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ABSTRACT

 This research paper delves into the synthesis and characterization of Mn-doped nitrogen-
co-doped CdS composite diluted magnetic semiconductor quantum dots (DMSQDs) using a  
co-precipitation method (CPM) at room temperature. The introduction of nitrogen is strategically 
employed to improve the structural stability of DMSQDs, capitalizing on it’s ability to exist in 
diverse ionic states. The investigation covers the structural, optical, and magnetic properties of the 
synthesized quantum dots. X-ray diffraction (XRD) analysis confirms the cubic phase of CdS and 
unveils the presence of secondary phases, including MnS and S2N4, signifying successful Mn and 
N incorporation into the CdS lattice. Elemental analysis via energy-dispersive X-ray spectroscopy 
(EDX) validates the presence of Mn and N in the quantum dots. Optical studies, encompassing 
Ultraviolet-Visible spectra (UV-Vis) and photoluminescence (PL), reveal a distinctive blue shift in 
the absorption band edge, highlighting the quantum confinement effect. The PL spectra unveil the 
presence of manganese ions and showcase a characteristic emission peak at 634 nm. Electron 
paramagnetic resonance (EPR) analysis establishes the paramagnetic nature of Mn-doped CdS 
composite quantum dots, with nitrogen influencing the g value. This study offers valuable insights 
into the potential applications of these DMSQDs in the realm of spintronic devices.
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INTRODUCTION

 Since the 1990s, nanomaterials ranging 
from 1 to 100 nm in structural dimensions have 
emerged as a central focus in the domains of 
chemistry, biology, physics, and medicine1. These 
nanoparticles, or quantum dots (QDs), exhibit unique 
properties distinct from their bulk counterparts. The 

alteration in their properties is chiefly attributed to two 
factors: the increased surface area-to-volume ratio 
and the quantum effects stemming from variations in 
particle size2. Quantum dots have been the subject of 
extensive research due to their potential applications 
in optoelectronics, solar cells, bio-imaging3, and more. 
Their size-dependent properties, encompassing not 
only band gap adjustments but also unique optical, 
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magnetic, and catalytic behaviors, have significantly 
contributed to the exploration and development of 
innovative technologies.

 Diluted-magnetic-semiconductors (DMS) 
are another class of nanomaterials that have 
garnered attention, particularly II-VI quantum dots 
doped with transition metals like Mn, Fe, Ni, Co, Cr, 
Zn, etc.4-7. These DMS exhibit fascinating optical 
and magnetic characteristics arising from the 
interaction of magnetic moments of the transition 
metal ions with the semiconductor lattice's electronic 
bands8. Unlike other transition metals, manganese 
possesses distinctive characteristics owing to its 
half-filled d-orbitals9. These attributes play a crucial 
role in the formation of dimers when Mn interacts with 
additional dopant elements10. The bound magnetic 
polaron theory (BMP)11 provides a framework to 
understand the impact of these dimers on the 
antiferromagnetic and ferromagnetic properties 
exhibited by DMS. The ability of manganese ions 
to form extra traps inside the CdS core is further 
demonstrated, and this leads to significant changes 
in the luminescence characteristics of these 
materials. This phenomenon gives rise to what is 
referred to as magnetoluminescence compounds12.

 To faci l i tate the understanding of 
DMS quantum dots (DMSQDs)10, which are 
semiconducting quantum dots doped with transition 
metals exhibiting magnetic behavior, one must 
consider the profound implications of combining the 
distinct properties of quantum dots with the magnetic 
characteristics of transition metals. By incorporating 
the magnetic nature of DMS at the nanoscale, 
researchers aim to increase the efficiency of these 
materials in various spintronic devices4, expecting 
that the small size of quantum dots will lead to 
extensive interactions between d electrons and  
sp-shelled electrons, making DMSQDs highly 
efficient and miniaturized spintronic devices4.

 Recent studies in the field of DMSQDs 
have encountered challenges related to structural 
instability13. Ganguly et al., showcased the 
incorporation of Mn2+ ions into CdS quantum 
dots14, while Ibrahim et al., observed that Mn doping 
in CdS resulted in a mass loss of up to 17 % at 
temperatures up to 720 °C13. Additionally, Panmad 
et al., reported the formation of Mn-doped CdS 
within a glass matrix and noted the presence of a 
hexagonal phase in the quantum dots12. However, 
it is important to note that the structural stability of 

these Mn-doped CdS quantum dots, specifically in 
comparison to the more stable tetrahedral phase, 
remains unproven. Researchers have explored the 
formation of secondary compounds as a means 
to enhance stability15. Nitrogen has emerged as a 
promising element in this regard, given its ability 
to exist in various ionic states (N3- with a radius of  
132 pm, N3+ with a radius of 30 pm, and N5+ with a 
radius of 27 pm).

 Incor pora t ing  n i t rogen in to  I I -V I 
semiconductor (CdS) particles might lead to the 
formation of additional compounds, suitable for both 
anionic and cationic replacement (due to its small 
ionic radius of less than Cd2+) in compounds like 
CdS16. The pronounced electronegativity of nitrogen 
facilitates the generation of composite materials 
and secondary compounds when co-doped with 
d-block elements. The enhanced stability of nitrogen 
ions, which adopt a tetrahedral structure, compared 
to other phases, has been well-documented17,18. 
Moreover, despite the fact that CdS experiences a 
shift in its structural phase from cubic to hexagonal, 
Mn2+ also assumes a stable tetrahedral phase when 
introduced into the CdS lattice to create diluted 
magnetic semiconductors19. 

 The unique properties of these elements 
served as the driving force behind the current 
research endeavor, which focused on the synthesis 
of Mn-doped N:CdS DMSQDs. In the current 
study nitrogen-co-doped Mn:CdS DMSQDs were 
synthesized using a CPM at room temperature. 
This research delves into the optical, structural, and 
magnetic properties of these QDs, shedding light on 
their potential applications and contributions to the 
field of nanomaterials.

Methodology
 A straightforward CPM was employed to 
synthesize the quantum dots. All chemicals utilized 
in the synthesis, including those for CdS and Cd0.94-

xMnxN0.06S QDs (where x = 2, 4, 6, and 8 at %), were 
of Sigma Aldrich AR grade and possessed a purity of 
99.9 %, obviating the need for additional purification 
steps. The cationic precursors, specifically cadmium 
acetate dihydrate for cadmium and manganese 
acetate tetrahydrate for manganese, and CN2H4S 
for N were utilized, while the anionic precursors 
comprised Na2S for sulfur. To facilitate their 
dissolution, Solutions with concentrations of 0.2 
M for each compound were accurately concocted 
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utilizing deionized water as the solvent, adhering to 
the stoichiometry, and agitated for 30 minutes.

 The synthesis process is initiated with the 
anionic precursor, Na2S, positioned in a conical 
vessel and affixed to a magnetic stirring device. 
Afterward, the positively charged precursor, CN2H4S, 
was introduced gradually and agitated for half 
an hour. Following this, 2 mL of mercaptoethanol 
(ME), acting as the encapsulating agent, was 
added incrementally and mixed for an extra  
30 min to achieve a uniform mixture. Concurrently, the 
positively charged precursors were added gradually, 
maintaining their stoichiometric proportions, and 
stirred for an extended duration of 8 h to ensure the 
reaction's completion. The obtained solid residues 
underwent several rinses with deionized water to 
remove potential contaminants. The purified solid 
residues were subsequently dried at 60 °C for a 
duration of 6 h utilizing a hot air oven, after which 
they were finely ground into a powder.

 The Bruker D8 advance XRD from 
Germany was used to look at the structure. For 

Fig. 1a-f. EDX profiles of CdS, Cd0.94-xMnxN0.06S QDs (where x = 0, 2, 4, 6, and 8 at %) 

examining its shape, the Carl FESEM03-81 was 
utilized. Chemical composition was figured out 
using the Oxford EDX with Carl FESEM. Bond 
energies were measured using the Agilent Cavy 
360-FTIR tool. The Perkins-Elmer LAMDA950 
instrument was used to study absorption over a 
wide range. To explore its electronic states, the 
JES200 CW ESR device was employed. Finally, 
room temperature PL was measured with the JY 
Fluorolog-3-11 instrument.

RESULTS AND DISCUSSION

Elemental Analysis
 Figure 1 displays the EDX analysis of both 
CdS and Cd0.94-xMnxN0.06S QDs (where x = 0, 2, 4, 
6, and 8 at %). Within all EDX patterns, a prominent 
presence of strong peaks corresponding to Cd 
and S elements is readily discernible. Notably, in  
Fig. 1(b) through 1(f), an additional detectable peak 
corresponding to both N and Mn emerges, providing 
strong support for the effective integration of N and 
Mn ions into the CdS QDs structure.
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Structural Analysis
 The pictures in Fig. 2 show the XRD 
patterns for the prepared CdS and Cd0.94-xMnxN0.06S 
(where x = 0, 2, 4, 6, and 8 at %) QDs, along with 

the refined XRD patterns made using the XPHS. 
These samples displayed clearly defined broadened 
peaks, signifying their presence within the nanoscale 
dimension. 

Fig. 2. XRD profiles of CdS, Cd0.94-xMnxN0.06S QDs (where x = 0, 2, 4, 6, and 8 at %) 

 The observed diffraction peaks matched 
with the crystallographic planes (331), (111), and 
(110), affirming that all specimens exhibit a cubic 
phase in accordance with JCPDS card No. 04-006-
3897. Moreover, the peaks' expansion suggested 
the emergence of secondary phases, with the MnS 
phase appearing at higher dopant concentrations 
(x = 4, 6, and 8 at %). The crystallographic planes 
of MnS (111) at 45.6o and (110) at 27.3o exhibited 
good agreement with the published results and 
JCPDS card No. 40-1288. The identification of a 
novel phase, S2N4, indicates the substitution of 
cations with nitrogen, underscoring the composite 
characteristics of the synthesized quantum dots.

 Prior research studies conducted by 
Ibrahim et al., Ganguly et al., and Weichang et al., 
have consistently reported findings that align with 
our current results13-14. They noted that the positions 

of the resulting peaks in the XRD patterns of both 
CdS and Mn-doped CdS remain nearly unchanged. 
Furthermore, Angshuman et al., noted that the 
X-ray diffraction profiles of CdS remained largely 
unchanged despite the introduction of Mn2+ ions20. 
Furthermore, Wang et al., in their investigation of Mn 
ion-implanted CdS films, made similar observations 
by noting that the positions of XRD peaks exhibit 
limited changes in response to Mn doping21. These 
collective findings from previous studies corroborate 
our findings in the current research.

 The XRD data of CdS and Cd0.94-xMnxN0.06S 
(where x = 0, 2, 4, 6, and 8 at %) QDs were analyzed 
using the X'pert high score software, employing 
the pseudo-Voigt profile for peak simulation and 
linear interpolation for background fitting. The 
mean crystallite sizes, as shown in Table 1, were 
determined using Debye-Scherrer's method22 and 
revealed a mean size of 1.08 nm for CdS, while CdS 
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Fig. 3a-f. FESEM profiles of CdS, Cd0.94-xMnxN0.06S 
QDs (where x = 0, 2, 4, 6, and 8 at %) 

and Cd0.94-xMnxN0.06S QDs exhibited varying sizes 
between 1.81 and 1.14 nm. With increasing dopant 
concentration, the crystalline size initially increased 
but subsequently decreased. The dislocation density 
(δ) was calculated23 as δ = 1/D2 lines/(nm)2, where 
D represents the average crystallite size, as also 
shown in Table 1. Additionally, strain values were 
determined using ε = β/(4 tanθ), where ε denotes 
microstrain and β is the line broadening at full width 
at half maximum (FWHM). These strain values 
displayed a decreasing trend with increasing dopant 
concentration, signifying improved stability of the 
QDs. The as-prepared CdS quantum dots underwent 
refined X-ray diffraction (XRD) analysis, involving 
the refinement of parameters like U, V, W, symmetry 
parameters, and mixing coefficient (g).

 The refined structural information confirmed 
that the CdS QDs possess a cubic structure with 
lattice parameters a = b = c = 5.81799Å, α = β = 
γ = 90°, space group (F-4 3 m) and a volume (V) 
of 196.9332 Å3. The visual representation of the 
CdS geometrical structure was generated from the 
Rietveld data, as illustrated in Fig. 2b, utilizing the 
VESTA software.

Fig. 2b. Face-centered cubic (FCC) lattice of CdS

Morphological studies
 In Fig.3, the FESEM profiles of CdS 
and Cd0.94-xMnxN0.06S (where x = 0, 2, 4, 6, and 8 
at %) QDs are presented. These images reveal 
that the grains were densely packed within the 
samples. Remarkably, there was non-uniformity 
in the grain sizes, and they diminished with an 
increase in dopant concentration. This occurrence 
can be ascribed to the displacement of grain 
boundaries, resulting in heightened lattice strain 
and modifications to lattice parameters16. Moreover, 
it is noteworthy that the identified grain sizes in the 
doped quantum dots were smaller in comparison 
to those of the pristine CdS QDs.

Optical Studies
FTIR studies
 Figure 4 displays the room-temperature 
Fourier transform infrared spectra of CdS and  
Cd0.94-xMnxN0.06S (where x = 0, 2, 4, 6, and 8 at %) 
QDs, covering the 400-4000 cm-1 range. These 
spectra exhibit vibration bands corresponding to 
precursor and surfactant components. Vibrations 
below 800 cm-1 are linked to interactions involving Mn, 
Cd, and S, whereas the groups of an organic nature 
are found in the 800 to 4000 cm-1 range. Significantly, 
the frequency of vibrations in the 500-650 cm-1 
range, linked to the Mn-S bond13, transitioned from 
640 cm-1 (in Mn:CdS) to 653 cm-1 in this instance, 
signifying the substitution of Mn2+ ions in CdS cationic 
positions. This shift, coupled with peak broadening 

Table 1: Crystallite size, Dislocation density, and 
Lattice strain of CdS and Cd0.94-xMnxN0.06S 

QDs (where x = 0, 2, 4, 6, and 8 at %)

                                                     From XRD

        Compound  Crystallite  Dislocation density Lattice
Cd0.94-xMnxN0.06S(x %) size (nm) (lines/nm2 )x10-2 strain
  
             CdS 1.08 85.73 0.14
            x = 0 1.57 40.57 0.11
            x = 2 1.81 30.52 0.16
            x = 4 1.66 36.29 0.18
            x = 6 1.22 67.18 0.18
            x = 8 1.14 76.94 0.19
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and blue shift attributed to nitrogen, indicates the 
effective integration of N and Mn into the CdS core. 
The presence of various functional groups in the 800-
4000 cm-1 range is attributed to ME, employed as a 
surfactant to control QDs size23. The FTIR analysis 
confirms the existence of nitrogen, manganese, and 
ME in the synthesized QDs.

fabricated CdS and Cd0.94-xMnxN0.06S QDs (where x 
= 0, 2, 4, 6, and 8 at %), Tauc’s plots25 were utilized, 
as depicted in Fig. 5b. The calculated positions of 
the band edges and corresponding band gaps are 
outlined in Table 2. The addition of nitrogen led to an 
augmentation in the CdS band gap, escalating from 
2.54 to 2.67 eV. Further incorporation of Mn resulted 
in a subsequent increase to 4.32 eV. Previous reports 
by Ibrahim et al., suggested band gap values around 
2.34 eV in Mn-doped CdS QDs, while Ganguly 
et al., reported a slight blue shift around 3.04 eV. 
Recently Jawad et al., reported a considerable red 
shift in Mn-doped CdS26.The apparent shift of the 
band gap toward the blue spectrum, as indicated in 
Table 2, highlights the quantum confinement effect 
arising from the diminished particle size within the 
nanoscale range. This emphasizes the influence of 
nitrogen in modifying the band gap.

Table 2: Band edge position and Band gap values of CdS 
and Cd0.94-xMnxN0.06S QDs (where x = 0, 2, 4, 6, and 8 at %)

        Compound Band edge Band gap
Cd0.94-xMnxN0.06S (x %) position(nm) (eV)

             CdS 545 2.54
             x = 0 500 2.67
             x = 2 480 4.32
             x = 4 474 4.49
             x = 6 470 4.50
             x = 8 490 4.56

Fig. 4. FTIR spectra profiles of CdS, Cd0.94-xMnxN0.06S 
QDs (where x = 0, 2, 4, 6, and 8 at %)

UV-Vis spectra
 The UV-Vis spectra captured in reflection 
mode as depicted in Fig. 5a showcase the 
comparison between CdS and Cd0.94-xMnxN0.06S 
QDs (where x = 0, 2, 4, 6, and 8 at %). These 
spectra revealed absorption band edge positions 
spanning from 470 nm to 545 nm. Initially, for CdS, 
the position was identified at 545 nm, gradually 
transitioning to 470 nm. This evident change 
towards the blue in the absorption band edge 
suggests an expanded band gap resulting from 
the integration of nitrogen and Mn2+ within the 
CdS matrix. Khan et al., reported a similar effect 
in their theoretical studies24. This shift serves as a 
clear indicator of the quantum confinement effect. 
While previous studies by Ganguly et al., reported 
a slight blue shift with Mn doping and Ibrahim et 
al., observed no significant influence of Mn on the 
band edge position, this present study highlights 
a distinct blue shift of 75 nm, attributing nitrogen's 
crucial role in altering the band edge13-14.

 For evaluating the band gap of the 

PL studies
 Room temperature photoluminescence 
investigations were conducted to analyze the 
interfaces, imperfection levels, and surface 
characteristics of the freshly synthesized composite 
QDs of N and Mn-doped CdS. Fig. 6 illustrates 
the PL spectra acquired at room temperature for 
CdS, as well as Cd0.94-xMnxN0.06S (where x = 2, 4, 
6, and 8 at %) QDs. Feeble emission peaks were 
detected across all samples at 435, 448, and 465 
nm, exhibiting slight variations in their intensities. 
A correction has been made in the provided 
wavelengths for accuracy. The emergence of 
these peaks can be attributed to the presence of 
manganese ions in the lower range of the valence 
band. The comparatively reduced strength of the 
peaks suggested the confinement of ions within 
interstitial gaps27. Across all samples, the most 
prominent band of emission, spanning from 545 to 
750 nm, exhibited a centered peak of emission at  
634 nm. The rise in intensity was ascribed to 
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the existence of N and Mn2+, enhancing the 
luminescence peaks' brightness through the 
encouragement of hole and electron radiative 
recombination. The broadening of the emission 
peaks' FWHM was noted with an increase in 
concentration. This observation suggests that the 
peaks became broader with the increase in the 
concentration of dopants. The widening of the 
peaks occurred due to the entrapment of dopant 
ions within interstitial vacancies in the bands. 
The highest intensity was observed for Cd0.94-

xMnxN0.06S (x = 2 at %), and as the concentration 
of Mn2+ increased further, the intensity decreased. 
The samples Cd0.94-xMnxN0.06S (x = 6 and 8 at %) 
exhibited a quenching-effect12. 

Fig. 5a. Band edge positions in UV-Vis absorption spectra 
of CdS and Cd0.94-xMnxN0.06S QDs (where x = 0, 2, 4, 6, and 

8 at %)

Fig. 5b. Tauc’s plots of CdS, Cd0.94-xMnxN0.06S QDs (where x = 0, 2, 4, 6, and 8 at %) 

 The unique emission noted at the 634 nm 
peak is linked to the transition from the 4T1 to 6A1 
energy states of the manganese ions. Neto et al., 
documented that this specific radiance was detected 
upon the integration of the Mn2+ ion as a replacement 
entity in the CdS lattice28. The slight shift towards 
longer wavelengths noted in the characteristic 
emission peak was ascribed to the reduction in the 

band gap, stemming from the introduction of nitrogen 
into the core lattice of CdS. Murali et al., in their study, 
noted the lack of a specific yellow peak and identified 
a PL peak at 700 nm, attributing it to the presence 
of manganese on the surface29. Similarly, Giribabu  
et al., in their research30, highlighted a luminescence 
peak at 585 nm, associated with the incorporation 
of Mn2+ on the surface of CdS Nps. The current 



1416Kumar Y B et al., Orient. J. Chem., Vol. 39(6), 1409-1418 (2023)

investigation of PL is linked to the integration of 
Mn2+ ions within the CdS QD core. The decline in 
intensity with an increase in dopant concentration 
implies a diminished presence of unbound ions. 
This phenomenon was ascribed to the generation 
of supplementary compounds like S2N4 and MnS, 
as confirmed by the XRD studies. This validation 
indicates the composite structure of the synthesized 
quantum dots.

Fig. 6. Photo luminescence spectra of CdS, Cd0.94-xMnxN0.06S 
QDs (where x = 2, 4, 6, and 8 at %) 

EPR
 To investigate the oxidation states of 
dopant ions, their occupancy positions, magnetic 
properties, and phase, the current study utilized 
EPR analysis. In Fig. 7, the EPR spectra of the 
synthesized CdS and Cd0.94-xMnxN0.06S (where 
x = 0, 2, 4, 6, and 8 at %) quantum dots are 
presented. The CdS sample graph displayed no 
EPR signals, suggesting the lack of paramagnetic 
elements within pure CdS. The samples doped 
with nitrogen showed the elongated signal 
displaying a 'g' shift that slightly transitioned from 
a lower value of 2.18 to a higher value of 2.21.
In most cases, nitrogen's (I = 1) EPR spectra 
display a three-part signal with an inherent g = 
1.995. In the present investigation, no division 
of the electron paramagnetic resonance signal 
was observed. This absence is linked to a rise in 
more widely dispersed imperfections, extended 
duration, and intensified interaction among the 
doped ions. No comparable reports are currently 
accessible for reference.

Fig. 7. EPR spectra of CdS, Cd0.94-xMnxN0.06S QDs (where x = 0, 2, 4, 6, and 8 at %)
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 The samples doped with Mn2+, exhibited 
dist inct sextet hyperf ine spl i t t ing electron 
paramagnetic resonance features. The mean 
hyperfine-splitting constant (A) hovered at 7 mT, 
with a g = 1.995. Notably, the characteristic g value 
for manganese is 2.0, and for nitrogen, it is 1.995. 
Consequently, the electron paramagnetic resonance 
signals identified in this study indicate the existence 
of both N and Mn2+ in the produced QDs. The 
marginal decrease in the g value suggests a higher 
ionic nature of the synthesized QDs22. Giri Babu  
et al., and Murali et al., reported Mn2+ doping on the 
surface of CdS with an A value of 95 G29,30, while Nag 
et al., and Jadav et al., reported the presence of Mn2+ 
incorporated into the tetrahedral sites of the CdS 
core with A = 6.9 mT. Typically, geometric phases in 
a tetrahedral structure display reduced energy and 
increased stability19,17.

 The formula Ns = 0.285I (∆B)2 was 
employed to estimate the available spins (Ns), 
utilizing 'I' (peak-to-peak signal intensity) and 
'∆B' (peak width) values. The g = 1.995, A = 7mT, 
and B0 (zero-emission magnetic field) = 338 mT 
parameters remain constant despite changes in 
Mn2+ concentration. Enhanced doping concentration 
elevates the signal intensity, from 1720 to 5150 a.u., 
signifying increased spins from 86.5x106 to 311x106, 
and altered paramagnetic properties in the room 
temperature of the prepared QDs.

 In this way, the paramagnetic nature in the 
Mn-doped CdS composite quantum dots can be 
adapted by introducing nitrogen as a co-dopant.

CONCLUSION

 The chemical co-precipitation method 
effectively produced Mn:CdS QDs doped with 

nitrogen. The use of ME as a surfactant efficiently 
regulated the nanoparticle dimensions. XRD 
examination confirmed the nanoscale size, 
approximately 1-2 nm. The Rietveld analysis through 
XPHS displayed the mixed composition within 
the produced QDs. EDX analysis confirmed the 
effective incorporation of nitrogen and manganese 
into the CdS structure. FTIR investigations provided 
additional evidence of the surfactant and the doped 
elements. UV-Vis exhibited a clear shift towards the 
blue end of the spectrum, indicating a decrease in 
particle size. The PL exhibited a distinct peak at  
l = 634 nm, indicating the transition from 4T1 to 6A1, 
possibly due to the integration of manganese into 
the CdS core.EPR examination, with an A = 7 mT 
affirmed the existence of nitrogen and Mn2+ in the 
tetrahedral sites of the cubic lattice of CdS.

 The successful creation of Mn:CdS quantum 
dots co-doped with nitrogen, featuring diverse 
phases, precise sizing, and desirable paramagnetic 
and optical characteristics, presents opportunities 
for their utilization in effective optoelectronic and 
magneto-luminescent devices across diverse 
technological fields.
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