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Abstract

This study explores the impact of Ni, Co, Mn, and Ag doping on the optical and photoluminescence properties of ZnSe
quantum dots (QDs). Structural analysis confirms successful dopant incorporation, with XRD revealing lattice strain-
induced shifts. Optical studies show that Ni** and Co*' induce blue shifts, while Mn?** and Ag* create redshifted
emissions. Photoluminescence analysis demonstrates that Mn?* doping enhances quantum efficiency to 49.52% via the
4T — 6A; transition. Ag*-doped ZnSe exhibits blue-shifted emissions but suffers from defect-related non-radiative
losses. CIE color coordinates validate tunable emissions, confirming potential applications in LEDs, displays, and
bioimaging. These findings provide insights into dopant-induced band structure modifications, advancing the design of
high-performance luminescent materials for optoelectronics.
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are straight bandgap semiconductors with high
quantum efficiency and are suited for lighting and
energy conversion applications [2,4]. Among

1. Introduction

Nanomaterials, particularly semiconductor

quantum dots (QDs), have gained significant
attention because of their unique optical,
electronic, and structural properties compared
with their bulk counterparts [1-4]. Scientists have
concentrated their study on the fabrication
process and physical and chemical properties of
group II-VI semiconductor nanoparticles, which
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various QD materials, ZnSe has emerged as a
promising candidate due to its wide bandgap (~2.7
eV), high thermal and chemical stability, and
environmentally benign nature compared to toxic
cadmium-based QDs [6-9]. However, their
practical applications in optoelectronics, bio-
imaging, and sensing [10-12] are often limited by
low quantum efficiency and a narrow emission
spectrum. To overcome these challenges, doping
with transition and noble metals has been
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explored as an effective strategy for modifying the
electronic  structure, enhancing radiative
recombination, and improving the emission
characteristics.

The incorporation of metal dopants into ZnSe
QDs introduces localized electronic states within
the bandgap, which significantly influences
charge carrier dynamics and optical transitions
[13,14]. Transition metal ions (Ni**, Co**, Mn?**)
and noble metal ions (Ag*) have been extensively
investigated owing to  their electronic
configurations and interactions with the host
lattice. These dopants are selected for their ability
to modulate emission properties by altering band
structure and defect states: Ni?* and Co?*: With
smaller ionic radii than Zn?* (0.69 A for Niz*, 0.72
A for Co?*, 0.74 A for 7Zn?*"), they cause lattice
contraction. This leads to increased bandgap
energy, blue shifts in the photoluminescence
spectra, and enhanced charge carrier
recombination via new intermediate states
[14,15]. Mn?*: Known for orange-yellow emission
via the 4T1 — 6A; transition, Mn?* has a larger
ionic radius (0.8 A) than Zn?*. It enhances
fluorescence quantum efficiency by acting as an
efficient radiative recombination center suitable
for display and lighting applications [16]. Ag*:
With a 1.14 A ionic radius, Ag* incorporation
causes lattice expansion and introduces shallow
donor states [17]. Ag-doped ZnSe QDs show blue-
shifted emissions but increased non-radiative
recombination owing to defect-related trap states.
The optical and photoluminescence properties of
ZnSe:X QDs vary depending on the dopant type
and concentration. ZnSe: Ni exhibits blue
fluorescence at 444 nm (77.2% high
photoluminescence quantum yield), ZnSe: Co
shows yellow-green emission at 565 nm (28.79%
quantum efficiency). Mn doping produces an
orange-yellow emission at 591 nm, with the
highest quantum efficiency of 49.52%. Ag-doped
ZnSe emitted blue light at 442 nm with a 2-
quantum efficiency of 22.48%. The ability to
modulate the emission color through selective
doping highlights the potential of ZnSe: X QDs for
optoelectronic devices, LEDs, display
technologies, and bioimaging systems.

This study comprehensively analyzes the
structural, optical, and photoluminescence
properties of Ni, Co, Mn, and Ag-doped ZnSe QDs.
By examining the effects of these dopants on band
structure modifications, quantum efficiency, and
emission tunability, this study establishes a
fundamental understanding of dopant-induced
electronic effects. The findings contribute to the
rational design of high-performance luminescent
materials for next-generation optoelectronic
applications.

2. Materials and Method
2.1 Materials

High-purity chemical reagents are used for
the synthesis of ZnSe QDs and their doped
counterparts. Zinc acetate dihydrate
(Zn(CH5COO0), 2H,0, Merck) was used as the Zn
precursor, and sodium selenosulfate (Na,SeSOs,
Merck) served as the Se source. The doping metals
nickel chloride (NiCl,, Merck), cobalt chloride
(CoCl,, Merck), manganese chloride (MnCl,,
Merck), and silver nitrate (AgNO3;, Merck) were
introduced in controlled amounts to achieve the
desired doping concentration. 3-
Mercaptopropionic acid (MPA, Sigma-Aldrich)
was employed as a stabilizing agent to enhance
the solubility and stability of QDs in aqueous
media. Ammonium hydroxide (NH4OH, Merck)
was used to adjust the pH of the reaction mixture
to ensure the optimal conditions for QD formation.
Deionized (DI) water was used throughout the
synthesis process to maintain the purity of the
samples.

2.2 Synthesis ZnSe:X MPA (X: Ni, Co, Mn, Ag) or
ZnSe MPA

The synthesis of ZnSe:X MPA QDs was
carried out in an aqueous medium using a
chemical precipitation method (Scheme 1). In a
250 mL round-bottom flask, 10 mL of a 0.1 M
Zn(CH;CO0OQ0), solution was mixed with 90 mL of
deionized water under continuous stirring.
Subsequently, 40 mL of 0.1 M MPA was added as
a stabilizing agent, ensuring efficient capping of
the quantum dots to improve their dispersion and
prevent aggregation. The doping metal ions (Ni%*,
Co?*, Mn?*, or Ag") were introduced by adding an
appropriate volume of a 0.01 M solution of NiCl,,
CoCl;, MnCl,, or AgNOj; to achieve a final dopant
concentration of 5 mol% relative to Zn?**. The
reaction mixture was stirred for 15 min to allow
the uniform distribution of the metal ions. To
adjust the pH of the solution to 7, a controlled
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Scheme 1. Synthesis of the ZnSe:X (X: Ni, Co,
Mn, Ag) MPA.
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amount of 2 M NH,OH was added dropwise while
monitoring the pH. The temperature of the
reaction system gradually increased to 90 °C
under continuous stirring. Once the desired
temperature was reached, an equimolar amount
of the NaHSe solution was introduced as the Se
source, and the reaction was allowed to proceed for
3 h to ensure the complete formation of ZnSe:X
QDs. Upon completion, the reaction mixture was
cooled to room temperature, purified by repeated
centrifugation, and washed with deionized water
to remove unreacted precursors and excess
stabilizers. The obtained ZnSe:X MPA QDs were
dispersed in deionized water for further
characterization.

3. Results and discussion

The XRD pattern of the ZnSe MPA QDs
synthesized at 90 °C and pH of 7 shows a cubic
crystal structure (zinc blende) due to diffraction
peaks at 27.37°, 45.47°, and 54.17 °corresponding
to the (111), (220), and (311) planes, respectively,
which are consistent with the JCPDS 012-6803
standard card. Metal X (Ni, Co, Mn, and Ag)
doping at 90 °C, pH 7, and 5% Xv+/Zn2*
concentration showed no effect on the crystal
phase composition. This outcome is in line with
the findings of other research that has been
published in studies [18—22]. The impact of doping
on the ZnSe lattice is evident in the peak shifts
observed in the XRD patterns. Doping with Ni and
Co (Ni2+ (0.69 A) and Co2* (0.72 A)), which have
smaller ionic radii than Zn?* (0.74 A), resulted in
a slight shift of the diffraction peaks toward
higher 20 angles, indicating lattice contraction
[23—25]. In contrast, Mn and Ag doping led to peak
shifts toward lower 20 angles due to their larger
ionic radii (Mn2* (0.8 A) and Ag* (1.14 A),
suggesting lattice expansion (Figure 1). The
outcome is in line with the previous reports
[26,27].

The values of the lattice constant a, average
crystallite size, particle size, and dislocation
density were calculated from equations 1 to 3 and
are shown in Table 1. The lattice constants a of
QDs with a cubic structure were determined using
the following formulas [28,29]:

a=b=c=—VhZ+ K2+ [2 (1)
2sin®
where, (hkl) is the Miller index of the crystal
plane, 0 is the Bragg diffraction angle, and A =
1.5406 A is the wavelength of the X-ray.
The broadening of the diffraction peaks was
used to compute the average crystallite size of the

particles using the Debye-Scherrer equation
[30,31]:

p=21 @

3 BcosO

where, A 1s the X-ray wavelength, 6 is the Bragg
angle in radians, [ is the breadth at the half-
maximum of the peak in radians, D is the particle
size, and k is a constant with a value of 0.9.

§=— 3)

The expression, where n is a constant, was used to
calculate the dislocation density &, which is
defined as the total length of dislocation lines per
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Figure 1. a) The XRD results and HRTEM image
of ZnSe:X (X: Ni, Co, Mn, Ag) MPA QDs
synthesized at pH of 7 and 90 °C with Xn*/Zn2*
ratio of 5%

Table 1. Lattice constant (a), the average crystallite size (D), and dislocation density (6) of nanoparticle

crystallites.

Samples 20 (°) (hkl) a=b=c (A) D (nm) 6 (nm-2)
ZnSe:5%Ni MPA 27.86 111 5.542 5.792 0.02980
ZnSe:5%Co MPA 27.83 111 5.548 6.413 0.02431
ZnSe MPA 27.64 111 5.585 7.053 0.02010
ZnSe:5%Mn MPA 27.47 111 5.619 7.916 0.01596
ZnSe:5%Ag MPA 27.08 111 5.699 9.147 0.01195
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unit crystal volume or, equivalently, as the
number of dislocations that intersect a unit area
of a random section. The value of § is typically
approximately one [32,33].

The parameters that were determined are
listed in Table 1. Doping Co and Ni into the ZnSe
lattice changed the lattice properties and
dislocation density of ZnSe. Furthermore, The
average crystallite size decreased from 7.053 nm
(undoped) to 5.792 nm (Ni-doped) and 6.413 nm
(Co-doped), while the dislocation density
increased from 0.02010 nm™ to 0.02980 nm™2 (Ni-
doped) and 0.02431 nm™2 (Co-doped), whereas Mn
and Ag incorporation led to an increase in size.
This trend aligns with the observed changes in the
lattice constants and dislocation densities, further
supporting the successful substitution of Zn?* with
dopant ions. The absence of additional peaks
corresponding to secondary phases confirms the
homogeneous incorporation of metal ions within
the ZnSe lattice, rather than the formation of
separate metal clusters or oxide phases. These
structural modifications resulting from metal
doping have direct implications for the optical
properties of ZnSe QDs, influencing their
emission characteristics and expanding their
potential application in optoelectronic devices.

Table 1 demonstrates that doping ZnSe QDs
with Co and Ni reduced the lattice constant and
average crystallite size (D) and increased the
dislocation density. Co%* (0.72 A) and Ni2+ (0.69 A)
have smaller ionic radii compared to Zn2* (0.74 A).
This result also shows that some ZnZ* ions are
replaced by Co?* and Ni2* ions. When the ZnSe
QDs were doped with Mn2+ and Ag*, the lattice
constant (a) and average crystallite size (D)
increased, while the dislocation density decreased
[34,35]. This suggests that Zn2* ions were replaced
by Mn2+ and Ag* ions, as the radius of Mn (0.8 A)
and Ag (1.14 A) was larger than the radius of Zn
(0.74 A).

3.1 Compositional Studies

Energy-dispersive X-ray spectroscopy (EDX)
was utilized to confirm the elemental composition
and evaluate the successful incorporation of Ni,
Co, Mn, and Ag dopants into the ZnSe QDs
(Figure 2). The elemental mapping confirmed the
presence of Zn and Se, along with distinct signals
corresponding to the respective dopant ions.
Notably, carbon and oxygen were also detected,
originating from 3-mercaptopropionic acid (MPA)
molecules capping the QDs’ surfaces. The Zn-to-Se
atomic ratio was observed to be greater than
unity, indicating a Zn-rich surface, which is
typical due to the higher chemical reactivity of
7Zn** compared to Se?” during colloidal synthesis.
The compositional analysis also revealed that the
actual dopant-to-Zn** ratio Xo+/Zn2t  was
consistently lower than the theoretical value. This

discrepancy suggests that a portion of the dopant
ions were not incorporated into the ZnSe lattice
and may have been removed during purification,
a phenomenon commonly observed in colloidal
nanocrystal doping. Dopant distribution played a
crucial role in determining the structural and
optical characteristics of the QDs. Ni and Co
doping yielded a more uniform elemental
distribution, which promoted efficient charge
carrier recombination and enhanced
photoluminescence. In contrast, Mn and Ag
doping induced localized lattice distortions and
potential defect states, which influenced the
emission spectra and quantum yield negatively in
the case of Ag. These findings are consistent with
previous studies reporting that homogeneous
doping improves optical performance, while
inhomogeneous incorporation or oversized dopant

ions can introduce defect-related non-radiative
pathways [36—38].

Fourier transform infrared (FT-IR) spectra

were obtained to determine the functional groups

of the QDs. The FT-IR spectra of MPA and
ZnSe:5%Ni1 MPA QDs, ZnSe:5%Co MPA QDs,
ZnSe:5%Mn MPA QDs, and ZnSe:5%Ag MPA QDs
(Figure 3) synthesized at pH 7 with a reaction

time of 3 h revealed that the vibration peaks
corresponding to the wave numbers 3400 cm-! and

3150 cm! are characteristic vibrations of O-H

bonds and water adsorbed on the material surface

[39]. The peak at 2890 cml was due to the

vibration of the -CH2 group bond. The peaks at

1600 cm ! and 1730 em-! represent the vibrations
of the carboxyl group bond (-C=0). The signal at
1600 cm-l, which corresponds to the carboxyl
group (-C=0) of MPA in a neutral medium, was
shifted to 1730 cm-! in an alkaline medium. The

Transmittance (%)

—ZnSe:5%Ni MPA
ZnSe:5%Co MPA

| —— znse:5%Mn MPA Zn-S
—— ZNnSe:5%Ag MPA C=0— —
1 ——MPA

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 3. FT-IR spectrum of ZnSe MPA QDs,
ZnSe:X MPA (X:Ni, Co, Mn, Ag) QDs synthesized
at 90 °C, pH of 7, and at reaction times of 3 h.
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peaks at 2520 cm?! and 2650 cm! are
characteristic vibrations of the -S-H bond
[24,31,32]. The peaks at 1110 cm-! - 475 cm-! are
characteristic vibrations of the Zn-S bond [33, 34].
As a result, the functional group -S-H of MPA is

no longer present, while the vibration peaks—OH
and—C=0 of the -COOH group of MPA remain,
demonstrating that MPA is linked with QDs
particles and that -SH has formed bonds on the
surface of ZnSe crystals. By improving their

Element | Weight (%)
Zn 35.57
Se 27.87
S 6.18
(6] 13.50
Ni 4.72
€ 12.16
100.00

Element | Weight (%)
Zn 36.91
Se 26.27
S 4.86
(6] 16.68
Co 4.04
C 11.24
100.00

Element | Weight (%
Zn 38.71
Se 27.05
S 4.56
(0] 13557
Mn 4.37
C 11.74
100.00

11

Element | Weight (%)
Zn 34.88
Se 31.97
S 3.45
(0] 14.67
Ag 4.69
(¢ 10.34
100.00

Figure 2. EDX spectra of (a) ZnSe:5%Ni MPA QDs, (b) ZnSe:5%Co MPA QDs, (¢) ZnSe:5%Mn MPA QDs,
(d) ZnSe:5%Ag MPA QDs synthesized at pH of 7 and 90 °C.
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dispersibility in water, these linkages enable the
use of ZnSe particles in a wider range of
applications, including biology [44].

3.2 Optical Properties

UV-Vis absorption spectroscopy is a powerful
method for studying the effects of doping on the
optical properties of ZnSe QD. Figure 4 shows the
absorption spectra of the ZnSe QDs. The optical
properties of the ZnSe and metal-doped ZnSe QDs
were investigated using UV-Vis absorption
spectroscopy. The absorption edge of the ZnSe
QDs exhibited shifts depending on the type of
dopant, which was attributed to variations in
quantum confinement and electronic structure. Ni
and Co doping resulted in a blue shift of the
absorption edge, suggesting enhanced quantum
confinement owing to lattice contraction. The
reduced lattice parameter in these samples
increased the bandgap energy, leading to a shift
toward shorter wavelengths [14,15,45].
Conversely, Mn and Ag doping induced a redshift
in the absorption edge, which can be attributed to
lattice expansion and defect-state formation. The
larger ionic radii of Mn and Ag cause localized
lattice distortions, introducing mid-gap energy
states that effectively decrease the bandgap
energy and shift the absorption edge toward
longer wavelengths [17,46]. These modifications
in the absorption properties directly correlate
with changes in the photoluminescence
characteristics of the doped ZnSe QDs,
demonstrating the tunability of their optical
response through selective doping strategies.

3.3 Photoluminescence Properties

The fluorescence of ZnSe:X MPA nanocrystals
at molar ratios of 5% Xv*/Zn2* with varying
luminescence intensities is shown in Figure 5. The

1.50

ZnSe:5%Ag MPA
ZnSe:5%Mn MPA
ZnSe MPA
ZnSe:5%Co MPA
ZnSe:5%Ni MPA
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o
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0.25 +
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Wavelenght (nm)

Figure 4. The UV-Vis spectra of ZnSe:X MPA

(X:Ni, Co, Mn, Ag) QDs synthesized at 90 °C and

pH of 7.

luminous characteristics of QDs are mostly
determined by the luminescence intensity at the
Xo+ Juminescent center. The photoluminescence
(PL) spectra of the ZnSe QDs and ZnSe doped with
Ni, Co, Mn, and Ag were obtained at an excitation
wavelength of 325 nm to investigate the optical
properties of the materials (Figure 5a, b, c a d, e,
f)). The PL spectra revealed that doping
significantly influenced both the emission
wavelength and intensity. The ZnSe:Ni QDs
exhibited a strong blue emission at 473 nm,
corresponding to the well-known 3A: — 3T
transition of Ni?* ions. The ZnSe:Co QDs emitted
at 565 nm, showing yellow-green fluorescence
resulting from electronic transitions within the
Co?* dopant levels, corresponding to the well-
known 4T1 — 4A; transition of Co?* ions. Mn-doped
ZnSe exhibited an intense orange-yellow emission
centered at 591 nm, corresponding to the well-
known 4T1 — 6A: transition of Mn?* ions. Ag
doping led to a blue emission peak at 442 nm,
corresponding to the well-known 1S, — 3D:
transition of Ag* ions ,which is associated with
donor-acceptor recombination and defect states
within the ZnSe matrix. The CIE color (Fig 5g)
coordinates of the ZnSe:X QDs were determined to
analyze the effect of metal doping on emission
color. The ZnSe:Ni QDs exhibited blue
fluorescence with CIE coordinates near (0.15,
0.09), indicating a shift toward the blue region.
ZnSe:Co QDs emitting yellow-green light showed
CIE coordinates around (0.37, 0.49), which 1is
characteristic of greenish-yellow luminescence.
Mn doping resulted in an orange-yellow emission
with coordinates of approximately (0.52, 0.42),
aligning with warm-colored light applications.
Ag*-doped ZnSe exhibited blue emission with CIE
coordinates of approximately (0.20, 0.15),
indicating a shift toward a slightly greener blue
compared to undoped ZnSe. The CIE diagram
confirms that metal doping enables fine-tuning of
the emission wavelengths, allowing for precise
control over the color output. These tunable
optical properties make ZnSe:X QDs highly
suitable for applications in display technologies,
white-light LEDs, and bioimaging, where precise
color rendering is critical.

Fluorescence quantum efficiency (QE) is a
precise assessment of the ratio of emitted photons
to absorbed photons in a material. The quantum
yields (QYs) of the QDs were calculated by
comparing them with the quantum-efficient
luminescence of organic pigments such as
rhodamine, rhodamine 6G, fluorescein 27, and
coumarin 153 [35,36,37]. The relative quantum
efficiency was estimated using the following
formula [38,39]:

®f,x = @f,st. % (4)
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Fx and Fst are the fluorescence emission
integral areas of the QDs and the Rhodamine B

as a standard to calculate the fluorescence
quantum efficiency of the manufactured samples,

reference, respectively. We utilized Rhodamine B which was 65 % [52,53]. The fluorescence
430 e
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Figure 5. a, b, ¢, d, e, f) PL spectrum, UV 365 nm image inset and g) CIE color coordinate of ZnSe:X
MPA (X: Ni, Co, Mn, Ag) QDs synthesized at 90 °C, pH of 7.
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quantum efficiencies of the QDS particles are
listed in Table 2.

Fluorescence quantum efficiency (QE) was
calculated by comparing the integrated PL
intensities of the doped ZnSe QDs with a known
standard reference. These results indicate a
substantial improvement in the QE upon metal
doping. The Mn-doped ZnSe QDs exhibited the
highest QE (49.52%), followed by Ni (34.56%), Co
(28.79%), and Ag (22.48%). The enhanced QE of
the Mn- and Ni-doped samples can be attributed
to the introduction of efficient radiative
recombination centers, which minimize non-
radiative losses. In contrast, Co and Ag doping
introduced additional electronic states that
facilitated nonradiative recombination, leading to
slightly lower quantum yields.

3.4 Proposed Mechanisms

This phenomenon can be attributed to the
substitution of X»* ions with Zn2* ions in the ZnSe
host material (Scheme 2). The mechanism by
which dopant ions (X»* = Ni%*, Co**, Mn?*, and Ag*)
replace Zn** in the ZnSe lattice plays a crucial role
in determining the photoluminescence properties
and fluorescence quantum efficiency (QE) of the
resulting QDs (Scheme 3). When Zn?*" ions are
substituted with smaller or larger dopant ions,
lattice distortions occur, which influence the
electronic band structure and defect states. Niz*
and Co?* substitution: Owing to their smaller ionic
radii, Ni* and Co?* ions induce lattice contraction,
which increases the bandgap energy, resulting in
a blue shift in photoluminescence. The presence of
these transition metal ions introduces new energy
levels within the bandgap, facilitating enhanced
carrier recombination and improving QE.
However, Co**, known for its strong spin-orbit
coupling, creates localized electronic states that
slightly reduce the QE compared to Ni**-doped
ZnSe. Mn?** Substitution: The incorporation of
Mn?* ions, with a slightly larger ionic radius than
that of Zn**, causes moderate lattice expansion.
This expansion results in the formation of Mn2*-
related 4T:1 — ©6A: transitions, which are

Table 2. Fluorescence quantum efficiency of
ZnSe:5%Ni MPA QDs, ZnSe:5%Co MPA QDs,
ZnSe:5%Mn MPA QDs, ZnSe:5%Ag MPA QDs.

Fluorescence quantum

Samples efficiency (%)
ZnSe:5%Ni MPA 34.56
ZnSe:5%Co MPA 28.79

ZnSe MPA 13.46
ZnSe:5%Mn MPA 49.52
ZnSe:5%Ag MPA 22.48

responsible for the intense orange-yellow
photoluminescence. Mn?* doping significantly
enhances the QE owing to efficient energy
transfer from the ZnSe host to the Mn?*
luminescent centers, reducing non-radiative
recombination pathways. Ag* Substitution: With
largest ionic radius among the dopants, Ag*
incorporation leads to pronounced lattice
expansion and the formation of defect states
within the ZnSe host material. These defects
create additional donor-acceptor recombination
pathways, contributing to the blue-shifted
emission compared to that of undoped ZnSe.
However, because of the competing non-radiative
recombination processes, Ag* doping results in a
relatively lower QE than that of Mn2?* and Ni**-
doped ZnSe QDs. The differences in lattice
distortions, defect formations, and electronic state
modifications caused by each dopant directly
affect the emission characteristics and
fluorescence efficiencies of ZnSe:X QDs. This
tunability allows for tailored optoelectronic
applications, including high-performance display
technologies, bioimaging, and white-light LED
applications.

As a result, in the absorption and emission
spectra of ZnSe:X (X: Ni, Co, Mn, Ag), in addition
to the lines and bands associated with the
recombination of free excitons and excitons linked
to the neutral donor and acceptor levels, there are
broad bands associated with the 3d shell of Xn*
ions (Scheme 3). The luminous center of X+ in
ZnSe 1is prominent at various wavelengths
depending on the doping metal [54,55].

Thus, Ni, Co, Mn, and Ag doping into ZnSe
improved the fluorescence efficiency of ZnSe QDs
and altered their emission color under UV light.
This will broaden the scope of the application of
ZnSe nanoparticles after metal doping.

4. Conclusion

This study investigated the influence of Ni,
Co, Mn, and Ag doping on the structural, optical,
and photoluminescence properties of ZnSe
quantum dots. X-ray diffraction confirmed that all
doped ZnSe QDs retained the cubic zinc-blende
crystal structure, with peak shifts due to lattice

ZnSe (Zinc blende)

Doped metal

Scheme 2. X»* jon-doping model of ZnSe MPA
QDs.
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strain from dopant incorporation. Ni** and Co?**
doping induced peak broadening and shifted
toward higher angles, suggesting lattice
contraction, while Mn?* and Ag* doping shifted
the peaks toward lower angles, indicating
expansion. Optical absorption studies showed
that Ni** and Co?* doping caused a blue shift in
the absorption edge, increasing the effective
bandgap energy owing to quantum confinement
effects and lattice contraction. Mn?* and Ag*
doping led to a redshift, which was attributed to
the impurity levels and lattice expansion.
Photoluminescence analysis showed that Mn2?*
doping produced the most intense orange-yellow
emission owing to the 4T1 — 6A; transition, with
the highest fluorescence quantum efficiency
(49.52%). Ni** and Co?* doping introduced
intermediate states, facilitating charge-carrier
recombination and enhancing blue and yellow-
green fluorescence, respectively. Ag* doping
exhibited moderate quantum efficiency owing to
defect-related nonradiative recombination
pathways, leading to a lower emission intensity.
CIE color coordinate analysis validated the
tunability of the emission wavelengths across the
visible spectrum. Ni?*-doped ZnSe QDs exhibited
blue emission near (0.15, 0.09), Co?*-doped
showed greenish-yellow at (0.37, 0.49), Mn?*-
doped demonstrated strong orange-yellow at
(0.52, 0.42), and Ag*-doped exhibited, blue-shifted
emission at (0.20, 0.15). These results confirm
that selective doping allows precise control of the
optical properties of ZnSe QDs, making them
suitable for display applications, white-light
LEDs, and bioimaging.
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