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Abstract: Analysing the impact of Fe3? dopant on the structural, morphological, optical, and electrochemical charac-

teristics of ZnS quantum dots is the goal of the current work. The Fe3? ions doped ZnS QDs were prepared using the co-

precipitation technique, and the Fe3? doping percentage was tuned to 0,1,3 and 5 at.%. The crystalline structure and phase

information have been verified through X-ray diffraction. The crystallite size of the ZnS QDs reduces gradually as a

function of Fe3? doping concentration. The size of a crystallite was calculated to be about 2 nm. The structural and

morphological validation of Fe3? -doped ZnS QDs was supported by the TEM and SEM data. To ensure the presence of the

elements, the stoichiometry ratio and molecular vibrations were determined by EDAX and FT-IR analyses. A UV–vis

optical study revealed that a maximum transmittance was received in the visible region for Fe3? (5 at.%) doped ZnS

quantum dots. Initial substitution of Fe3? ions led to a blue shift in the band gap; further doping exhibited a red shift. The

intensity of PL emission in the blue region is remarkably reduced due to the doping ions. The electrochemical study

revealed that Fe3? (5 at.%) doped ZnS quantum dots possess a better electrical response. The specific capacitance was

enhanced due to Fe3? ion doping.
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1. Introduction

Recently, semiconductor quantum dots (SQDs) have

played a vital role in fabricating optical, optoelectronic and

luminescent devices [1]. SQDs are nanomaterials with zero

dimensions, and the particles’ sizes range from 1 to 10 nm.

Due to their state-of-the-art capabilities, SQDs are widely

used in a variety of cutting-edge applications, including

computing, communications, solid-state lighting, lasers,

quantum optics, photovoltaics, luminescence, biology,

bioimaging and biosensing, and biomedical applications

[2–5].

The materials used for tailoring the optical band gap for

a broad range [6] are II–VI semiconductors. Solar cells,

wearable electronics, photodetectors, biosensors, blue

LEDs, and spintronics are just a few of the devices that use

II-VI semiconductors. Paul O’Brien et al. discussed current

advancements in II-VI and III-VI semiconductors as well

as their uses in solar cells [7–12].

Researchers are more interested in ZnS in the II-VI

semiconductor family because of its excellent outcomes

and applicability in a variety of fields [13, 14]. One of the

earliest identified semiconductors, ZnS, has two distinct

structures, the cubic phase and the hexagonal phase. At

ambient temperature, ZnS offers a significant exciton

binding energy of 39 meV, a broad direct band gap

(3.6 eV), and support for n and p-doping [15]. ZnS shows

polymorphism because there are two primary crystalline

forms that can be identified, the most stable of which is

zincblende (ZB) below 1290 K and the high-temperature,

synthetically feasible allotrope with wurtzite (WZ) sym-

metry. From visible wavelengths to just over 12 lm, ZnS

exhibits a very high transmittance, making it transparent

across an exceptionally wide energy range [16].

ZnS doping of transition metals improves the morpho-

logical, structural, optical, electrical, and magnetic
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properties of the host materials [17]. ZnS-based nanos-

tructures were key in light-emitting and photovoltaic

applications [18]. ZnS Quantum Dots (QDs) exhibit

excellent adaptability for preceding the doping process.

Transition metal doping, or co-doping, has been found to

have an impact on the physical properties of semicon-

ducting nanoparticles or nanocomposites, including lumi-

nescence, photocatalytic activity, and electrochemical

properties. It has been proposed that transition metal-doped

ZnS nanoparticles could be used to create lighting devices

[19].

When Fe was doped with ZnS nanoparticles, photolu-

minescence efficiency enhancement was observed in an

earlier study [20]. Fe-doped ZnS QDs produced a visible

light emission used for white light emitting technologies

[21]. Fe-doped ZnS lattices exhibited their effective light

response in the visible-light region [22]. Room temperature

ferromagnetism was observed on Fe-doped ZnS thin films,

leading to spintronics applications [23]. Smaller crystallite

size and band gap tailoring for a wide range were tuned

through Fe and Co doping on ZnS nanoparticles [24].

Ni, Fe doped ZnS nanopowders’ optical and magnetic

characteristics were discussed [25]. Fe-doped ZnS was the

subject of a theoretical investigation, and the existence of

half-metallic ferromagnetism was proven [26]. Fe-doped

ZnS QDs received an increase in fluorescence capacity,

which was analyzed through a DFT approach [27]. The role

of Fe ions in influencing magnetic properties has been

demonstrated in many research studies. The present dis-

cussion is about the effect of Fe ions on the structural,

morphological, elemental, optical, and electrochemical

properties of ZnS. Though some results are related to the

investigations of the structural, optical, and magnetic

properties of Fe-doped ZnS QDs, the optimization of

crystallite size and properties still requires more work.

Moreover, the electrochemical properties of Fe-doped ZnS

QDs are scanty in the literature. Even though there are

many methods available for the synthesis of QDs, the co-

precipitation method is employed for this present synthesis

since it has advantages like ease of mass production, cost-

effectiveness and simplicity [28]. Here, the Fe3?-doped

ZnS QDs were synthesized using the co-precipitation

method without using any capping agent and their struc-

tural, morphological, elemental, optical, photoluminescent

and electrochemical properties were analyzed.

2. Experimental details

2.1. Materials

Zinc acetate (Zn(CH3COO)2.2H2O), and sodium sulfide

(Na2S) were used as precursor materials. Ferric chloride

(Fe3Cl3) was taken as a dopant. All the chemicals belong to

the AR grade with 99.5% purity and were purchased from

M/s Merck. The De-ionized (DI) water is a solvent to

dissolve the chemicals. Ammonia solution (NH4OH) was

used to stabilize the pH value.

2.2. Preparation of Fe-doped ZnS QDs

The co-precipitation technique was used to create both

undoped and Fe-doped ZnS QDs. According to the desired

stoichiometry ratio, the chemicals were taken to prepare

the separate chemical solutions, using de-ionized ultra-pure

distilled water as solvent. Initially, zinc acetate and sodium

sulfide were weighed and dissolved in de-ionized water in

separate beakers using magnetic stirring until completely

dissolved. Then, based on the doping composition ratio, the

ferric chloride was dissolved in DI water and added

dropwise to the ZnS solution. The pH value was set to 9

using an ammonia solution. The chemicals were well dis-

solved using a magnetic stirrer with a stirring rate of

1000 rpm for 5 h. Once the chemical reaction was com-

plete, the precipitate fell to the flask’s bottom and settled

there. These precipitates were taken out and dried using a

vacuum oven (Make: Wee Scientific) for 8 h at 65 �C. The
dried samples were collected and ground finely using agate

mortar. The same procedure was repeated to prepare the

ZnS: Fe with different compositions (0, 1,3 and 5 at.%).

2.3. Characterization techniques

An X-ray diffractometer (Model: Rigaku Make: C/max-

2500) was used to record XRD diffractograms in order to

examine the structural data and phase purity.

A transmission electron microscope (Make: Philips,

model: CM 200, operating voltage range: 20–200 kV) was

used to get the TEM data. Energy dispersive

X-ray (EDAX) and scanning electron microscopy (SEM)

were used, respectively, for elemental and surface mor-

phological investigations. The SEM (Make: JEOLJSM,

model: 6390) was used for the aforesaid study. The

molecular vibrations were explored using a Fourier

Transform Infrared (FT-IR) spectrometer (model: Perkin

Elmer, make: Spectrum RXI). A UV–Vis spectrometer

(Model: Lamda 35, make: Perkin Elmer) was used to

record the UV–Vis spectral features. The photolumines-

cence spectra of ZnS and Fe-doped ZnS QDs were taken

using a PL spectrometer (model: F-2500, make: Hitachi).

To perform CV analysis, a cyclic voltameter was used

(Model: VersaSTAT MC electrochemical system, Make:

Princeton Applied Research, USA).
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3. Results and discussion

3.1. Structural, morphological and elemental analysis

Figure 1 illustrates the X-ray diffractograms of undoped

ZnS and Fe3? -doped ZnS QDs (2h = 10� to 80�). The
observed predominant peaks confirmed that the samples

have a cubic zinc blend structure without forming mixed

phases. The high-intense peak position was slightly shifted

to a larger 2h angle side, which confirmed the dopant has

substituted well into the host lattice. The JCPDS file

number 05–0566 is indexed to the primary peak position

and confirms the cubic phase [29]. The crystallite size of

the ZnS and Fe.3? incorporated ZnS QDs was calculated

using Debye’s Scherrers’ formula [30]

Crystallite size Dð Þ ¼ 0:9k
b cos h

ð1Þ

where h denotes the Bragg diffraction angle, b denotes the

Full-width half-wave at maximum, and k is the wavelength

of the utilized X-ray.

The peak intensity was reduced gradually with the

increase in Fe3? concentration. The peak position (2h)
value is shifted to the low-frequency side due to the

addition of Fe3? dopant in the ZnS host lattice. This change

in peak position ensured the effective doping of Fe3? ions.

The gradual decrement in primary peak intensity evidences

the decrease in particle size. As a result, the crystallite size

of Fe3? ions-doped ZnS QDs was reduced gradually. This

size tuning is endorsed by the variation of the ionic radius

of Zn2? (0.74 Å) and Fe3? 0.63 Å. This variation reduced

the overall particle size [31]. The discovered lattice

parameter for the current inquiry was the same as that

published before (ICSD 651457, 5.4093 Å).

Crystallite size is gradually decreased for every increase

in Fe3? doping ratio. The dislocation density and micros-

train increased due to the increase of the Fe3? doping ratio.

The lattice parameter, crystallite size, FWHM value, 2h
position, dislocation density and micro-strain are listed in

Table 1.

Due to their displacement from their optimum places in

the structure, the addition of foreign particles may cause

dislocations in the planes. Consequently, dislocation den-

sities for all of the samples were computed using Eq. (2) to

understand the impact of the changes [17].

Dislocation density dð Þ ¼ 1

D2
ð2Þ

The rise in dislocation density confirms the formation of

the quantum structures. P. Kumari et al. discovered a

comparable rise in dislocation density in Ce-doped ZnS

structures. [32]. The microstrain produced in the crystal

structure was calculated using the following relations [33].

Micro� Strain eð Þ ¼ b
4 tan h

ð3Þ

As the amounts of Fe3? doping rose, the microstrain was

steadily rised. The change in crystallite size and ionic radii

provides evidence of the rise in microstrain. The particle

size of the ZnS: Fe3? QDs vs Fe3? doping concentration

was plotted in Fig. 2. The role of Fe3? ion doping reduces

the overall crystallite size of the ZnS QDs. The TEM

pictures, along with histogram analysis and their SAED

patterns of undoped ZnS QDs, and Fe3? doped (3 at. wt%)

ZnS QDs were presented in Fig. 2. These pictures revealed

that small-sized spherical-shaped particles were present,

and the incorporation of Fe3? reduced the size of the

particles. The size estimation through histograms was

performed using the Image J tool. The decrease in particle

size due to the doping of Fe3? ions is also confirmed by the

results obtained from TEM. The SAED patterns confirmed

the planes that we obtained through XRD studies {(111)

(220) (311)}. The diffraction ring indexed with the (111)

plane showed high brightness and conformity with XRD

peaks.

SEM has been utilized to investigate the surface and

morphological information of samples. Figure 3a–c dis-

closes the surface morphology of Fe3? (0 at.%, 1 at.% and

3 at.%) doped ZnS nanoparticles. The particles present on

the surface induced the smoothing as a function of the

doping concentration of Fe3? ions. The small-sized Fe3?

ions occupied the interspaces between Zn2? lattices. The

EDAX spectrum of Fe3? -doped ZnS nanoparticles is also

given in Fig. 3a–c, corresponding to the SEM images. All

the elements were present in the photograph as per the

expected ratio. The presence of elements and their Atomic

weight percentage are given in Table 2.
Fig. 1 XRD spectrographs of ZnS and Fe3? -doped ZnS QDs
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Table 1 The peak position, FWHM, Lattice parameter and Crystallite size of Fe3? doped ZnS QDs

Quantum

dots

Peak position

2h (�)
FWHM

(�)
d(111)
(Å)

Lattice parameter

a [Å]

Crystallite size

D (Å)

Dislocation Density

(d) 9 1015 m-2
Micro strain

(e) 9 10-3

ZnS 28.56 4.44 3.125 5.411 18.46 293.35 76.11

Zn0.99Fe0.01S 28. 65 4.62 3.113 5.398 17.74 317.49 78.94

Zn0.97Fe0.03S 28.71 4.73 3.108 5. 378 17.33 322.71 80.64

Zn0.95Fe0.05S 28.78 4.79 3.102 5. 367 17.12 341.09 81.46

Fig. 2 Fe doping concentration Vs Average Crystallite size & TEM photograph, SAED pattern and Histogram of (a) Undoped ZnS (b) Fe3?

doped (3 at. wt%) ZnS QDs
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Fig. 3 EDAX and SEM Photographs of (a) = Fe3? (0%), (b) = Fe3? (1%), (c) = Fe3? (3%) – doped ZnS QDs
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3.2. FT-IR study

Figure 4 illustrates the FT-IR spectra of undoped and Fe3?

ion -doped ZnS QDs. The peaks observed around

3401 cm-1 are ascertained to be the O–H stretching

vibrations produced by a water molecule. A small band

represents the inter-H-bonding near 2953 cm-1. The

prominent absorption peak around 1560 cm-1 is attributed

to H–O–H stretching vibration mode [34]. The absorption

peaks received at 1410 cm-1 are indexed to the C–H

bending vibrations. Characteristic peaks from 400 to

800 cm-1 are assigned to Zn–S–Fe vibrations due to the

stretching modes [35].

3.3. UV–vis optical investigations

UV–vis Spectroscopy is an effective characterization and

analytical technique [36]. UV–vis absorbance spectra of

undoped ZnS and Fe3? -doped ZnS QDs are shown in

Fig. 5. The absorption shoulder was blue-shifted due to the

incorporation of Fe3? into pure ZnS QDs. A sharp

absorption peak was observed at 347 nm for Fe3? (5%) due

to the increased doping concentration.

UV–vis transmittance spectra of undoped ZnS and Fe3?-

doped ZnS QDs are shown in Fig. 6. All the transmittance

peaks have a sharp rise in the UV–region and they maintain

a steady performance in the visible range. A maximum

transmittance is observed for the higher doping concen-

tration of Fe3? (5 at.%).

The relationship provided below is used to calculate the

absorption coefficient.

a ¼ 2:303A

l
ð4Þ

where L is the path length and A is the absorbance.

Table 2 The presence of elements Vs Atomic percentage values for ZnS an Fe3? doped ZnS QDs

Quantum dots Atomic percentage of the elements (%) Fe/Zn ratio

Zn S Fe

ZnS 55.76 44.24 – –

Zn0.99Fe0.01S 55.22 44.16 0.62 1.12

Zn0.97Fe0.03S 53.95 44.27 1.78 3.29

Fig. 4 FT-IR spectra of ZnS and Fe3? -doped ZnS QDs

Fig. 5 UV–vis absorbance spectra of ZnS and Fe3? -doped ZnS QDs

Fig. 6 UV–vis Transmittance spectra of ZnS and Fe3? -doped ZnS

QDs
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Use of Taucs’ formula obtains the optical band gap

value [37]

ahm ¼ A hm� Eg

� �n ð5Þ

where A is a constant, Eg is an energy gap, and n represents

the type of transition, where hv is the photon energy. For

authorised direct, allowed indirect, 3/2 forbidden direct,

and 3 forbidden indirect transitions, the values of n are 1/2,

2, and 3/2, respectively. In Fig. 7, the Tauc’s plot for the

current samples is displayed. For initial doping, the band

gap was slightly blue-shifted (It is shifted from 4.096 eV to

4.11 eV) and a further increase in doping concentration

reduces the band gap value (4.11 eV to 4.095 eV). The

increase in band gap is ascribed to the quantum confine-

ment effect. The energy gap reduction is observed in Fe-

doped ZnS [23]. The extension of the energy gap due to Fe-

doping may be attributed to the size quantization effect

[38]. A small red shift for further doping of Fe3? ions is

due to the larger addition of Fe and leads to a direct energy

transfer from the excited states to the 3d levels of Fe3? ions

[39]. But these variations of particle size did not produce a

huge change in the Band gap of ZnS QDs.

3.4. Photoluminescence

The PL spectra of undoped and Fe3? -doped ZnS QDs are

illustrated in Fig. 8. The intensity corresponding to blue-

centered white emission was high in pure ZnS QDs and

was suppressed due to the incorporation of Fe3? ions. A

small emission peak received in the UV region disappeared

in Fe3? -doped ZnS QDs. A similar quenching of emission

intensity on ZnS QDs due to Fe3? ions was observed in an

earlier study [40]. The blue-green emission arising in ZnS

QDs is due to the quantization of the band gap. The defect

states played a major role in this emission, where electrons

create a trap in the conduction band. A non-radiative

transition between the holes in the valence band and

electrons in the conduction band converted into a radiative

transition [41]. Figure 9 illustrates the CIE chromaticity

diagram of Fe3? -doped ZnS QDs. It indicates strong white

and blue colour emissions.

3.5. Electrochemical analysis

Cyclic Voltammetry (CV) is a basic and essential tool to

investigate the current development of an electrochemical

cell. Figure 10a–d illustrates the cyclic voltammograms of

Fe3? -doped ZnS QDs. In the current study, the cathodic

current density (Jpc) and anodic current density (Jpa) were

measured [42]. The high current peak value (Jpc) was

obtained for Fe3? (5 at.%) doped in ZnS QDs. The value of

DEP is calculated by the relation given below. Where DEP

is denoted as the peak-to-peak separation value. Here,

undoped ZnS QDs gave a low DEP value [43].

Fig. 7 Energy gap values of ZnS and Fe3? -doped ZnS QDs

Fig. 8 PL spectra of undoped ZnS and Fe3? -doped ZnS QDs

Fig. 9 CIE Chromaticity diagram of ZnS and Fe3? -doped ZnS QDs

Influence of Fe3? ions on the crystallographic 943



DEp ¼ Epc � Epa ð6Þ

The cathode peak current (Ipc) and anode peak current

(Ipa) are increased when the Fe3? doping ratio is increased.

This response confirmed the increase in ionic conductivity.

Among the responses received from the various

concentrations of Fe3? ions with ZnS QDs, Fe3? 5 at.%

doped samples exhibited better electrical behavior. The

increase in DEP value due to Fe3? ion doping ensured that

the samples exhibited good electrochemical stability,

which led to a redox couple. The increase in peak

broadness and surface area due to the increase of Fe3?

ions in ZnS QDs confirmed the increase in specific

capacitance.

The potential vs. Time responses were recorded for

galvanostatic charge–discharge cycling and plotted in

Fig. 11. It shows a ramp waveform. Using current density

and potential, a specific capacitance value was found [44].

The scan rate, area, potential window, and specific capac-

itance were listed in Table 3. Fe3? ions enhanced the

specific capacitance value of ZnS QDs. It is declined only

for 5 at.% Fe3? -doped ZnS QDs. The increasing trend of

specific capacitance due to Fe3? ion doping with ZnS QDs

is depicted in Fig. 12.

4. Conclusions

In summary, the Fe3? ion incorporated ZnS QDs have been

prepared using the co-precipitation method. X-ray

Diffraction confirmed the phase purity and cubic crystal

bFig. 10 Cyclic Voltammetry study of ZnS and Fe3? -doped ZnS

QDs. (a) = Fe3? (0%), (b) = Fe3? (1%), (c) = Fe3? (3%) and

(d) = Fe3? (5%)

Fig. 11 Time Vs Voltage Response
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structure of the samples. The prepared QDs are sized

between 1.5 and 2 nm. The TEM and SEM pictures

showed the structure and morphology of the samples. The

EDAX and FT-IR analyses confirmed the purity and

presence of the dopant as expected for the targeted ratio.

The UV- vis study suggested that the presence of Fe3? ions

alters the absorbance and band gap values of the samples.

The absorbance peaks were slightly blue-shifted for the

initial doping of Fe3? ions. Highest optical transmittance

received in the visible region for Fe3? (5 at.%). PL-spectra

blue emission peak suppression was received due to Fe3?

doping. A better electrochemical response was received for

Fe3? (5 at.%). High specific capacitance was received for 3

at.% Fe3? -doped ZnS QDs. The limitation of the present

synthesis is tuning the particle size, achieving quantum

confinement, and tailoring the band gap. The wide band

gap tailoring is still possible for the future. Since the

composition of Fe3? doped ZnS QDs exhibited excellent

optical and electrical behaviours, this composition may be

suitable for optoelectronic device fabrication. An increase

in the specific capacitance values of Fe3? -doped ZnS QDs

with stability can find applications for high energy density

devices.
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