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Abstract: Nanostructured thin films of Iron (Fe)-doped Zinc Sulfide (ZnS) were deposited via the Chemical Spray 

Pyrolysis (CSP) technique, with varying concentrations of Iron incorporated into the ZnS matrix. XRD 

analysis confirmed that all films preserved a zinc blende cubic structure, while the calculated average 

crystallite size increased from 13.25 nm for pure ZnS to 14.8 nm for Fe-doped samples. The structural 

investigation further demonstrated that Iron incorporation influenced lattice parameters, microstrain, and 

dislocation density, thereby reflecting measurable changes in overall crystal quality. Atomic Force 

Microscopy (AFM) revealed a relatively smooth and uniform surface topography, supporting the good quality 

of the prepared thin films. Optical properties were systematically examined using UV-Visible spectroscopy, 

which showed a clear dependence of band gap energies on Fe concentration, indicating that Fe ions effectively 

substituted Zn sites. Gas sensing measurements toward NO₂ at 125°C highlighted that Fe doping generally 

reduced sensitivity; however, thinner films exhibited enhanced responsiveness due to their larger surface-to-

volume ratio and the presence of more active interaction sites. These results suggest potential for tailoring 

ZnS-based materials in optoelectronic and sensing applications.

1 INTRODUCTION 

ZnS is the quintessential II-VI semiconductor, 

showcasing two primary crystalline structures. Zinc 

(Zn) and sulfur (S) in each variation maintain a 

tetrahedral coordination geometry. The more 

prevalent cubic variant, often called zinc blende or 

sphalerite, epitomizes stability [1]-[2]. Conversely, 

the hexagonal manifestation is recognized as 

wurtzite. At 300 Kelvin, zinc blende boasts a bandgap 

of approximately 3.54 eV, while wurtzite exhibits a 

slightly wider bandgap of about 3.91 eV. ZnS, being 

intrinsic, can be doped to function as either n-type or 

p-type semiconductors [3]-[4]. The II-VI 

semiconductor group, to which ZnS belongs, presents 

intriguing optical properties that are size-tunable [3], 

[5]-[7]. Doped nanomaterials garner significant 

attention due to their broad applicability across 

various devices, including solar cells, sensors, optical 

communication systems, (LEDs), and infrared 

detectors, among others [8]-[9] ZnS has been doped 

with Cr, Fe, and Ni, [10]. Notably, the ionic radius of 

Fe2+ (0.77 Å) closely resembles that of Zn2+ (0.74 Å), 

recommending that Fe2+ can readily integrate into the 

ZnS lattice or substitute Zn2+ [11]. Doping ZnS can 

significantly alter its properties, particularly in the 

case of transition metal co-activated ZnS 

nanostructures, which represent a novel class of 

luminescent materials. Various techniques for thin 

film deposition are commonly employed, including 

CVD) [12], (CBD) [13], [14], PVD) [15], 

electrodeposition [16], sol-gel [17], spin coating [18], 

and CSP [19]. CSP stands out for its simplicity, cost-
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effectiveness, and scalability to large-area 

processing, offering low fabrication costs. 

2 EXPERIMENTAL 

Thin films of ZnS and Fe-doped ZnS were grown 

onto preheated glass substrates using the CSP 

technique. A matrix solution for the ZnS thin films 

was prepared by dissolving 0.1M ZnCl2 (sourced 

from Merck Chemicals) in deionized water. To 

introduce Fe doping, aqueous solutions containing 

0.1M FeCl3 (obtained from Merck Chemicals) in 

deionized water were prepared to achieve volumetric 

percentages of 2% and 4% Fe doping. These solutions 

were then added to the matrix to obtain the desired 

2% and 4% Fe-doped samples. The preparation 

conditions were optimized: For the duration of the 

deposition procedure, the base temperature remained 

at 450°C. The carrier gas was N2, with a deposit rate 

of 4 mL/min. To prevent rapid cooling, the spraying 

was conducted at a rate of 10 seconds, followed by a 

1-minute interval. The discharge was maintained at a

distance of 30 cm from the substrate. The weighing

method was employed for estimating the film

thickness, which was found to be 320 ± 20 nm. XRD

was employed to obtain structural parameters via  a

Shimadzu XRD-6000 instrument,. The surface

topography was investigated using AFM.

Transmittance was measured using a double-beam

spectrophotometer. The percentage variation in

resistance within a cylindrical chamber (radius: 8.5

cm, height: 18 cm) was used to evaluate gas

sensitivity.

2 RESULTS AND DISCUSSIONS 

Figure 1 displays the XRD patterns. Peaks are 

observed at 28.42°, 33.07°, 47.62°, and 59.23°, 

respectively, which match with ICDD card No (5-

0566), confirming a cubic zinc blend structure for 

ZnS. The corresponding reflecting planes are 

identified as (111), (200), (220), and (222), 

respectively. Additionally, the broadening of the 

XRD pattern provide an indication for  creation of 

nanostructured thin films. The (200) peak exhibits 

maximum intensity at 33.07° in the event that 4% Fe 

films, a slight increase in peak intensity is observed at 

28.42°, 33.07°, 47.62°, and 59.23°, respectively. This 

could be attributed to the substitution of smaller Zn2+ 

ions (0.74 Å) with larger Fe2+ ions (0.77 Å) [20], [21]. 

Besides the characteristic peaks of ZnS, no additional 

peaks related to Fe or its complex oxides were 

detected. The (200) plane typically exhibits 

maximum intensity in the hexagonal wurtzite 

structure, In other words, the ratio of ZnS to Fe 

increases with higher tin incorporation, suggesting a 

more ordered structure. This enhanced structural 

ordering may also increase film growth rates, further 

enhanced by Fe doping [22], [23].The crystallite sizes 

(D) of all compositions of ZnS: Fe nanostructure

films were calculated via (1) [24].

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
.  (1) 

where k = 0.89, λ =1.54 Å, β denotes FWHM for 

prominent (200) peak, and θ represents Bragg’s angle 

of diffraction. The alteration in FWHM is directly 

correlated with the crystallite size and various other 

structural factors, which have been computed and 

summarized in Table 1. Based on the XRD analysis, 

it is evident that the determined crystallite size, 

FWHM, defect concentrations indicated by 

microstrain, and dislocation density all increase with 

higher iron content [25], [26]. This indicates that the 

incorporation of Iron disrupts the lattice of the host 

ZnS, causing the crystallite size to rise as a result of 

the substitutes of smaller Zn2+ ions with larger Fe2+ 

ions. The highest crystallinity was achieved with the 

largest grain size of 14.8 nm. The agglomeration of 

Fe clusters that do not replace the Zn2+ ions [27]-[30] 

could be the cause of the increase in D for doping 

values of 2% and 4%.The microstrain (ε) in the film 

is determined by (2) [31]: 

𝜀 =
𝛽𝑐𝑜𝑠𝜃

4
 .   (2) 

The dislocation density (δ) was obtained via (3) [32]: 

𝛿 =
1

𝐷2. (3) 

The decline in ε and δ with rising doping content 

up to 4 at% suggests an improvement in the structural 

stability of the films. At the minimum values of ε and 

δ, carriers encountered less resistance within the 

lattice, facilitating their unrestricted movement [33], 

[34]. This phenomenon indicates improved 

conductivity and mobility of charge carriers within 

the material. It's widely acknowledged that ε and δ 

tend to decrease as D increases (see Table 1). This 

trend reflects a more ordered and defect-free lattice 

structure associated with larger crystallite sizes, 

reducing ε and δ [35], [36]. 

Table 1: Structural parameters of pure ZnS and doping with Fe films. 
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Figure 1: XRD styles of grown films. 

Figure 2: Structural parameters of the enteded films. 

Specimen 2  hkl FWHM

)o(

eV gE D

nm

14δ × 10 𝜺 
4-10

Undoped ZnS 33.07 200 0.63 3.46 13.1 57.6 26.3

ZnS: 2% Fe 33.05 200 0.60 3.40 13.8 52.3 25.0

ZnS: 4% Fe 33.00 200 0.56 3.34 14.80 45.6 23.4
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Atomic Force Microscopy (AFM) provides a 

powerful tool for obtaining microscopic insights into 

surface structures and generating topographic maps 

representing surface morphology. This method 

provides digital pictures that make it easier to assess 

surface properties quantitatively., such as root mean 

square roughness (rms) or average roughness (Ra). It 

allows for analyzing images from various 

perspectives, including two-dimensional simulation. 

Figure 2 depicts a 1μm×1μm AFM micrograph of Fe-

doped ZnS thin films fabricated via the CSP process. 

The two-dimensional AFM images illustrate that the 

surfaces of all thin films, whether ZnS or ZnS:Fe, are 

composed of densely packed, with no voids, pinholes, 

or cracks detected. The average particle size is 

measured at 88.9 nm, decreasing to 44.1 nm with 4% 

Fe doping [37], [38]. The average grain size in 

diameter for ZnS:Fe (0%, 2%, and 4%) is listed in 

Table 2. From Figure 3, Ra and rms values of (10.14, 

8.95, and 4.12) nm and (9.81, 5.39, and 4.26) nm were 

determined for surface roughness with molarity [39, 

40]. It is observed from Table 2 that the average 

particle size, Ra, and rms values decrease with 

increasing doping concentration for all samples.  

Figure 3: AFM information. 

Table 2: AFM parameters of the intended films. 

Samples Average Particle size

nm 
aR

 (nm)

rms

(nm)

Undoped ZnS 88.9 10.14 9.81

ZnS: 2% Fe 65.0 8.95 5.39

ZnS: 4% Fe 44.1 4.12 4.26
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UV-Vis spectroscopy is a straightforward and 

valuable method for characterizing thin films.  

Figure 4 and Figure 5 depict the transmittance (T) 

and absorbance (A) spectra of the deposit films. The 

thin films exhibit reduced transparency beyond 

wavelengths of 350 nm. Moreover, the pronounced 

rise  in T spectra between 320 nm and 350 nm 

indicates the crystal structure is uniform and 

compact [41], [42]. Figure 5 demonstrates that the 

absorption threshold is detected at 240 nm for ZnS. 

However, doped ZnS thin films exhibit a notable shift 

in the UV-visible spectra, with absorption peaks 

shifting to higher wavelengths at 300 nm (2% doping) 

and 400 nm (4% doping). The maximum and  

minimum absorption edge are attributed to variations 

in the size of the nanostructured films [43], [44]. 

Figure 4: Transmittance (T) of the entended films. 

Figure 5: Absorbance (A) of the entended films. 

Figure 6 shows that the absorption coefficient (α) 

was < 104 cm-1. The absorption edge shifted towards 

the photon energy (hν) region with an increase in Fe 

content up to 2%. The presence of unsaturated bonds 

in the layers may contribute to the formation of 

defects [45], [46]. 

Figure 6: Absorption coefficient (α) of the deposit films. 

The relationship between α and hν can be 

expressed as [47]: 

𝛼ℎ𝑣 = 𝐵(ℎ𝑣 − 𝐸𝑔)𝑟 .                (4)

Here, Eg represents the band gap, B is constant, and 

the exponent (r) = ½ corresponding to The direct band 

gap Figure 7 illustrates Eg values for ZnS and doped 

ZnS.  

Figure 7: The gap energy (Eg) of the deposit films. 

It is apparent that Eg for ZnS:Fe thin films 

decreases from 3.84 to 3.64 eV with an increase in 

ZnS:Fe molar doping from 2% to 4%, 

respectively.[48], [49] The trend that has been noticed 

can be ascribed  to the enlargement of nanocrystal 

size, as evidenced by XRD analysis. The increase in 

nanocrystal size leads to a decline in Eg, which is in 

line with the size dependency observed in 
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semiconductor materials [50].The refractive index (n) 

was determined via (5) [51]: 

𝑛 =
1+𝑅

1
2

1−𝑅
1
2

 . (5) 

The extinction coefficient  was evaluated via (6) [52]: 

𝑘 =
𝛼𝜆

4𝜋
. (6) 

where R is reflectance. Figure 8 shows that n 
decreases slightly with variations in doping 
concentration, ranging from 2.80 to 2.62 at a 
wavelength of 336 nm. The films' n and kvalues 
decrease with rising wavelength. n decreases as the 
wavelength increases, stabilizing at higher 
wavelengths, and indicating normal dispersion 
behavior [53], [54]. Upon observing Figures 8 and 9, 
it's apparent that n values remain constant at 550 nm 
and at longer wavelengths. N affects the optical path 
of light and influences the amount of light reflected 
from a surface. The extinction coefficients of the 
films reach minimum values in the wavelength range 
of 600-900 nm. 

Figure 8: Refractive index (n) of te deposit films. 

The ZnS film's capability to detect NO2 gas is 

illustrated by the increase in resistance it experiences 

when exposed to the gas at a temperature of 125°C 

[55], [56]. This increase in resistance is due to the 

interaction between NO2 molecules and the ZnS film, 

which alters the film's electrical conductivity. 

Typically, NO2 molecules capture free charge carriers 

from the film, reducing their concentration and 

causing an increase in resistance. Additionally, Fe 

dopant in ZnS film could further influence its gas-

sensing properties, potentially enhancing or reducing 

sensitivity. Figure 10 likely presents the gas response 

curves for ZnS and ZnS: Fe films, which provide 

visual data on their gas-sensing behavior [57], [58].  

The sensor's response  (s) can be quantified using 

the (7) [59]: 

Sensitivity =
∆R

Rg
= |

Rg−Ra

Rg
| × 100 %. (7) 

Figure 11 shows s of ZnS and ZnS films doped 

with 2% and 4% Fe to various NO2 gas concentrations 

(50, 100, and 150 ppm). As doping concentration 

increases, sensitivity decreases, likely due to hindered 

gas diffusion caused by the doping elements [60]. The 

ZnS: 4% Fe films display the lowest sensitivity, 

possibly because the Fe ions obstruct gas diffusion, 

reducing the sensor's efficiency. The observed 

decline in sensitivity across different NO2 

concentrations further suggests that thinner ZnS films 

exhibit better responsiveness to NO2 gas, likely due 

to a higher surface area and improved gas 

interaction [61]. 

Figure 9: Extinction coefficient (k) of the deposit films. 

Figure 10: Illustrates resistance over time for undoped ZnS 

and ZnS: Fe films with various dopant concentrations. 
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Figure 11: Displays the sensitivity of undoped ZnS and 

ZnS: Fe films with varying dopant concentrations. 

4. CONCLUSIONS

The study successfully demonstrates the impact of Fe 

doping on the structural, morphological, optical, and 

gas sensing properties of ZnS nanostructured thin 

films synthesized via chemical spray pyrolysis. XRD 

analysis confirmed a zinc blende cubic phase for all 

films, with a slight increase in crystallite size and 

improved crystallinity upon doping. The 

incorporation of Fe ions led to a decrease in 

microstrain and dislocation density, indicating 

enhanced structural quality. AFM analysis showed 

that surface roughness and particle size decreased 

with increasing Fe content, with the 4% Fe-doped 

sample exhibiting the smoothest surface morphology. 

Optical studies revealed high transmittance in the 

visible range, with a noticeable redshift in the 

absorption edge and a reduction in bandgap energy 

from 3.84 eV to 3.64 eV due to the enlargement of 

nanocrystal size. The refractive index and extinction 

coefficient varied with wavelength and doping 

concentration, confirming direct bandgap behavior 

and normal dispersion characteristics. In terms of gas 

sensing, the films exhibited increased resistance upon 

NO₂ exposure, confirming their sensitivity. However, 

higher Fe doping led to reduced sensitivity, likely due 

to obstructed gas diffusion. Despite this, thinner Fe-

doped films showed enhanced responsiveness due to 

their larger surface area and increased active sites. 
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