating
voltages of up to 200 kV. X-ray photoelectron spectroscopy
(XPS) was performed using a PHI Versa Probe II (ULVAC-PHI)
equipped with an Al Ko source. Temperature-dependent PL
characterization was conducted using an open-cycle cryostat
(ST-100, Janis) connected to a Hitachi spectrofluorometer
(FS-2). Fourier-transform infrared (FTIR) spectra were obtained
using a Vertex 80 V/Hyperion 2000. 'H nuclear magnetic reso-
nance (NMR) spectra were acquired using a 400 MHz Bruker
AVANCE IIT HD.

Nanoscale, 2024, 16,17984-17991 | 17985


https://doi.org/10.1039/d4nr02524e

Published on 14 1403. Downloaded on 09/11/1404 11:08:31 ..

Paper

Results and discussion

The Zn;P, colloidal QDs were synthesized using an In(Zn)P
cluster seed-mediated approach. This involved the injection of
a TMS-P precursor into a solution containing Zn-palmitate and
In-palmitate precursors 270 °C, while maintaining a Zn:In
molar ratio in excess of 10 (Fig. 1). Notably, the formation
enthalpy of the InP lattice (—88.7 kJ mol™") is significantly
lower than that of the ZnsP, lattice (—=31.6 kJ mol™").>* This
substantial difference in enthalpy, coupled with the higher
reactivity of the molecular In-P intermediates compared with
the Zn-P intermediates,*"*® ensures that the injected P precur-
sor predominantly forms InP clusters via these molecular In-P
intermediates. In contrast, the more stable Zn-P intermediates
cannot convert to monomers with a sufficient concentration
above the supersaturation level, despite the excess of Zn
cations. This reaction leads to the immediate formation of tiny
metal pnictide clusters with a predominant composition of In
over Zn, referred to as In(Zn)P clusters,”” which serve as the
seeds for Zn;P, crystal growth. We carefully controlled the pre-
cursor concentrations to promote Zn;P, crystal growth while
inhibiting the expansion of In(Zn)P crystals on the cluster
seeds. Our synthesis conditions, characterized by a relatively
low concentration of the In cation precursor in the reaction
vessel, primarily led to consumption of the In precursor
during the initial stage of cluster seed formation. This approach
effectively limited the transformation of cluster seeds into In
(zn)P QDs owing to a deficiency in the residual In precursor and
an excess of the palmitate ligand. This finding was supported by
control experiments conducted in the absence of the Zn precur-
sor with all other parameters held constant. Following the injec-
tion of the P precursor into the solution containing In precursor
at 270 °C, an absorption band below 400 nm emerged, indicat-
ing InP cluster formation.>® However, despite subsequent
annealing at high temperatures, the absorption peak did not
significantly shift into the visible range, suggesting a blockade
of InP cluster growth or agglomeration into InP QDs under syn-
thetic conditions characterized by a lower concentration of In
precursor with a higher concentration of palmitic acid
(Fig. S1at). The coexistence of the preformed In(Zn)P cluster
seeds with a sufficient quantity of Zn and P precursors in the
reaction vessel facilitated Zn;P, crystal growth on the In(Zn)P
cluster seeds.
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Fig. 1 Schematic of the In(Zn)P seed-mediated synthesis process for
ZnzP, QDs using In precursor as a limiting agent and the subsequent
overgrowth of the ZnS shell.
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Fig. 2a illustrates the temporal evolution of the UV-vis
absorption spectra of the Zn;P, QD growth solution. Upon
cooling to room temperature, aliquots of the reaction solution
became turbid, presumably because of the presence of undis-
solved organic side products, which introduced a scattering
background signal in the UV-vis spectra, as indicated by the
absorption spectra in Fig. 2a. Despite this, the band-edge tran-
sitions of the aliquot samples were discernible over the scatter-
ing background. The band-edge absorption peak first appeared
at 410 nm after the injection of the P precursor and gradually
shifted to 480 nm upon annealing the solution for 5 min. This
shift indicated the growth of Zn;P, QDs on the In(Zn)P cluster
seeds. In control experiments devoid of the In precursor,
where the P precursor was introduced into a hot solvent con-
taining only Zn-palmitate, the formation of Znz;P, QDs or
Zn;P, clusters® was not observed (Fig. S1bt). This observation
suggests that the Zn-P molecular intermediates**** do not
convert into a sufficient concentration of reactive monomer
species to reach the supersaturation level, thereby failing to
enter the burst nucleation phase. This finding emphasizes the
necessity of a seed particle, i.e., the In(Zn)P cluster in this
study, for the formation of Zn;P, QD. Although Zn and P pre-
cursors alone cannot form the nuclei seed, they facilitate the
growth of Zn;P, crystals onto the In(Zn)P seed. The QDs,
showing a 480 nm band-edge transition peak, exhibited strong
quantum confinement effects because of their minute size, as
evidenced by their absorption peak compared to the bulk
Zn;P, bandgap of 830 nm. Small-sized In(Zn)P-Zn;P, (seed-
core) QD samples tended to oxidize under ambient conditions,
particularly during purification. This susceptibility to oxi-
dation presents challenges for further optical and structural
characterization. Moreover, no detectable emission was
observed from the QDs. Hence, we prepared another batch of
In(Zn)P-Zn;P, QDs under identical experimental conditions,
extending the reaction time to ensure sufficient growth of the
Zn;P, phase. For this batch, the growth solution was allowed
to proceed for an extended period with minimal interruption,
such as avoiding aliquot extraction from the inert reaction
vessel at high temperatures to suppress oxidative layer for-
mation during growth. Following the injection of the P precur-
sor into the reaction vessel, the color of the solution transi-
tioned to a yellowish-orange, which gradually turned to a
reddish hue upon annealing at 270 °C. Fig. 2b presents the
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Fig. 2 (a) Temporal evolution of the UV-vis absorption spectra of the In
(Zn)P seed-mediated Zns;P, QD growth solution during annealing at
270 °C up to 5 min. (b) UV-vis absorption spectra and (c) corresponding
PL spectra of aliquots taken from the growth solution at 270 °C over
extended periods up to 120 min.
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absorption and PL spectra of the QD samples in the growth
solution. For optical analysis, crude aliquots were purified
using methyl acetate as an antisolvent to remove the side pro-
ducts. After 30 min of growth, the samples exhibited an
absorption onset at 600 nm, with a distinct band-edge absorp-
tion peak observed at approximately 520 nm. The absorption
peak of In(Zn)P-Zn;P, QDs shifted slightly to 530 nm after 2 h
of annealing. Notably, aliquots of the QD growth solution
demonstrated symmetrical PL emission spectra, with the PL
peak gradually shifting toward red along with the absorption
features as the growth time was extended (Fig. 2c). In(Zn)
P-Zn;P, QDs synthesized using In(Zn)P cluster seeds as a tem-
plate maintained their optical properties under ambient air
exposure for several months. The In(Zn)P-Zn;P, QDs also pre-
served their colloidal stability over long periods. The surface
ligands of the QDs incubated over a year were characterized by
"H NMR and FTIR spectroscopy methods. Both X-type palmi-
tate and L-type OAm ligands were bound to the QD surface,
with the palmitate ligand being the dominant species on the
surface (Fig. S21).
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Structural examination of In(Zn)P-Zn;P, QDs, with an
absorption peak at 530 nm, was performed using TEM and
XRD (Fig. 3). The QDs had a quasi-spherical shape with an
average diameter of 2.65 + 0.42 nm, based on measurements
from 80 individual QDs (Fig. 3a). Energy-dispersive X-ray spec-
troscopy (EDS) (Fig. S31) confirmed that the atomic ratio of
Zn:In in the In(Zn)P-Zn;P, QDs was 6.25:1, indicating the
predominance of Zn cations rather than In cations in the com-
position of the QDs. Elemental analysis of surface-level
elements by XPS also confirmed the dominance of Zn over In
near the surface of the QDs (Fig. S4t). This finding contrasts
with observations by Pietra et al., who noted an InZnP alloy
structure without a dominant Zn;P, phase for QDs, where the
upper bound of the Zn/In ratio was 4, even when a feeding
ratio of Zn/In of 20 was employed.* In their study, the highly
reactive TMS-P precursor, which was used as a limiting agent,
led to the continuous consumption of the In precursor in com-
petition with an excess amount of Zn precursor during QD
growth, leading to InZnP alloyed structure. Conversely, in our
experiments, the amount of In precursor was intentionally
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Fig. 3 (a) TEM and (b) HRTEM images of In(Zn)P-ZnsP, QDs. The inset in (a) presents a size distribution histogram of the QDs. (c) Line-intensity
profiles extracted from individual QDs reveal several atomic planes, with lattice spacings of 0.32 nm and 0.30 nm indicated. (d) Powder XRD patterns

of In(Zn)P-ZnzP, QDs (blue) compared to control InZnP alloy QDs (black),

with the blue and black bars at the bottom representing the diffraction

patterns of bulk tetragonal ZnzP, (mp-2071) and cubic InP (mp-20351) structures, respectively.
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limited. This approach ensures that the In precursor, which is
more reactive than the Zn precursor, is mostly consumed
during the nucleation phase to form In(Zn)P clusters. These
clusters subsequently served as seeds for the growth of Zn;P,
crystals, effectively utilizing the remaining Zn and P precursors
for further crystal growth. The XRD profile of the In(Zn)
P-Zn;P, QDs showed broad diffraction patterns, which were
attributed to the presence of the In(Zn)P-Zn;P, heterostructure
and their small size and imperfect crystallinity (Fig. 3d). The
patterns did not reveal the cubic phase characteristics of InP
and also differed significantly from those of control InZnP
alloy QDs prepared using a similar method but with the Zn/In
ratio adjusted to 2. This indicates that the crystal growth on
the In(Zn)P seed in the reaction vessel is considerably different
from InZnP alloy QD growth. Given the aforementioned discus-
sion, an initially In-dominant In(Zn)P cluster seed was clearly
formed before Zn;P, QD growth. Previous study by Kwon et al.
indicated that Zn-incorporated InP magic-sized clusters prefer
a face-centered cubic (fcc) structure.”” We hypothesized that
although direct nucleation and growth of Zn;P, might be chal-
lenging, the preformed fcc phase of small In(Zn)P clusters
served as the seeds for the heteroepitaxial growth of the tetra-
gonal-like phase of Zn;P,.*"** The observed diffraction pat-
terns of the In(Zn)P-Zn;P, QDs were not fully resolved and
showed some discrepancies compared with those of bulk tetra-
gonal Zn;P,; this discrepancy may be ascribed to the small
physical size of 2.65 nm."*** Additionally, the grain size of the
Zn;P, phase should be smaller than the particle size of In(Zn)
P-Zn;P, heterostructured QDs. However, the XRD patterns of
the In(Zn)P-Zn;P, QDs showed peaks corresponding to the 26
reflection at 45° and the spread reflection between 50° and 60°
of the tetragonal Zn;P, structure. High-resolution TEM
(HRTEM) images further supported the crystallinity of the par-
ticles (Fig. 3b). The d-spacing measured in the individual crys-
talline QDs, identified as 0.32 and 0.30 nm, correspond to the
(202) and (212) planes, respectively, of the tetragonal Zn;P,
structure (Fig. 3c). Based on the Zn/In cation molar ratio of
6.25, as confirmed by EDS analysis, and assuming a cubic
phase for the initial InP seed and a tetragonal Zn;P, shell in
the QD, the seed diameter was estimated to be 1.56 nm for the
2.65 nm-sized QD. Consequently, the volume fraction of Zn;P,
to InP in the QDs was approximately 3.9, indicating a domi-
nant Zn;P, lattice composition in these QDs.

The crystalline Zn;P, QDs grown using the In(Zn)P seeds
demonstrated exceptional PL characteristics, closely overlap-
ping with the band-edge absorption energy range with sym-
metric features. (Fig. 2b and c) This contrasts the large Stokes
shift of approximately 200 nm typically observed in solely syn-
thesized Zn;P, colloidal QDs, which is often attributed to mid-
gap states®® or surface ZnO-induced indirect band gap emis-
sions.'® We hypothesized that crystal growth at high tempera-
tures (~270 °C) on the In(Zn)P seed efficiently suppresses elec-
tronic defect sites, and can access band-to-band radiative
recombination.’® The full width at half maximum (FWHM) of
the PL emission reached approximately 80 nm, which can be
primarily attributed to the broad size distribution of the QDs
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Fig. 4 PLE spectra of the In(Zn)P-ZnsP, QDs at various detection wave-
lengths, denoted by arrows in the corresponding PL spectrum (indicated
in brown). The black dotted line represents the absorption spectrum of
the ensemble of QDs.

in a strong confinement regime, accounting for 16%, as shown
in Fig. 2a. The band-edge excitonic excitation and radiative
relaxation process in subsets of the QD ensemble were further
explored by conducting photoluminescence excitation (PLE)
spectroscopy on the polydispersed In(Zn)P-Zn;P, QDs. The
PLE spectra obtained at varying detection energies (Fig. 4)
revealed distinctive band-edge transitions characteristic of the
monodispersed subsets of the sample. The excitonic peak
energies in the PLE spectra closely correlated with the detected
PL energies, indicating that the PL emission of the In(Zn)
P-Zn;P, QDs was driven by a band-to-band transition. The
broad band-edge PL feature in ensemble QDs results from size
inhomogeneities within the sample rather than from trap
state-involved relaxation processes that are commonly observed
in Zn-doped InP QDs.>"?*3>

Dangling bonds on the surface of bare In(Zn)P-Zn;P, QDs
can trap charge carriers, resulting in a diminished PL inten-
sity. Consequently, the PL QY of pristine QDs was less than
10%. Hence, to enhance their emission properties and photo-
chemical stability, a wide bandgap ZnS shell layer was de-
posited onto the Zn;P, QDs."® For this procedure, an organic
solution containing purified In(Zn)P-Zn;P, QDs and Zn-oleate
was heated to 300 °C. Subsequently, TOP-S, a sulfur source,
was added dropwise, followed by annealing at the same temp-
erature. The average particle size of the In(Zn)P-ZnzP, core
QDs, initially 2.65 + 0.45 nm, increased to 3.78 nm + 0.61 nm
after ZnS shell coating (Fig. 5a), indicating that approximately
1.8 monolayers of the ZnS shell layer were deposited. Fig. 5b
shows the optical absorption and PL spectra of the In(Zn)
P-Zn3P, core and In(Zn)P-Zn;P,/ZnS core/shell QDs. Both the
band-edge absorption and PL peaks exhibited a slight redshift
after ZnS shell coating, and the PL peak of In(Zn)P-Zn;P,/ZnS
was 593 nm. Although a wide bandgap ZnS shell layer was
coated onto the ZnzP, QDs, the conduction band-offset
between ZnS and Zn;P, was reduced after band alighment,*®
leading to a decreased optical bandgap as the wavefunction of
the strongly confined photoexcited electron extended into the
ZnS shell layer.?” The In(Zn)P-Zn;P,/ZnS core/shell QDs exhibi-

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nr02524e

Published on 14 1403. Downloaded on 09/11/1404 11:08:31 ..

View Article Online

Nanoscale Paper
) (c) .,
— | In(Zn)P-Zn,P,JZnS - Tave + 74.3 ns:In(Zn)P-Zn,P,ZnS
;_' In@n)P-Zn,P, ;; % 61.9 ns:In(Zn)P-Zn,P,
Zz | g
2 g
3 Eo0.
£ 1
2 | 2
E
p 2
Ke]
< 0.01 L
400 500 600 700 100 200
Wavelength (nm) Time (ns)
10 {un

(d)

PL intensity (a.u.)

26 24 22 20 1.8
Energy (eV)

(e)

o
©

=)
]

=]
=)

Peak intensity (a.u.)

100 150 200 250 300
Temperature (K)

Fig. 5 (a) TEM image and corresponding size distribution histogram of In(Zn)P-ZnsP,/ZnS core/shell QDs. (b) UV-vis absorption and PL emission
spectra and (c) time-resolved PL decay curves of bare In(Zn)P-ZnsP, core QDs (black) and In(Zn)P-ZnzP,/ZnS core/shell QDs (red). (d) Temperature-
dependent PL emission spectra, and (e) PL peak intensity changes of In(Zn)P-ZnzP,/ZnS core/shell QDs as a function of temperature, ranging from

78 K to 300 K.

ted brighter emission, with the PL QY reaching up to 40%, as
the ZnS shell layer effectively eliminated the surface trap states
of the ZnsP, core QDs. The PL decay profiles of the In(Zn)
P-Zn;P, and In(Zn)P-Zn;P,/ZnS core/shell QDs at room temp-
erature are represented in Fig. 5c. Both the QD samples exhibi-
ted PL decay signals extending into the hundreds of nano-
seconds range. However, in the case of the In(Zn)P-Zn;P, QDs,
the fast PL decay components were distinct, indicating non-
radiative relaxation of charge carriers. After ZnS shell passiva-
tion, the PL signal showed a smoothly continuing decay
profile, with no abrupt early-time decay following pulse exci-
tation. This sustained decay supported the hypothesis of
efficient radiative recombination over charge trapping. The
average PL decay lifetime of the In(Zn)P-Zn;P,/ZnS QDs, which
was calculated to be 74.3 ns, was determined by fitting the
decay profile to a biexponential decay function after deconvo-
lution with the instrument response function. The details of
the fit and resulting parameters are provided in the ESI
(Table S1%). The PL decay dynamics of colloidal Zns;P, nano-
structures have rarely been investigated. Previously, Miao et al.
described a broad emission (~200 nm FWHM) from colloidal
Zn;P, QDs with a ZnO thin-layer coating with a prolonged
emission decay and an average lifetime extending to ~400 ns,
which was attributed to trap-related emissions or a type-II het-
erojunction between Zn;P, and the surface oxide layer.
Conversely, our In(Zn)P-Zn3;P,/ZnS QDs demonstrated bright
emission with a narrower spectral width and faster PL decay
profile, confirming the interband radiative transitions of our

This journal is © The Royal Society of Chemistry 2024

QDs. To further analyze the PL properties of the QDs, we con-
ducted temperature-dependent PL measurements of the
InP-Zn;P,/ZnS core/shell QDs over a temperature range of
78-300 K. Fig. 5d displays the temperature-dependent PL
spectra of the Zn;P,/ZnO QDs. Typically, the interaction
between phonons and electrons, along with lattice expansion
at elevated temperatures, leads to a reduction in the effective
bandgap of bulk and nanocrystalline semiconductors as the
temperature increases.’®*° Consistent with this, the QD
sample exhibited a red-shift in the peak energy with increasing
temperature, aligning with the behavior of bulk Zn;P,, which
has a negative temperature coefficient (dEy/dT < 0).*"*?
Additionally, the interaction between excitons and both optical
and acoustic phonon modes became more pronounced at
higher temperatures, leading to broadening of the line width
of the QDs. As the temperature increased from 78 to 300 K, the
PL intensity of the QDs decreased by approximately 30%.
Temperature-dependent PL intensity changes are shown in
Fig. 5e. The data were well-fitted using a simple Arrhenius
model, as shown in eqn (1).

Iy
[(T) = ——— (1)
1+ AeksT

where I, is the intensity at 0 K, E, is the activation energy for
exciton dissociation, A is the pre-exponential coefficient, and
kg is Boltzmann’s constant.
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From the plot, E,, which reflects the energy required for the
dissociation of band-edge excitons into nonradiative recombi-
nation channels, was determined to be 62 meV. This E, value
is higher than the reported values for Cd- and In-based visible-
light-emitting  QDs, which typically range from
10-30 meV.*>***> The higher energy required for the dis-
sociation of bound excitons in the Zn;P,/ZnS QDs may imply
that the ZnS shell layer effectively protects the excitons within
the QD core, necessitating greater thermal energy for the
charge carriers to escape to the surface states.*®*” This results
indicate that the In(Zn)P-Zn;P,/ZnS QDs exhibit enhanced re-
sistance to thermally induced PL quenching. Moreover, the
exceptional PL properties of these QDs, achieved using both
an In(Zn)P seed template and a ZnS passivation shell, covered
the visible spectral range from 545 to 593 nm by varying the
size of the In(Zn)P-Zn;P, core (Fig. S57).

Conclusions

In this study, we successfully synthesized colloidal Zn;P,
based QDs through a hot-injection approach. By incorporating
small amounts of the In precursor with the Zn and P pre-
cursors, we achieved the initial formation of In(Zn)P cluster
seeds, followed by the crystalline growth of Zn;P, on these
seeds. Structural analyses confirmed that the resulting In
(zn)P-Zn;P, QDs exhibit a predominantly tetragonal Zn;P,
structure on the In(Zn)P cluster seeds. These QDs demon-
strated exceptional optical properties, including band-edge
PL emission under ambient conditions. Furthermore, the
ZnS shell coating significantly enhanced the PL intensity of
the In(Zn)P-Zn;P, core QDs, achieving a PL QY of 40% and
an average PL decay time of 74 ns. The band-edge PL peaks
were tunable by controlling the core size of the Zn;P,.
Temperature-dependent PL spectroscopy, spanning from 78
to 300 K, revealed high resistance to thermal quenching,
with an exciton dissociation energy of 62 meV. This innova-
tive approach utilizing InP cluster seeds represents a signifi-
cant advancement in the synthesis of Zn;P, QDs with excep-
tional optical properties, allowing for new developments in
the field of optoelectronics.
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