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 The work centered on the features of spray-made Lithium-doped Zinc sulphide (ZnS) thin films. 

Lithium-doped and undoped ZnS films with 1%, 3% and 5% Lithium concentrations were made. 

The features of the films were analyzed using X-ray diffraction (XRD), UV-Visible spectroscopy, 

scanning electron microscopy (SEM), Fourier transform infrared (FTIR), Raman spectrometry, 

contact angle meter and Photoluminescence (PL) spectroscopy processes. The XRD analysis 

showed the formation of a hexagonal phase for the samples. SEM showed nanodot-like and 

nanorod-like nanoparticles. Size of the particles was between 3.707 and 4.614 nm. FTIR 

exhibited the C=O stretching mode. The energy gap (Eg) ranged from 3.54 to 3.91 eV while the 

absorption coefficient is between 3.05 × 103 and 6.53 × 103 cm-1 at 3.0 eV. PL showed narrow 

band edge emission peak at 357 nm. A hydrophilic surface feature was identified. The films find 

application in optoelectronics and solar cells. 

A R T I C L E  H I S T O R Y  

Received: March 25, 2023 

Revised: April 24, 2023 

Accepted: May 14, 2023 

1 Introduction 

The greenhouse effect is connected to the existence of carbon 

dioxide and other pollutants generated by finite conventional 

energy sources [1]. Clean alternative energy sources are 

heavily investigated because of increased global energy 

requirements and the fast depletion of fossil fuel. Nuclear 

power energy supply is highly restricted because of its 

dangerous radioactive fission products. The abundant and non-

hazardous solar energy source will conveniently supply the 

energy need of our planet if adequately harnessed. Zinc 

sulphide (ZnS) is of high potential research interest because it 

has 3.52 eV energy gap at 300 K and high resistance to 

photochemical deterioration [2]. It is an inorganic binary 
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substance suitable for use as optical coatings, field effect 

transistors and solar cells. Its wide band gap lets high energy 

incident photons to arrive to the window-absorber junction of 

solar cells which greatly appreciates the blue response of 

photovoltaic cells [3]. ZnS films have been grown by various 

thin film synthesizing methods [4, 5]. CSP was adopted in this 

work due to its simplicity, low cost, scalability, and growth of 

good quality films. 

0 to 10 at.% gallium (y = [Ga3+]/[Zn2+]) were used to grow ZnS 

films by chemical bath deposition (CBD) process [6]. The Eg 

changed from 3.60 to 3.76 eV. ZnS films doped with nickel 

were prepared on glass, quartz, and silicon substrates by CBD 

[7]. PL exhibits a broad band positioned at 430 and narrow 

band located at 523 nm. Nanoparticles of Mn-doped ZnS were 

prepared by a liquid-solid-solution route [8]. A strong Mn-
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emission band was depicted by 1.0 at% Mn-doped 

nanoparticles. Undoped and doped ZnS[Cux ZnS(1-x), Mnx 

ZnS(1-x) and Pbx ZnS(1-x) (0.2 ≤ x ≤ 1)] were fabricated at 

275 ℃ via CSP. The optimal efficiency of 1.8 % was realized 

for the film doped with 10 wt.% of Mn salt solution [9].  

Boron doped ZnS films were made at 450 ℃ to 550 ℃ by CSP 

[10]. Boric acid (H3BO3) was used as dopant source. Lead 

doped zinc sulphide (Zn1-xS:Pbx)  films were grown at 275 ℃ 

via CSP [11]. The transmittance was about 79.21 % which 

reduced with Pb concentration. The Eg was 3.44 eV for 

undoped ZnS which appreciated with Pb concentration from 

3.46 to 3.68 eV [11]. Undoped and Ag-doped ZnS films were 

made through CSP [12]. The films were made with 4%, 6%, 

and 8% silver concentrations. Ag-doped ZnS films were 

prepared via CSP process [13]. The energy gaps were between 

3.11 and 3.60 eV. 

This research article considered the impact of 1%, 3% and 5% 

lithium concentrations on the structural, morphological, and 

optical features of Li-doped ZnS films made by CSP practice. 

Besides, FTIR, FT-Raman, contact angle and 

photoluminescence features were examined. The films were 

characterized for structural, optical properties, morphological, 

surface wettability and photoluminescence through the range 

of techniques including x-ray diffraction, UV-Visible 

spectroscopy, scanning electron microscopy, Fourier transform 

infrared, Raman spectrometry, contact angle meter and 

Photoluminescence spectroscopy processes and the results are 

discussed. The films were made with 0.1 M ZnCl2, 0.1 M CS 

(NH2)2 and 0.001 M, 0.003 M, and 0.005 M concentrations of 

Li(NO3).3H2O. Going by the literature checked, this is a fresh 

work on the making of lithium-doped ZnS films by virtue of 

the chemical spray pyrolysis (CSP) step. 

2 Experimental procedure 

Lithium-doped ZnS films were made on glass substrates at 400 

℃ by CSP measure. The substrates were cleaned as outlined 

earlier [4]. ZnCl2, CS(NH2)2 and Li(NO3).3H2O were used to 

prepare the spray solution. 0.1 M solution each of ZnCl2 and 

CS(NH2)2 was prepared in double distilled water (DDW), and 

0.001 M, 0.003 M, and 0.005 M solutions of Li(NO3).3H2O in 

DDW. The spray solution was prepared for 1%, 3%, and 5% Li 

concentrations, respectively. The samples were tagged as 1%, 

3% and 5%. The spray settings used were as outlined earlier 

[7]. 

The features of the films were inspected with a Bruker D2 

phaser table-top model diffractometer, JEOL JSM-6360 SEM 

and UV-1800 Shimadzu UV–VIS spectrophotometer, 

respectively. RAMAN spectra were assessed by Raman 

Bruker-MultiRAM spectrometer, the FTIR spectra by Perkin 

Elmer Spectrum One spectrometer, whilst the PL was assessed 

by Flouromax-4 spectrofluorimeter. The films’ thickness was 

measured with XP Stylus Profiler Instrument howbeit the 

contact angles and the surface free energy were assessed with 

contact angle meter. 

3 Results and Discussions 

3.1 Structural Analysis 

The ZnS films’ XRD patterns are shown in Figure 1 while their 

structural parameters are shown in Table 1. 

The structural parameters were computed as conveyed 

previously [5]. The peaks’ positions shifted slightly as Lithium 

concentration increased. Inclusion of Lithium into the ZnS 

structure was revealed by the 2θ angle shift recorded in Table 

1 from 28.969°, 48.544° and 56.323° to 28.975°, 48.563° and 

56.350° then to 29.078°, 48.625° and 56.499° as Li 

concentration increased. The implication is that the peaks of 

ZnS thin films doped with 1%, 3%, and 5% Li concentrations 

corresponding to (103), (1011) and (118) planes shifted to 

higher angle of diffraction as Li concentration increased which 

is in suitable agreement with [14 - 16]. This further implies that 

there is inclusion or doping of lithium in the substitutional sites 

of the hexagonal ZnS matrix as observed in the literature [16].   

The interplanar distance decreased as Lithium concentration 

increased which showed that Li+ ions with ionic radius 

0.060 nm displaced Zn2+ ions with ionic radius 0.074 nm in the 

tetrahedral coordination of hexagonal ZnS matrix. This 

alteration decreased the distance between both Li–S and Zn–S 

because the ionic radius of Li+ ions is lesser than the ionic 

radius of Zn2+ ions as outlined in [14, 15]. The dislocation 

density and micro strain decreased with crystallite size which 

also agrees with [14]. All the films have peaks that well-

matched JCPDS Card No. 01 – 072 – 0163 hexagonal ZnS 

structure as depicted in Figure 1. 

 
Figure 1: XRD patterns of ZnS films with (a) 1% M, (b) 3% M 

and (c) 5% M varying lithium concentrations
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Table 1: Structural parameters of the films 

Sample Observed 

2θ 

 

Standard  

2θ 

Observed 

d-spacing  

(Å) 

Standard 

d-spacing 

(Å) 

FWHM 

(β in 

rad) 

(hkl) Crystalline 

size (G) 

(nm) 

Dislocation 

density (δ) 

(Lines/m2) 

× 1015 

Micro 

strain 

(ε) 

× 10-3 

          

L1% 28.969 29.023 3.080 3.074 0.0579 103 3.707 97.739 31.440 

 48.544 48.618 1.874 1.871 0.0281 1011 3.707 97.739 31.440 

 56.323 56.441 1.632 1.629 0.0486 118 3.707 97.739 31.440 

L3% 28.975 29.023 3.079 3.074 0.0612 103 4.614 81.255 28.954 

 48.563 48.618 1.873 1.871 0.0283 1011 4.614 81.255 28.954 

 56.350 56.441 1.632 1.629 0.0256 118 4.614 81.255 28.954 

L5% 29.078 29.023 3.068 3.074 0.0579 103 4.201 93.249 30.179 

 48.625 48.618 1.871 1.871 0.0220 1011 4.201 93.249 30.179 

 56.499 56.441 1.627 1.629 0.0490 118 4.201 93.249 30.179 

Table 2: FT-Raman frequencies of film with 1% lithium 

concentration 

The Raman shift plot and spectral assignments of 1% Li-doped 

ZnS film are shown in Figure 2 and Table 2, respectively. 

 
Figure 2: Raman shift of 1% M Li-ZnS thin film 

From Table 2, the surface optic (SO) mode is observed at 332 

cm-1 [19], longitudinal acoustic (LA) and transverse optic (TO) 

mode are observed [19 - 22]. Zn-S vibration is depicted at about 

260 cm-1. Bond stretching υ[CC], bond wagging ω[CH2] and 

bond rocking ρ[CH2] are also displayed.  

Moreover, rarely reported first-order (TO and LA), second-

order (2TO and 2LO) and third-order (3LO) Raman phonons 

are revealed. From the Raman spectroscopy, presence of 

different characteristic bonds of the ZnS thin film is confirmed. 

These are consistent with those identified with ZnS thin films 

as displayed in Table 2. 

The FTIR plot and spectral assignments of 3% Li-doped ZnS 

film are shown in Figure 3 and Table 3, respectively. 

 
Figure 3: FTIR spectra of 3% M Li-doped film 

Chemical bonds present in the deposited thin film are as shown 

in Table 3. The characteristic major peaks of ZnS can be 

observed at about 661 and 849 cm−1, which is in conformity 

with results in references shown in Table 3. C=O stretching 

mode from atmospheric CO2 and other bonds contained in the 

film are provided in Table 3. A number of weak, strong, and 

broad peaks are available as depicted in Figure 3. This 

spectrum shows the absorption due to the various Raman 

vibrational modes. 
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Assignment Wave number (cm-1) 

[Reference] 

246 2 TA 244 [17]  

260 Zn-S 261[18] 

332 SO mode  334 [19] 

377 LA + TO 386, 388 [20], 0-400 [21] 

456 LA + LO 454 [21] 

480 TO + LA 478 [22] 

559  2TO 546, 561 [22] 

606 LO+TO 600-700 [19] 

782 2LO 778 [22] 

854 υ[CC] 841, 844 [18] 

955 ρ[CH2] 932, 918/972, 863 [18] 

1086 3LO 1082 [22]  

1178 ω[CH2] 1170, 1171, 1183 [23] 
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Table 3: FTIR frequencies of ZnS thin film deposited with 3% 

lithium concentration 

Wave 

number  

(cm-1) 

Assignment  Wave number 

(cm-1) 

[Reference]  

661 Amides NCN2- 659 [24] 

849 Resonance interaction 

between S2- 

vibrational modes  

851 [25] 

1026 C-O stretching mode 1000-1282 [25]  

1204 C-O stretching mode  1000-1282 [25]  

1254 C-O stretching mode  1000-1282 [25] 

1301 C-O stretching + C-H 

bending  

900-1475 [26] 

1538 C=O [from CO2] 

stretching mode  

1500-1650 [27] 

1599 C-O stretching mode  1600 [28] 

3.2 Surface Morphology 

The SEM images of the three films are displayed in Figure 4. 

The SEM images of the films contained nanodot-like and 

nanorod-like particles that were unevenly distributed over the 

surface of the substrates.  The nanodot-like particles in the film 

deposited with 1% M concentration of lithium were closely 

packed and unevenly arranged on the surface of the substrate. 

The film deposited with 3% lithium concentration was flower-

like nanoclusters and contained cracks whereas the one with 

5% lithium concentration was nanodot-like and nanorod-like 

particles that were unevenly distributed over the surface of the 

substrates. 

(a)  

(b)  

(c)  

Figure 4: SEM images of lithium-doped films with (a) 1% M, 

(b) 3% M and (c) 5% M concentration 

3.3 Optical Properties 

Figure 5 presents the absorption coefficient of the films. The 

absorption coefficient was computed as conveyed previously 

[5]. Figure 5 is a plot of the films’ absorption coefficient. The 

absorption coefficient of the films was 3.05 × 103, 6.53 × 103 

and 5.58 × 103 cm-1 at 3.0 eV for the films produced with 1%, 

3%, and 5% Li concentrations, respectively. 

 

Figure 5: The absorption coefficient of the films 

 

Figure 6: The energy gap (Eg) of the films 
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Figure 6 presents the energy gaps Eg of the films. The Eg were 

obtained as conveyed previously [5]. The Eg of the films were 

3.91, 3.54 and 3.65 eV for the films produced with 1%, 3%, 

and 5% Li concentrations, respectively. The Eg are in good 

harmony with [29, 30]. It has been observed that the structural 

parameters, thickness, and carrier concentration of thin films 

affect their Eg [15]. 

3.3.1 Photoluminescence 

PL spectrum of the 3% lithium concentration is shown in 

Figure 7.  

 
Figure 7: Photoluminescence spectrum of the film with 3% 

silver concentration 

Figure 7 revealed peaks at emission wavelengths of 357 and 

417 nm which showed narrow band edge due to mid-band 

related impurities and presence of Sulphur vacancies due to 

trapped emissions respectively [30]. The extension of 

broadened peak may be due to the amorphous glass substrate 

as given in the literature [31]. The Film’s exhibition of 

photoluminescence at room temperature shows that the film 

has high optical quality as reported in the literature [32]. 

3.3.2 Determination of Contact angle 

Figure 8 shows the contact angle of the film prepared with 3% 

lithium concentration. 

 

Figure 8: Contact angle of the film with 3% lithium 

concentration 

The wettability behavior of the film is depicted by the value of 

contact angle, a macroscopic parameter [33]. Figure 8 reveals 

that the water lies with contact angle of 52.1° on the surface of 

the ZnS film. This denotes that the surface is hydrophilic in 

nature. The surface free energy is 52.54 MJ/m2. The porous 

structure of the film gave rise to the low water contact angle 

value that is ascribed to the nanocrystalline nature envisaged to 

have high surface free energy [33]. The film may enhance the 

energy storage efficiency of solar cells [13, 30]. 

4 Conclusion 

Good quality spray-made Lithium-doped ZnS films were 

successfully made by CSP. The films’ samples comprised 1%, 

3% and 5% lithium concentrations. The films’ features were 

examined by XRD, SEM, FT-Raman, FTIR, PL, 

spectrophotometer and contact angle meter. The films were of 

hexagonal structure and the microstructures were nanodot-like 

and nanorod-like particles. FTIR exhibited the C=O stretching 

mode. The band gaps lie between 3.54 and 3.91 eV while the 

absorption coefficient is between 3.05 × 103 and 6.53 × 103 cm-

1. PL exhibited band edge emission peak at 357 nm. A 

hydrophilic surface feature was identified. The films will be 

suitably useful as window layer for solar cells.  
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