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ABSTRACT

We investigated the structure, optical, and dielectric properties of undoped and

chromium-doped zinc sulfide (Zn1-xCrxS) nanoparticles prepared via co-pre-

cipitation at 300 K with Cr concentrations x = 0.00, 0.02, and 0.04. The X-ray

diffraction patterns demonstrated that the Zn1-xCrxS nanoparticles have a cubic

structure with no impurity. The average crystallite size of the nanoparticles

calculated using the Scherrer equation is in the range of 1.70–1.56 nm and

decreases with an increase in Cr content. The lattice constants were in the range

of 5.38–5.35 Å. Field emission scanning electron microscope (FESEM) images of

nanoparticles show nearly spherical morphology with agglomeration, and

doping reduces agglomeration. Energy-dispersive spectroscopy (EDS) analysis

confirmed the presence of Cr in doped samples. The optical band gap of

undoped ZnS nanoparticles was found to be 3.35 eV, increasing slightly from

3.39 to 3.41 eV as the chromium concentration increased. Dielectric measure-

ments show that the dielectric constant of doped samples is higher at low fre-

quencies, whereas the dielectric losses of these samples are lower at higher

frequencies. Furthermore, the AC conductivity of all samples varies with fre-

quency and composition, increasing abruptly at higher frequencies and

decreasing with the addition of Cr ion in the ZnS matrix. Optical and dielectric

results indicate that Cr-doped ZnS nanoparticles are promising materials for

optoelectronic and high-frequency devices.
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1 Introduction

Recent research on nanoscale materials has revealed

great opportunities for a wide range of technological

applications [1, 2]. Nanoparticle semiconductors dif-

fer from bulk semiconductors. Semiconductor

nanoparticles have distinct physical, chemical, opti-

cal, electrical, and magnetic properties compared to

bulk because of their nano size and large surface

area-to-volume ratio, which makes them potentially

useful in a wide range of technological fields,

including optoelectronics, spintronics, field emitters,

displays, sensors, lasers, etc. [3–6]. Zinc sulfide (ZnS),

a technologically important II-VI compound semi-

conductor, has been extensively studied due to its

broad band gap energy of 3.68 eV at room tempera-

ture [7–9]. It has two different types of crystal struc-

tures: cubic and hexagonal. ZnS is a non-toxic and

low-cost element that is readily available in nature.

ZnS is the most chemically stable II-VI semiconductor

owing to its excellent physical, electrical, and optical

properties caused by the quantum confinement effect

[10]. ZnS nanoparticles have a wide range of appli-

cations, including solar cells, gas sensors, flat panel

displays, cathode ray tubes, LEDs, photovoltaics,

photoconductors, optical fibers, optical sensors,

phosphors, infrared windows, etc. [11–18]. The

properties of ZnS nanoparticles can be modified by

doping with foreign elements to achieve the above-

mentioned applications.

Transition metal ions play a significant role in

improving the optical, electrical, and magnetic

properties of ZnS nanoparticles at room temperature.

Cr dopant is one of the more interesting dopant ele-

ments and has received a lot of attention [19, 20]. Cr

was chosen as a dopant because it has unique

abundant electron shell structure and has a smaller

ionic radius (0.63 Å) than Zn2? (0.74 Å), allowing

Cr3? to easily penetrate the ZnS crystal lattice [21].

Furthermore, during the substitution of ZnS, Cr

becomes Cr3?, implying one more electron that con-

tributes to electrical conduction. The incorporation of

Cr into ZnS nanoparticles has received a lot of

attention due to their interesting optical and dielectric

properties. Cr-doped ZnS is attractive for a variety of

optoelectronic [22] and spintronic applications [8], as

well as solar cells [23]. Several research groups have

studied the effect of Cr doping on ZnS nanoparticles.

AL-Osta et al. [24] investigated the optical properties

of Cr-doped ZnS nanoparticles using the chemical co-

precipitation method and found that the optical band

gap energy increased with Cr doping due to the blue

shift in the absorption edge. Samba Vall et al. [25]

reported that the band gap of Cr-doped ZnS thin

films decreases with increasing Cr concentration due

to a decrease in the number of grain boundaries

caused by the increasing crystallite size of thin films.

According to Reddy et al. [26], the increase in band

gap of Cr-doped ZnS nanoparticles with increasing

Cr concentration is due to the size quantization effect

caused by the small particle size, whereas Prabhu

et al. [27] observed a decrease in band gap of Cr-ZnS

nanoparticles due to particle size reduction caused by

the quantum confinement effect within nanoparticles.

Aqeel et al. [28] revealed that the increase in band

gap energies of Cr-doped ZnS nanoparticles with the

Cr addition is due to a decrease in crystallite size

caused by doping. Besides this, Virpal et al. [29]

discovered a significant increase in dielectric constant

in chromium-doped zinc sulfide nanoparticles

caused by the combined effect of the Maxwell–Wag-

ner phenomenon and microscopic spontaneous

polarization. Osman Gurbuz et al. [30] prepared Cr-

doped ZnO thin films at room temperature using a

magnetron sputtering technique and found that

electrical conductivity increases while dielectric con-

stant decreases with Cr content. According to Selmi

et al. [31], doping ZnO with Cu at a low concentration

results in a high dielectric constant and a low tangent

loss. They also discovered an increase in AC con-

ductivity as Cu content increased. Khan et al. [32]

noticed a significant decrease in the dielectric con-

stant and loss due to Ni incorporation into the ZnO

lattice. Also, they observed a sudden increase in AC

conductivity at high frequencies. Nevertheless, there

has been little research on the dielectric properties of

ZnS nanoparticles doped with chromium at low

concentrations, so more research is needed. As a

result, we used low concentrations of chromium to

dope the ZnS material. For the preparation of ZnS

nanoparticles, several physical and chemical methods

have recently been reported, such as ball milling [33],

sputtering [34], co-evaporation [35], sol–gel [36], co-

precipitation [37], hydrothermal [38], etc. We chose

co-precipitation over the other methods because of its

ease of use, low equipment costs, lower processing

temperatures, and environmental friendliness. This

method is superior to others because the reagents are

mixed at the molecular level. As a result,
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stoichiometry, morphology, purity, and homogeneity

are all well maintained.

In the present investigation, we have successfully

prepared Cr-doped ZnS nanoparticles using the co-

precipitation method at room temperature. More-

over, the structural, morphological, optical, and

dielectric properties of the Cr-doped ZnS nanoparti-

cles are systematically characterized to study the

crystal structure, morphology, optical, and dielectric

behavior. Cr was found to be important in promoting

the structural, optical, and dielectric properties of

ZnS nanoparticles.

2 Experimental

2.1 Materials

Undoped ZnS and Cr-doped ZnS nanoparticles were

synthesized using analytical grade zinc acetate

dehydrate [Zn (CH3COO)2�2H2O], sodium sulfide

[Na2S�H2O], and chromium nitrate [Cr (NO3)3�9H2O]

as zinc, sulfur, and chromium sources, respectively.

Sample preparation was done with double distilled

water as a solvent. The ethanol is used for washing

purposes. These chemicals have been purchased from

Merk.

2.2 Preparation of Zn1-xCrxS nanoparticles

The flow chart for the preparation of Zn1-xCrxS

nanoparticles using the co-precipitation method at

room temperature is shown in Fig. 1.

The synthesis procedure is as follows: To make a

1 M solution, the desired amounts of zinc acetate

dehydrates, chromium nitrate, and sodium sulfide

were dissolved separately in three beakers, each

containing 100 ml of double distilled water. For 1 h,

these solutions are continuously stirred with a mag-

netic stirrer to achieve complete dissolution. Follow-

ing that, a 1 M chromium nitrate solution was added

to the 1 M zinc acetate solution, which was kept

stirring. Add 1 M sodium sulfide drop-wise to the

above stirred solution with continuous vigorous

stirring. After 2 h of uniform stirring, a fine precipi-

tate was formed. For sodium impurity extraction, a

precipitate containing Cr-doped ZnS nanoparticles

was filtered using Whatman paper. The wet precipi-

tate is washed with double distilled water several

times, and the remaining water is rinsed out with a

few washes of ethanol. The prepared samples were

dried at room temperature before being placed in an

oven at 80 �C for 8 h to remove the water content.

The dried samples were finally crushed into a fine

powder using a mortar and pestle.

The prepared Zn1-xCrxS nanoparticles are then

used to investigate their structural, morphological,

compositional, optical, and dielectric properties.

Moreover, to study the dielectric properties, a certain

amount of powder was used for the preparation of

pellets. The opposite faces of pellets were then coated

with silver paste to make ohmic contact.

2.3 Characterization techniques

The Zn1-xCrxS nanoparticles were characterized using

a variety of experimental techniques. The structural

characteristics were investigated using a Rigacu

Ultima IV X-ray diffractometer with a monochro-

matic Cu-Ka radiation source of wavelength

1.54056 Å. XRD data were taken in the range of

20–80 �C at room temperature. A field emission

scanning electron microscope (FE-SEM) linked to an

energy-dispersive x-ray analyzer (EDS) was used to

study the surface morphology and chemical analysis

of the prepared samples, respectively (CARL ZEISS

Fig. 1 Flowchart for preparation of Zn1-xCrxS nanoparticles
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Sigma IV). The optical absorption spectra of prepared

nanoparticles in the wavelength range of 200–800 nm

were obtained using a UV–visible spectrometer

(JASCO V–730) to calculate the energy band gap.

Dielectric properties were investigated at 300 K using

an LCR Meter (Hioki 3532-50 LCR Hi Tester) in the

5 Hz to 50 MHz frequency range.

3 Results and discussion

3.1 Structural studies

XRD patterns for Zn1-xCrxS nanoparticles with Cr

concentrations of x = 0.00, 0.02, and 0.04 are shown in

Fig. 2. For each sample, the patterns show three well-

formed diffraction peaks. These peaks are found at 2h
values of 28.63�, 47.96�, and 56.22�, which correspond

to the (111), (220), and (311) reflection planes of cubic

ZnS, respectively. All of the peaks are well matched

to the standard diffraction patterns (JCPDS card

number 03-0570). This confirmed that the crystal

structure of the prepared nanoparticles is cubic. In

the XRD patterns, the impurity peaks related to

chromium clusters or chromium oxides were not

seen, showing the single-phase sample formation,

which indicates that the dopant Cr has entered the

ZnS lattice sites. Poornaprakash et al. [39] and Kaur

et al. [40] observed similar single-phase cubic struc-

ture of nanoparticles in their XRD patterns of Zn1-

xCrxS nanoparticles. Furthermore, all of the samples

exhibited broad XRD peaks, indicating the presence

of nanostructured particles.

The lattice constant of Zn1-xCrxS nanoparticles was

determined using the formula [25]

a ¼ k
2 sin h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

; ð1Þ

where k denotes the wavelength of Cu-Ka radiation, h
denotes Bragg’s angle, and (h, k, l) the miller indices

of plane. As the Cr concentration increases, the lattice

constant decreases from 5.38 to 5.35 Å (Table 1),

indicating that Cr2? ions replace Zn.2? ions in the

ZnS lattice [8, 41]. Besides that, as the Cr content

increases, the cell volume of doped samples decrea-

ses in comparison to undoped ZnS, indicating that Cr

atoms are successfully doped. The average crystallite

size (D) of Zn1-xCrxS nanoparticles was estimated

using the Debye–Scherrer formula [12]

D ¼ Kk
b cos h

; ð2Þ

where K is the particle shape factor (0.9), k is the

wavelength of X-rays used, b is the full-width half

maxima of the diffraction peak, and h is the angle of

diffraction. As the Cr content increases, the average

crystallite size of the nanoparticles decreases (shown

in Table 1). This is due to the replacement of Zn2?

ions by Cr3? ions during the formation of Cr-doped

ZnS nanoparticles. Further, the microstrain (e) of ZnS
nanoparticles is calculated using the Stokes–Wilson

equation [42]

e ¼ b cos h
4

ð3Þ

The microstrain is observed to increase from

23.05 9 10–2 to 24.92 9 10–2 with an increasing Cr

doping concentration, as shown in Table 1. It may be

due to a decrease in crystallite size. Furthermore, the

dislocation density (d), which represents the amount

of defects in the prepared nanoparticles, is defined as

the length of dislocation lines per unit volume of the

crystal and is calculated using the Williamson and

Smallman equation [43]

d ¼ 1

D2
; ð4Þ

where D is the average crystallite size (nm). The

dislocation density is found to increase with

increasing Cr content and is listed in Table 1. This

demonstrates that as the size of the crystallites

decreased, the matrix defects increased, implying
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Fig. 2 X-ray diffraction patterns of Zn1-xCrxS nanoparticles
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that the crystallinity of Cr-doped ZnS nanoparticles

decreased.

3.2 Morphological studies

FESEM is an extremely useful instrument for inves-

tigating the surface morphology of nanoparticles. The

surface morphologies of undoped and Cr-doped ZnS

nanoparticles are shown in Fig. 3. The images clearly

show that the morphologies of doped samples differ

from those of undoped samples. Undoped ZnS only

shows clouds of agglomerations, whereas Cr-doped

ZnS clearly shows agglomerated particles. The

agglomeration among the particles is observed to

decrease with an increase in Cr concentration. In

addition, some of the agglomerated particles in

doped samples appear to be nearly spherical. Reddy

et al. [26] also discovered a decrease in agglomeration

with an increase in Cr concentration while studying

the morphological properties of Cr-doped ZnS

nanoparticles.

3.3 Compositional studies

The EDS spectra of Zn1-xCrxS nanoparticles are

shown in Fig. 4. Figure 4a depicts the spectrum of an

undoped ZnS sample, revealing the presence of Zn

and S elements, whereas Fig. 4b–c depicts the spectra

of Cr-doped samples, revealing the presence of Cr,

Zn, and S elements. This clearly demonstrates that

the prepared samples do not contain any foreign

elements, as confirmed by XRD studies. This implies

that all the samples are pure. Table 2 shows the

chemical composition of Cr-doped ZnS nanoparti-

cles. The amount of Cr found in 2% and 4% Cr-doped

samples is 0.82% and 1.15%, respectively. The

amount of Cr observed is less than that of the actual

doped Cr because unreacted Cr atoms were removed

during the washing process. The EDS spectra study

also confirmed that the percentage of atomic weight

of Cr increased with increasing Cr content. This

means the Cr3? ions were successfully incorporated

into the ZnS host matrix.

3.4 Optical studies

Optical properties are important in determining the

band gap of semiconductor nanoparticles. Here, the

band gap of the nanoparticles was estimated using

the UV–vis absorption spectrum. The technique

works on the principle that incident photons cause

electronic transitions between the valence and con-

duction bands. The absorption of photons between

different energy bands determines the band gap

energy (Eg). The UV–vis absorption spectra of Zn1-x
CrxS nanoparticles at room temperature are shown in

Fig. 5. The absorption edge for an undoped ZnS

sample is 344 nm. The maximum absorption (kab) for
doped samples with x = 0.02 and 0.04 is observed at

343 and 342 nm, respectively. This indicates that the

absorption edges of doped samples were slightly

shifted toward shorter wavelengths when compared

to undoped ZnS. As a result, a blue shift in the

absorption edge has been observed for doped sam-

ples as the Cr concentration increases. Thus, the UV–

vis spectra study not only confirms the decrease in

crystallite size observed in XRD studies, but also

suggests that increasing the Cr concentration in ZnS

nanoparticles increases the energy band gap.

Tauc’s plot, which describes the optical properties

of amorphous materials, can be used to determine the

optical band gap in semiconductors. Tauc proposed a

relationship between the absorption coefficient (a)
and the incident photon energy (hm) as [27]

ahm ¼ B hm� Eg

� �n
; ð5Þ

where a is the absorption coefficient, B is a constant,

h is Planck’s constant, m is the photon frequency, and

Eg is the energy band gap. Depending on the type of

Table 1 Structural parameters of Zn1-xCrxS nanoparticles

Dopant concentration Lattice constant (Å) Cell volume (Å)3 Crystallite size (nm) Micro strain

e 9 10–2
Dislocation density

d 9 10–2

(lines/m2)

0.00 5.3814 155.86 1.7043 23.05 35.17

0.02 5.3684 154.75 1.6445 23.68 38.76

0.04 5.3575 153.81 1.5601 24.92 44.47
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transition, exponent ‘‘n’’ can have values of 1/2, 2,

3/2, and 3, which correspond to the allowed direct,

allowed indirect, forbidden direct, and forbidden

indirect transitions, respectively [44]. Since ZnS has a

direct band gap semiconductor, the value of n will be

1/2. The energy band gap is determined by plotting

the graph of (ahm)2 versus hm. Figure 6 shows Tauc’s

plot of Zn1-xCrxS nanoparticles. The presence of a

linear part in this graph provides additional evidence

that ZnS is a direct band gap material. The linear

fitting of the straight portion of the curve on the hm
axis gives the value of Eg. Tauc’s plot shows that the

band gap energy for samples with x = 0.00, 0.02, and

0.04 is 3.35, 3.39, and 3.41 eV, respectively, and that it

increases as Cr content increases. These findings are

similar to those reported by Reddy et al. [26]. In the

present investigation, the optical band gap of Zn1-

xCrxS nanoparticles increases with a reduction in

crystallite size due to electron confinement at the

nano scale, so-called quantum confinement effects.

Quantum confinement occurs when the size of

nanoparticles approaches the exciton Bohr radius.

The UV–vis findings thus suggest that the Cr-doped

ZnS nanoparticles have a promising future for use in

opto-electronic devices.

Fig. 3 FE-SEM images of Zn1-xCrxS nanoparticles
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3.5 Dielectric studies

3.5.1 Dielectric constant

Semiconducting nanoparticles with a larger band gap

have the potential to be used as a dielectric in

capacitors. The amount and type of dopant can

greatly influence the optical and dielectric properties
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Fig. 4 EDS spectra of Zn1-xCrxS nanoparticles

Table 2 Chemical composition of Cr-doped ZnS nanoparticles

Elements Atomic%

0% 2% 4%

Zn 69.24 58.28 59.04

S 30.76 40.90 39.81

Cr 00.00 0.82 1.15

Total 100 100 100
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4% Cr
2% Cr
0% Cr

A
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Fig. 5 Absorption spectra of Zn1-xCrxS nanoparticles
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of nanoparticles. In this study, we measured the

dielectric response of undoped and Cr-doped ZnS

nanoparticles. The dielectric constant is represented

as [45]

e ¼ e0 � je00 ð6Þ

The first term in the above equation represents the

real part of the dielectric constant and describes

stored energy, whereas the second term represents

the imaginary part of the dielectric constant and

describes dissipated energy. The dielectric constant

of Zn1-xCrxS nanoparticles was measured with an

LCR meter at 300 K in the frequency range of 50 Hz

to 5 MHz and determined using the equation [45]

e0 ¼ Cpt

e0A
; ð7Þ

where Cp is the capacitance of the specimen in Far-

ads, t is the thickness of the pellet, e0 is the permit-

tivity of free space (e0 = 8.8542 9 10–12 F/m), and A is

the cross-sectional area of the flat surface of the pallet.

Figure 7 shows a plot of the dielectric constant versus

the logarithm of frequency for all concentrations of

chromium, with each sample exhibiting an expo-

nential trend. For all concentrations, the dielectric

constant decreases with increasing frequency and

becomes nearly constant at high frequencies [45]. The

observed dielectric behavior can be explained using

the Maxwell–Wagner model [46, 47]. A dielectric

medium, according to this model, is made up of two

layers of well-conducting grains separated by con-

ducting or resistive grain boundaries. The charge

carriers can easily transfer the grains after the appli-

cation of an external electric field, but they tend to

clump together at the grain boundaries. This process

can cause significant polarization and hence a high
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Fig. 6 Tauc’s plot of Zn1-xCrxS nanoparticles
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xCrxS nanoparticles
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dielectric constant at lower frequencies. Beyond a

certain frequency of external field, the polarization

decreases with increasing frequency and then attains

a constant value. In this case, the Cr-doped ZnS

nanoparticles have a higher dielectric constant, which

decreases as chromium concentration increases. This

is due to the presence of chromium at the grain

boundaries. Wu et al. [48] discovered a significant

increase in the dielectric constant and a correspond-

ing decrease with increasing dopant concentration

while investigating Li and Ti-doped NiO-based

ceramics. Due to the high value of dielectric constant,

the prepared samples are used in capacitors.

3.5.2 Dielectric loss

Figure 8 depicts the variation of dielectric loss as a

function of the logarithm of frequency for Zn1-xCrxS

nanoparticles at room temperature. The dielectric loss

is calculated using the equation [45]

e00 ¼ e0 tan d ð8Þ

All samples show a frequency-dependent expo-

nential decay of dielectric loss. The dielectric loss for

each sample is found to be very high at low fre-

quencies, decreases significantly with increasing fre-

quency, and reaches a constant value at high

frequencies. The concentration of Cr dopant also

affects dielectric loss. It is obvious that as the con-

centration of the dopant increases, the dielectric loss

decreases. The dielectric loss of an undoped ZnS is

quite low, with an observed value of 7.72 9 102. It

increases for 2% Cr and then decreases as the Cr

content increases. Virpal et al. [49] also noticed sim-

ilar behavior while investigating Pb-doped ZnS

nanoparticles. The Maxwell–Wagner effect is impor-

tant in determining the dielectric properties of doped

samples. In doped ZnS nanoparticles, the Maxwell–

Wagner process causes higher dielectric losses on the

lower frequency side. The low dielectric loss values at

higher frequencies suggest that the prepared mate-

rials can be used in high-frequency device

applications.

3.5.3 AC conductivity

The AC electrical conductivity (rAC) of the Zn1-xCrxS

nanoparticles can be calculated using the dielectric

constant and tangent loss using the equation [50]

rAC ¼ 2pfe0e0 tan d; ð9Þ

where f is the frequency of the applied field. Figure 9

shows the variation of AC electrical conductivity

(rAC) as a function of frequency for Zn1-xCrxS

nanoparticles at room temperature. The AC conduc-

tivity of all samples increases in an exponential

manner with increasing frequency. In the low-fre-

quency region, conductivity is almost frequency-in-

dependent, whereas it is highly frequency-dependent

in the high-frequency region. This behavior could be

attributed to the semiconducting nature of nanopar-

ticles [50]. It is obvious that AC conductivity gradu-

ally increases with the increasing frequency of the
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applied ac field because increasing frequency

enhances electron migration, which is the normal

behavior of doped ZnS nanoparticles [51]. Figure 9

also shows that conductivity is greatest for undoped

ZnS and decreases with the addition of Cr ions to the

ZnS matrix. This could be because the dopant intro-

duces defect ions into the ZnS system, which facili-

tates the formation of a grain boundary defect barrier,

resulting in a blockage of charge carrier flow. As a

result, doping reduces AC conductivity.

4 Conclusions

We successfully prepared Zn1-xCrxS with x = 0.00,

0.02, and 0.04 nanoparticles of crystallite size

1.70–1.56 nm using the co-precipitation method. All

samples exhibited a single-phase cubic structure. FE-

SEM images of Cr-doped ZnS nanoparticles revealed

a decrease in the agglomeration of particles with an

increase in Cr content. The incorporation of Cr into

doped samples was verified by EDS analysis. Doping

ZnS nanoparticles with chromium increased the band

gap energy from 3.35 eV to 3.41 eV, which could be

attributed to a decrease in crystallite size. Further-

more, the doped nanoparticles have a higher dielec-

tric constant, which decreases as chromium

concentration increases. This is due to the presence of

chromium at the grain boundaries. All samples have

low dielectric loss at higher frequencies, whereas AC

conductivity increases abruptly at higher frequencies

but decreases with increasing Cr content.
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