
Academic Editor: Johann Bouclé

Received: 16 December 2024

Revised: 13 January 2025

Accepted: 15 January 2025

Published: 22 January 2025

Citation: Chen, D.; Bi, R.; Xun, L.; Li,

X.; Hai, Q.; Qi, Y.; Zhao, X. Core–Shell

Composite GaP Nanoparticles with

Efficient Electroluminescent

Properties. Materials 2025, 18, 487.

https://doi.org/10.3390/ma18030487

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Core–Shell Composite GaP Nanoparticles with Efficient
Electroluminescent Properties
Duo Chen, Ruiyuan Bi, Lifeng Xun, Xiaoyan Li, Qingyu Hai, Yao Qi and Xiaopeng Zhao *

Smart Materials Laboratory, Department of Applied Physics, Northwestern Polytechnical University,
Xi’an 710129, China; chenduo@mail.nwpu.edu.cn (D.C.); biruiyuan@mail.nwpu.edu.cn (R.B.);
xunlifeng@mail.nwpu.edu.cn (L.X.); lixiaoyan0521@mail.nwpu.edu.cn (X.L.);
haiqingyu@mail.nwpu.edu.cn (Q.H.); qiyao@mail.nwpu.edu.cn (Y.Q.)
* Correspondence: xpzhao@nwpu.edu.cn

Abstract: Gallium-based light-emitting diodes (LEDs), including AlGaInP and GaN, have
become the most widely used light-emitting devices in modern scientific research and
practical applications. However, structures like carrier injection layers, active layers, and
quantum well layers ensure the high luminescence efficiency of LEDs but also limit their
applications at the micro- and nanoscale. Although the next generation of micrometer-scale
light-emitting diodes (Micro-LEDs) has alleviated these issues to some extent, challenges
such as edge effects and etching damage caused by size reduction lead to lower luminous
efficiency and shorter lifetimes. Inspired by LED structure, this study designed and syn-
thesized core–shell composite GaP:Zn/GaP/GaInP and GaP:Te/GaP nanoparticles using
a thermal injection method. After high-temperature annealing, these composite materi-
als demonstrated efficient electroluminescent performance under electric field excitation
through band-edge transitions and the ZnGa-OP recombination mechanism. Experimental
results show that the GaP:Zn/GaP/GaInP-GaP:Te/GaP composite samples with doping
concentrations of 15%Zn-8%Te, a core–shell precursor ratio of 1:1:1, and reaction times of
1 h:20 min:20 min exhibit the best electron–hole injection efficiency and bound-recombination
efficiency. Under excitation by an external electric field, they demonstrated optimal elec-
troluminescence performance, with a relative luminous intensity of 11,109.21 at 600 nm,
approximately 15 times higher than that of the initial condition samples. In addition, this
study systematically investigated the structure, morphology, and elemental composition of
the composite materials using various characterization techniques, including X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS).
These GaP-doped nanoparticles with a core–shell composite structure, inspired by LED de-
sign, exhibited outstanding electroluminescent performance, providing new insights into the
development of novel micro- and nanoscale electroluminescent materials.

Keywords: thermal injection method; core–shell composite structure; GaP nanoparticles;
electroluminescence

1. Introduction
Since Holonyak et al. invented the GaAsP red light-emitting diode (LED) in 1962,

gallium-based semiconductors have gradually become the preferred materials for visible
light LEDs, evolving into two major systems: GaN and AlGaInP [1]. GaN-LEDs emit
visible light from violet to green, while AlGaInP-LEDs cover the yellow-green to red light
regions [2–5]. Benefiting from their small size, low power consumption, high efficiency,
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long lifespan, and environmental advantages, LEDs have wide application prospects in
fields such as lighting, displays, sensing, and healthcare [6–9]. Between 2021 and 2024, our
group constructed smart meta-superconductors (SMSCs) by combining GaN and AlGaInP
commercial LEDs with MgB2 and BSCCO superconductors. By leveraging the electrolumi-
nescent properties of LEDs, the superconductivity such as critical transition temperature,
critical magnetic field and critical current of MgB2 and B(P)SCCO were significantly im-
proved [10–13]. Although modern LEDs improve electron–hole recombination efficiency
by incorporating functional layers such as active layers and quantum well layers (e.g.,
introducing InGaN layers in GaN-LEDs [14–16] and GaInP layers in AlGaInP [17,18]) to
achieve excellent light emission performance, the electroluminescent intensity of LEDs
significantly decreases at the micro/nanoscale, making it difficult to meet the demands for
high-efficiency light sources in our superconducting project. Furthermore, LEDs still face
limitations such as complex fabrication processes, high costs, and the toxicity of raw materi-
als [19,20]. Therefore, it is imperative to develop a new type of efficient electroluminescent
material with a micro or nano size.

Based on the current research status, this study aims to conduct related research start-
ing from the GaP system. GaP is an environmentally friendly indirect bandgap semicon-
ductor, and the involvement of phonons leads to a low probability of electronic transitions
between energy levels, resulting in weak photoluminescence intensity after excitation. An
effective solution is to use elemental doping to introduce spatially localized electronic
defects in the GaP crystal, which extends the electron wavefunction in k-space and forms
quasi-direct bandgap transitions [21]. Early researchers achieved electron wavefunction
extension in momentum space by substituting N for P to form isoelectronic defects, ef-
fectively promoted the band-edge transitions of GaP. Building on this, doping Zn and
Te into the GaP matrix to form individual P-type and N-type layers, and constructing a
P–N structure allows for green luminescence based on the GaP bandgap when a forward
bias is applied [22]. The partial substitution of O for P not only has an equivalent effect,
but also forms a ZnGa-OP composite center with ZnGa within the diode, which produces
red luminescence via donor–acceptor recombination under electric field excitation [23].
Additionally, the strong quantum confinement effects can also be utilized to mitigate the
indirectness of the GaP energy band structure to enhance its optical activity [24–26], which
places high demands on the synthesis of GaP nanoparticles. Early researchers attempted
to synthesize GaP nanoparticles using methods such as dehalogenation, precursor de-
composition, solvothermal synthesis, and ion exchange. However, these nanoparticles
exhibited broad size distributions and failed to achieve breakthroughs in luminescent
performance [27–32]. Subsequently, building on the well-established synthesis techniques
for InP QDs, GaP nanoparticles with photoluminescent properties were synthesized using
tris(trimethylsilyl)phosphine ((TMS)3P) as the phosphorus precursor via the thermal in-
jection method. For example, Kim et al. synthesized GaP nanoparticles using GaCl3 and
palmitic acid, achieving distinct blue emission at 485 nm with a quantum yield of approxi-
mately 15% [33]. Choi et al., using Ga(acac)3 and oleic acid, achieved a quantum yield as
high as 40% for GaP nanoparticles, with effective size control and tunable emission ranging
from 400 nm to 520 nm by adjusting the oleic acid content [34]. Beyond photoluminescence,
Q-LEDs with GaP nanoparticles as the luminescent layer exhibit excellent luminescent
performance under external electric field excitation. However, while Q-LEDs are typically
prepared as thin films via spin-coating, the luminescence in their particle morphology is
rarely reported [35–37].

In summary, in response to the limitations of current LED light-emitting materials
and inspired by the electroluminescent principles of LEDs and the preparation process
of GaP nanoparticles, this study synthesized Zn- and Te-doped GaP nanoparticles using
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the simple thermal injection method. With reference to the LED structure, GaP active
layers and GaInP quantum well layers were coated on the outer surface of the doped GaP
nanoparticles to achieve the effective electroluminescence in GaP:Zn/GaP/GaInP and
GaP:Te/GaP particles. The morphology and structure of the GaP particles are characterized
using techniques such as X-ray diffraction (XRD), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and
X-ray photoelectron spectroscopy (XPS). The effects of factors such as doping concentration,
functional layer thickness, and reaction time on the electroluminescent performance of
GaP:Zn/GaP/GaInP and GaP:Te/GaP particles are systematically studied to optimize light
emission performance.

2. Materials and Methods
2.1. Materials

All the experimental materials used in this study are listed in Table 1.

Table 1. List of experimental materials.

Materials Chemical Formula
or Abbreviation Manufacturer Purity

Gallium acetylacetonate Ga(acac)3 Aladdin Biochemical Technology Co., Ltd., Shanghai, China 99.99%
Zinc acetylacetonate Zn(acac)3 Aladdin Biochemical Technology Co., Ltd. 99.99%

Indium chloride InCl3 Aladdin Biochemical Technology Co., Ltd. 99.99%
Tellurium powder Te Tianjin Damao Chemical Reagent Factory, Tianjin, China 99.99%

Oleic acid OA Tianjin Damao Chemical Reagent Factory AR
1-Octadecene ODE Aladdin Biochemical Technology Co., Ltd. GC

Tris(trimethylsilyl)phosphine (TMS)3P Macklin Biochemical Technology Co., Ltd., Shanghai, China 10 wt%
Trioctylphosphine TOP Aladdin Biochemical Technology Co., Ltd. 85%

Ethanol CH3CH2OH Guangdong Guanghua Technology Co., Ltd., Guangzhou, China AR
N-hexane C6H14 Sinopharm Chemical Reagent Co., Ltd., Shanghai, China AR

2.2. Preparation of Samples

The preparation processes for GaP:Zn/GaP/GaInP and GaP:Te/GaP are introduced
as examples. The samples were synthesized using a doping concentration of 15%Zn and
8%Te, a core–shell precursor ratio of 1:1:1, and a reaction time of 1 h:20 min:20 min.

Synthesis of GaP:Zn:
In a 10 mL three-neck flask, 0.25 mmol of Ga(acac)3, 0.0375 mmol of Zn(acac)3,

0.125 mmol of OA, and 5 mL of ODE were added. The reaction system was purged with Ar
at 130 ◦C for 1.5 h to expel air. The temperature was then raised to 300 ◦C, and a mixture of
0.125 mmol (TMS)3P and 0.5 mmol TOP was swiftly injected. This caused the temperature
of the reaction system to drop instantly to approximately 280 ◦C. The solution was then
reheated to 300 ◦C and maintained under Ar for 1 h. The resulting colloidal solution was
cooled to room temperature under an Ar atmosphere. The reaction product was washed
with ethanol and centrifuged at 9000 rpm for 15 min to precipitate the solids, discarding
the supernatant. This washing process was repeated three to four times. The resulting
precipitate was dissolved in 1.5 mL of n-hexane, forming the GaP:Zn-hexane solution.

Synthesis of GaP:Te:
The synthesis process for GaP:Te is similar to that for GaP:Zn. In a 10 mL three-neck

flask, 0.25 mmol of Ga(acac)3, 0.125 mmol of OA, and 5 mL of ODE were added. The
mixture was purged with Ar at 130 ◦C for 1.5 h to remove air. The temperature was then
raised to 300 ◦C, and a mixture of 0.125 mmol (TMS)3P, 0.01 mmol of Te powder, and
0.5 mmol TOP was swiftly injected, followed by a 1 h reaction. The mixture was then cooled
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to room temperature, and the reaction product was washed with ethanol. The resulting
precipitate was dissolved in 1.5 mL of n-hexane, forming the GaP:Te-hexane solution.

Synthesis of GaP Active Layer:
A single GaP active layer was grown on the GaP:Zn (or GaP:Te) core using a similar

process. Specifically, 0.25 mmol of Ga(acac)3, 0.125 mmol of OA, 5 mL of ODE, and the
GaP:Zn-hexane solution (or GaP:Te-hexane solution) were added to a 10 mL three-neck
flask. The mixture was heated to 130 ◦C and purged with Ar for 1.5 h to remove air and
n-hexane. The temperature was then raised to 300 ◦C, and a mixture of 0.125 mmol (TMS)3P
and 0.5 mmol TOP was swiftly injected and reacted for 20 min. The reaction product was
washed with ethanol, and the resulting precipitate was dissolved in 1.5 mL of n-hexane,
forming the GaP:Zn/GaP-hexane solution (or GaP:Te/GaP-hexane solution).

Synthesis of GaInP Quantum Well Layer:
A single layer of GaInP quantum well was grown on the GaP:Zn/GaP core. In a 10 mL

three-neck flask, 0.25 mmol of Ga(acac)3, 0.025 mmol of InCl3, 0.125 mmol of OA, 5 mL of
ODE, and the GaP:Zn/GaP-hexane solution were added. The mixture was heated to 130 ◦C
and purged with Ar for 1.5 h to remove air and n-hexane. The temperature was then raised
to 300 ◦C, and a mixture of 0.125 mmol (TMS)3P and 0.5 mmol TOP was swiftly injected and
reacted for 20 min. The reaction product was washed with ethanol, and the resulting precipitate
was dissolved in 1.5 mL of n-hexane, forming the GaP:Zn/GaP/GaInP-hexane solution.

2.3. Characterizations

XRD data of the samples were analyzed using a Brucker D8 Advance X-ray diffrac-
tometer (Billerica, MA, USA) (Cu Kα radiation, wavelength 0.15406 nm, scanning step
0.02◦, scanning speed 12.5 s/◦). The surface morphology, elemental composition, and
distribution of the samples were analyzed using an FEI Verios G4 (Hillsboro, OR, USA)
field emission scanning electron microscope (SEM), an FEI Talos F200 (Hillsboro, OR, USA)
transmission electron microscope (TEM), and a ThermoFisher Thermo NS7 (Waltham, MA,
USA) energy dispersive X-ray spectrometer (EDS). X-ray photoelectron spectroscopy (XPS)
data were obtained using a Thermo Scientific K-Alpha XPS spectrometer (Waltham, MA,
USA), with the C 1s peak at 284.8 eV used as a reference to calibrate the elemental binding
energies. The electroluminescence (EL) spectra of the samples were measured using an
Ocean Optics USB2000 fiber optic spectrometer (Orlando, FL, USA).

Sample pretreatment is required for testing the electroluminescence properties. Equal
amounts of GaP:Zn/GaP/GaInP-hexane solution and GaP:Te/GaP-hexane solution were
mixed in a sample vial, followed by 0.5 h of ultrasonic vibration and 0.5 h of stirring to
ensure thorough mixing. The mixed solution was evenly applied to Al2O3 substrates, dried
at 150 ◦C, and then annealed at high temperature in an Ar atmosphere. The temperature
control program for annealing was set as follows: starting at room temperature, heating at
5 ◦C/min to 300 ◦C, followed by heating at 10 ◦C/min to 860 ◦C, holding for 10 min, and
finally cooling at 10 ◦C/min to room temperature. The annealed products were milled for
1 h and tested for their electroluminescence properties.

3. Results and Discussion
3.1. Phase Identification

The crystal structure of the samples was first characterized using XRD. Figure 1 shows
the XRD patterns of the GaP:Zn/GaP/GaInP and GaP:Te/GaP samples synthesized using
the thermal injection method with a doping concentration of 15%Zn-8%Te. The diffraction
peaks of both samples match perfectly with the zinc blende structure of GaP, pointing to
the (111), (220), and (311) crystal planes, respectively, which are in agreement with the
standard PDF#88-2491 and consistent with the results in the relevant literature [33,34]. No
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diffraction peaks for impurities were detected in the XRD patterns, indicating that Zn,
Te, and In ions were successfully doped into the GaP crystal structure without forming
elemental segregation or other impurity phases. The XRD peaks of GaP:Zn/GaP/GaInP
and GaP:Te/GaP show no significant shifts, demonstrating that the low-concentration
doping of Zn, In, and Te ions did not induce detectable lattice distortions in the GaP
lattice [38–40]. Additionally, the GaP nanoparticles synthesized by the thermal injection
method exhibit broad full-width at half maximum (FWHM), low diffraction intensity,
and low signal-to-noise ratios, reflecting that the GaP nanoparticles have insufficient
crystallinity and relatively small particle sizes.
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Figure 1. XRD patterns of GaP:15%Zn/GaP/GaInP and GaP:8%Te/GaP samples.

3.2. Surface Morphology

The structural characteristics of materials directly influence their physical and chem-
ical properties. TEM was utilized to examine the surface morphology of the samples.
Figure 2a,c show the TEM images of GaP:Zn/GaP/GaInP and GaP:Te/GaP samples (dop-
ing concentration: 15%Zn-8%Te, core–shell reaction time: 1 h:20 min:20 min, precursor
ratio: 1:1:1) taken at the same magnification, with insets displaying the magnified images
of individual particles. Both samples exhibit the typical tetrahedral morphology of GaP
nanoparticles. However, due to the presence of OA ligands on the surface, the imaging of
the nanoparticles is slightly blurred. Based on the TEM images, the particle size distribution
of approximately 350 GaP:Zn/GaP/GaInP and GaP:Te/GaP nanoparticles was analyzed,
as shown in Figure 2b,d. The results show that the particle sizes of the samples follow
a normal distribution, with average diameters of 2.75 nm for GaP:Zn/GaP/GaInP and
2.43 nm for GaP:Te/GaP. To verify that core–shell GaP nanoparticles were synthesized,
we prepared pure GaP nanoparticle cores using the same experimental procedure and
reaction parameters. The morphology and particle size distribution of the pure GaP cores
are shown in Figure 2e,f. The average size of the pure GaP cores is 2.06 nm, which indicates
that double-shell GaP:Zn/GaP/GaInP and single-shell GaP:Te/GaP nanoparticles with a
core–shell structure were successfully synthesized by the thermal injection method.
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In order to perform electroluminescence performance tests, two types of nanopar-
ticles, GaP:Zn/GaP/GaInP and GaP:Te/GaP, were homogeneously mixed, annealed at
high temperature, and ground. We then examined the surface morphology of the particles
after mixing, annealing, and grinding using a scanning electron microscope (SEM), and
acquired a 2D elemental mapping image of one of the particles. As shown in Figure 3,
high-temperature annealing caused severe agglomeration of the samples. After grinding,
the particles appeared irregular in shape, with an average size of 3–5 µm. In addition, two-
dimensional EDS analysis of the annealed and ground GaP particles showed homogeneous
distribution of Zn, In, and Te elements in the particles. This indicates that after ultra-
sonic vibration and stirring, the GaP:Zn/GaP/GaInP and GaP:Te/GaP nanoparticles were
uniformly mixed, laying the foundation for their efficient electroluminescence performance.
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precursor ratio: 1:1:1). (a–g) SEM images of individual particles. (h–l) Ga, P, Zn, Te, and In element
mapping of the particles shown in (g).
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3.3. Element Composition

The elemental composition and valence information of multilayered core–shell GaP
nanoparticles were further analyzed and explored using XPS, a surface-sensitive mate-
rials testing technique that can typically only detect atoms within approximately 10 nm
of the sample surface. Since the experimentally prepared nanoparticles are only a few
nanometers in size, XPS is well-suited to analyze the elemental composition of the entire
GaP nanoparticle. Figures 4 and 5 show the high-resolution spectra of C, O, Ga, P, Zn, Te,
and In elements in the GaP:Zn/GaP/GaInP-GaP:Te/GaP samples and pure-GaP samples,
respectively. The Avantage (v6.6.0) software was used to analyze the test results. The data
were charge-corrected using the C 1s peak at 284.8 eV as a reference to compensate for
binding energy shifts caused by charging effects, and peak fitting was performed for the
high-resolution spectra of each element.
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The C 1s orbital electron emission peak originates from the abundant OA ligands
on the surface of the GaP nanoparticles. Since OA is a long-chain fatty acid with 18 car-
bon atoms, the C 1s peak is significantly higher than those of other elements. The Ga
element in XPS exhibits characteristic peaks for the 2p3/2 and 2p1/2 orbital electrons at
1117.6 eV and 1144.4 eV, respectively, suggesting that the element Ga exists in the sample
in the +3 oxidation state [41,42]. Oxidation is a common issue in the study of phosphide
nanoparticles. During preparation, washing, and other processes, some of the P elements
inevitably oxidize, forming PO4

3− defects on the GaP surface. Therefore, the P 2p XPS
spectrum shows a GaPO4 peak at 133.2 eV (or 133.0 eV) and a GaP peak at 128.6 eV [42,43],
as shown in Figure 4d. It is worth noting that the O 1s XPS spectrum also reflects the
oxidation issues of the samples. Peak fitting analysis reveals two subpeaks at 531.0 eV and
533.2 eV (or 533.0 eV), where the former corresponds to the O atoms in the PO4

3− group,



Materials 2025, 18, 487 8 of 14

and the latter originates from the O atoms in the OA ligands on the surface of the GaP
nanoparticles, which is consistent with reports in the literature [43,44]. Figure 5 clearly
shows the elemental differences between GaP:Zn/GaP/GaInP-GaP:Te/GaP and pure GaP
samples. In the pure GaP sample, the characteristic regions for Zn, In, and Te only exhibit
irregular noise signals, with no corresponding elemental peaks detected, in line with the
experimental expectations. On the other hand, the emission peaks in the characteristic
regions for Zn, In, and Te in the GaP:Zn/GaP/GaInP-GaP:Te/GaP samples demonstrate
the successful doping of three ions into the GaP nanoparticles through the thermal injection
method. For example, the emission peaks at 1021.8 eV and 1044.9 eV originate from the
2p3/1 and 2p1/2 orbital electrons of Zn2+ [36], while the 3d5/2 and 3d3/2 orbital electrons
of In3+ ions correspond to the 444.2 eV and 451.8 eV emission peaks [36,45]. Additionally,
the XPS fine structure of Te shows peaks at 572.6 eV and 577.0 eV, corresponding to the Te
3d5/2 orbital and a peak indicating the presence of TeO2, mainly due to the oxidation of
some Te [46].
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3.4. Electroluminescence

The electroluminescent properties of GaP nanoparticles are the primary focus of
our research. Therefore, we tested the luminescence characteristics of annealed samples
under electric field excitation using the classical indium tin oxide (ITO)–single insulating
layer–aluminum electrode sandwich structure. As mentioned earlier, this research was
inspired by gallium-based LEDs, and a series of experiments were conducted based on
the GaP system. Modern GaP-LEDs typically grow an undoped GaP active layer and
a GaInP quantum well layer outside the P/N-type layers to improve carrier injection
efficiency and recombination luminescence efficiency. In order to facilitate rapid carrier
recombination, the literature indicates that the hole concentration in LEDs is typically
twice the electron concentration [47,48]. In summary, in the first stage of this study, Zn/Te
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doping was performed at a 2:1 ratio, and a single undoped GaP layer was coated to
form GaP:Zn/GaP and GaP:Te/GaP core-shell nanoparticles. The ratio of the core-shell
precursors and the reaction time of both nanoparticles was 1:1.4 and 1 h:3 h, respectively.
The electroluminescent performance of the samples was tested using a USB2000 fiber optic
spectrometer (Ocean Optics, Orlando, FL, USA) with an integration time of 100 ms, and the
results are shown in Figure 6.
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Figure 6a shows the electroluminescence spectra of GaP particles with different doping
concentrations tested at a voltage of 7 V. It can be observed that, under electric field excita-
tion, the GaP particles exhibit a broad emission peak ranging from 465 nm to 850 nm, with a
central emission peak at 600 nm, as well as low-intensity emission in the 350 nm to 465 nm
range. Meanwhile, the shape of the emission peak remains unchanged across samples
with different doping concentrations. Based on related research results, we attribute this
to three distinct electroluminescence pathways in GaP particles. Bulk GaP is an indirect
bandgap semiconductor, with the highest point of its valence band and the lowest point of
its conduction band located at the Γ point and X point in the Brillouin zone, respectively.
The direct and indirect bandgaps correspond to 2.78 eV (446 nm) and 2.26 eV (548 nm),
respectively [33]. Therefore, we infer that the electroluminescence peaks in the range
of 350–465 nm originate from the low-efficiency intraband transitions of GaP, while the
electroluminescence peak in the range of 465–543 nm arises from the band-edge electron
transitions of GaP particles. Additionally, as previously mentioned, the GaP particles
inevitably oxidized during preparation and washing, forming some GaPO4 defects on the
particle surface. After high-temperature annealing, atomic rearrangement occurs, with
some P atoms replaced by O atoms to form OP defects, which combine with ZnGa defects
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to create ZnGa-OP complex centers. Zn and O occupy different lattice sites, forming various
types of ZnGa-OP centers, such as nearest neighbors and second-nearest neighbors. The
short-range complex centers exhibit higher energy and electron-hole capture efficiency [49].
Consequently, the carriers injected under the electric field are captured and recombine at
various ZnGa-OP centers, producing the broad emission peak from 543 nm to 850 nm.

The doping concentration of Zn and Te influences hole and electron injection effi-
ciency. As the doping concentration increases from 1%Zn-0.5%Te to 15%Zn-8%Te, the
electroluminescence intensity of GaP particles increases steadily, reaching a maximum at
15%Zn-8%Te, where the relative intensity at 600 nm rises from 725.03 to 7012.39. However,
at a doping concentration of 20%Zn-12%Te, the emission intensity decreases to 3061.89.
Extensive reports in the literature indicate that excessive doping leads to lattice mismatch
and the formation of defects, which act as nonradiative recombination centers, capturing
and trapping carriers, thus reducing the luminescence intensity. Moreover, high doping
concentrations reduce the distance between neighboring active ions, and the exciton energy
is more likely to be released in a non-radiative form through inter-ion interactions, resulting
in a decrease in luminescence efficiency. Additionally, excessive doping can also decrease
carrier injection efficiency [50,51]. The synergistic effect of the above factors leads to an
optimal doping concentration of 15%Zn-8%Te for GaP particles. We also investigated the
optical response of the 15%Zn-8%Te sample to different voltages based on the emission
intensity at 600 nm, as shown in Figure 6b. The results indicate that GaP particles first
exhibit electroluminescence at 4 V, with the emission intensity increasing sharply as the
voltage rises, peaking at 7 V with a corresponding working current of 140 mA. Beyond
this point, the intensity growth stagnates, as the electron–hole injection–recombination rate
inside the GaP particles reaches saturation. Further voltage increases do not significantly
improve luminescence intensity. High working currents also cause significant sample
heating, leading to carrier energy dissipation through phonon coupling, which results in
thermal quenching and further reduces luminescence intensity [52]. Due to the severe
agglomeration of GaP particles after annealing, we dispersed the particles through grinding
and tested the electroluminescence performance of the 15%Zn-8%Te sample under different
grinding durations, as shown in Figure 6c. The results reveal that samples ground for 1 h
exhibit the best electroluminescence performance. Insufficient grinding results in oversized
particles that hinder the formation of conductive circuits between the ITO and aluminum
electrodes. Excessive grinding creates too many interparticle gaps, which hinders electron
transport across the particles.

To further improve the electroluminescent performance of GaP particles, the second
stage of this research coated a GaInP layer onto GaP:15%Zn/GaP particles and explored the
effects of precursor ratios and reaction times on the luminescent performance of each layer
structure of GaP:15%Zn/GaP/GaInP and GaP:8%Te/GaP. GaP can form a solid solution
with In atoms at any concentration, where alloying reduces the bandgap of GaxIn1-xP,
inducing a transition in the band structure from indirect to direct with increasing In concen-
tration. Experimental and theoretical calculations show that the transition point occurs at
approximately Ga0.7In0.3P [53,54]. Therefore, we choose Ga0.91In0.09P as the quantum well
layer, which can firstly utilize its lower bandgap to effectively bind excitons and promote
electron–hole complexation. Secondly, the indirect bandgap characteristics of Ga0.91In0.09P
help maintain the consistency of the band structure in the GaP:15%Zn/GaP/GaInP system,
avoiding the effects of indirect-to-direct bandgap transitions on carrier transport. Addi-
tionally, low-concentration In doping reduces lattice mismatch and strain at the interface,
further optimizing the electroluminescent properties of GaP particles. Figure 7 presents
the electroluminescent data of GaP:Zn/GaP/GaInP and GaP:Te/GaP samples tested at 7 V
under various precursor ratios and reaction times.
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The results indicate that the GaInP layer affects only the luminescence intensity of
GaP particles, with no significant impact on the emission profile, suggesting that the
introduction of GaInP does not alter the electroluminescence mechanism of the samples.
It is worth noting that, in this research, GaP:Zn/GaP/GaInP and GaP:Te/GaP samples
were prepared by using the thermal injection process of GaP QDs. Thus, the thickness of
the functional layers in GaP nanoparticles is proportional to both the precursor ratio and
reaction time [55,56]. As shown in Figure 7, the sample with a precursor ratio of 1:1:1 and a
reaction time of 1 h:20 min:20 min exhibits the best electroluminescent performance, with
an emission intensity of 11,109.21 at 600 nm, approximately 15 times that of the initial
sample (with doping concentration, precursor ratio, and reaction time of 1%Zn-0.5%Te,
1:1.4, and 1 h:3 h, respectively). This enhancement is due to the fact that carriers cannot
distribute uniformly across excessively thick GaP active layers and GaInP quantum well
layers, resulting in insufficient exciton recombination in certain regions and a reduction in
radiative emission efficiency. Reducing the thickness of functional layers can help mitigate
this issue. However, when the thickness of the GaP active layer and GaInP quantum well
layer becomes too thin, electrons and holes are not adequately confined, leading to partial
exciton escape to other regions, which reduces the radiative recombination efficiency [57].

To further evaluate the research value of the samples, this study compared the electro-
luminescent performance of core–shell GaP particles with that of commercial AlGaInP-LED
epitaxial wafers. Under the same spectral testing conditions, the relative luminous intensity
of the AlGaInP-LED was 60,000. Although the AlGaInP-LED exhibited higher luminous
intensity, it has drawbacks, such as complex preparation process, high production cost,
high toxicity of raw materials, and limited applicability at micro and nano sizes. In contrast,
this study used low-cost, low-toxicity raw materials to successfully prepare small-sized
GaP particles through a simple thermal injection method, exhibiting excellent luminescent
performance. In the future, further optimization of the structural model is expected to
significantly improve the luminescent performance of GaP particles. In summary, through
the structural design and parameter optimization of GaP particles, this study provides new
ideas and methods for exploring high-performance miniature electroluminescent materials,
demonstrating significant research value.

4. Conclusions
In this paper, doped GaP nanoparticles with core–shell structure were designed, multi-

ple GaP:Zn/GaP/GaInP and GaP:Te/GaP samples were synthesized by using the thermal
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injection method, and the morphology, structure, and electroluminescence properties of the
samples were systematically investigated. Experimental results demonstrated that these
GaP nanoparticles, approximately 2–3 nm in size and with a classic zinc blende structure,
are composed of seven elements: C, O, Ga, P, Zn, In, and Te. After high-temperature an-
nealing, the GaP nanoparticles formed micron-scale aggregates, exhibiting significant elec-
troluminescence under a 7 V external electric field through band-edge transitions and the
ZnGa-OP recombination mechanism. Further studies revealed that the GaP:Zn/GaP/GaInP
and GaP:Te/GaP samples, with doping concentrations, precursor ratios, and reaction times
of 15%Zn-8%Te, 1:1:1, and 1 h:20 min:20 min, respectively, exhibited the best electrolumi-
nescent performance. Their relative luminescence intensity at 600 nm reached 11,109.21,
approximately 15 times higher than that of the initial samples synthesized under conditions
of 1%Zn-0.5%Te, 1:1.4, and 1 h:3 h. The experimental results confirmed that optimizing
Zn and Te doping concentrations, as well as the thickness of the GaP and GaInP shell
layers, effectively enhances carrier injection efficiency and radiative recombination effi-
ciency under an electric field, thereby improving the electroluminescent performance of
the samples. In conclusion, this research proposes a novel design approach for GaP-based
electroluminescent materials, providing valuable insights for enhancing the performance
of other types of luminescent materials.
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