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Zinc Sulfide (ZnS) thin films have gained popularity due to their potential field 

applications. ZnS doped with various elements is redefining academic and industrial 

research. Pulsed laser deposition (PLD) was applied in the deposition process of undoped 

ZnS and aluminum (Al) doped zinc sulfide (AZS) on cleaned soda lime glass substrates. 

The doping effects of aluminum concentration (0, 2, 4, and 6%) on the characteristics of 

ZnS films were investigated. The ZnS and AZS thin films exhibited a direct allowed 

bandgap in the range of 3.40 to 3.56 eV, The band gap has been observed to be higher 

(3.56 eV) indicating blue shift. The linear optical parameters such as oscillator energy 

(E0), dispersion energy (Ed), and static refractive index (n0) were calculated using Wemple 

and DiDominco's model to find the nonlinear optical susceptibility χ
3
 and nonlinear 

refractive index n2.  The increasing nonlinear parameters χ
3
 and n2 suggest nonlinear 

optical applications for AZS. The experimental methods and results are described, and the 

results are compared to published data. 
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1. Introduction 
 

Inorganic nanostructures and thin films have been established recently been studied for 

nanotechnology [1]. Inorganic nanoparticles have recently gained popularity due to their unique 

properties [1]. Zinc sulfide (ZnS) is a nanomaterial with potential for optoelectronic applications 

[2]. ZnS is a naturally occurring salt that is non-toxic, non-flammable, and chemically stable. 

While temperatures seem to be low, ZnS semiconductor materials form cubic zinc-blend 

(sphalerite) and at high temperatures, wurtzite [4–6]. The bandgap of ZnS is 3.54–3.91 eV for 

zinc-blend and wurtzite crystalline structures [6,7]. At room temperature, ZnS has a high 

transmittance, dielectric constant, and refractive index [7,10]. The high processing costs, weight, 

and fragility of today's cell materials present new challenges. Alternative, low-cost, nontoxic, 

reliable, and eco-friendly materials like ZnS are required. Thus, ZnS nanoparticles have been used 

for label-free, real-time, sensitive species detection. Due to its wide direct band gap, ZnS is a 

promising new UV detector material. 

Changing the presence of dopant can change the composition of ZnS [11-13]. Impurity-

doped ZnS has different properties than undoped ZnS. Aluminum (Al), indium (In), chromium 

(Cr), gallium (Ga), fluorine (F), copper (Cu), chlorine (Cl), boron (B), and manganese (Mg) seem 

to be dopants that could be used to modify the features of ZnS [11-15]. AZS films have excellent 

properties among doped ZnS materials [13-15]. So, different Al concentrations in ZnS 

nanomaterials are studied [14,15]. ZnS's optical properties nanomaterials deposited on soda-lime 

glass substrate has been investigated extensively [15].  

Soda-lime glasses are cheap and effective. Aluminum is a popular dopant due to its low 

cost and small ionic radius. To optimize application, it is critical to understand how Al content 

affects ZnS thin films deposited on glass substrates have optical characteristics. Preparation 
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methods for ZnS thin films include electron beam deposition, thermal evaporation, sputtering, sol-

gel, and chemical bath deposition [16-24]. The present work also deals with Al-doped ZnS films of 

various doping concentrations. A uniform doping distribution in ZnS is expected rather than a 

concentration gradient with a high lattice distortion. The optical properties of Al thin films 

deposited on soda-lime glass with ZnS substrates by PLD were investigated in this work. 

 

 
2. Materials and methods 
 

2.1. Preparation of AZS films 

The PLD technique was used to prepare Al-doped ZnS films on glass substrates with 

dopant concentrations ranging from 0 to 6%.  All reagents and chemicals were purchased from 

Sigma-Aldrich. 𝑍𝑛1−𝑥𝐴𝑙𝑥𝑆 (0 ≤ x ≤ 0.06) samples were prepared by mixing ZnS and Al2O3 (99.99 

% purity. The soda-lime glass was cleaned by immersing it in an ultrasound bath for ten minutes, 

the substrate was submerged in deionized water (DI). Ultrasonic agitation aided the process, the 

glass substrate was then rinsed and dried. 

ZnS and ZnS: Al powder in the form of powders were mounted on a stepper-driven multi-

target carrousel and exposed to the beam paths. The Al-dopant powder samples were pelletized 

and evaporated on glass substrates to prepare Al-doped ZnS films under controlled conditions. The 

system was then pumped down to a base pressure of 10
–3

 Torr. 

The quartz crystal thickness monitor was placed just below the substrate holder to monitor 

the rate of deposition as well as film thickness. A shutter between the source and substrate 

controlled the deposition process and film thickness.  

The deposition process studies were applied to estimate Neodymium-doped yttrium-

aluminum-garnet (𝐺) (𝑁𝑑:  𝑌3𝐴𝑙2𝑂12 ) Nd: YAG system. The Nd: YAG system was operated in 

TEM00 mode with fundamental and second harmonic outputs at 1064 and 532 nm. The laser was 

set to 100 mJ pulse energy, 500 pulses per second, 10 ns pulse repetition rate, and 6 Hz repetition 

frequency. The energy density or laser fluency was 2 J/𝑐𝑚2. The laser energy density depends on 

the laser pulse energy and the recorded beam area. A computer system controls and monitors this 

process via an interface. The target laser source distance was 12.0 cm and the target substrate 

distance was 2.0 cm. The target was rotated as the laser rastered across a  0.5 𝑐𝑚2 area. The 45° 

laser beams were focused on the sample [25,26].  

 
 
3. Results and discussion  
 

3.1. Absorption coefficient and energy gap 

The absorption coefficient's value α was obtained from the formula given in Equation (1) 

[27]: 

 

𝛼 =
1

𝑡
 ln (

1

𝑇
)                                                                                (1) 

 

where, t is the thickness of the film T is the transmission. The diagram of the absorption 

coefficient versus the wavelength, for the films depicted in Figure 1.a, the absorption coefficient 

for the undoped 𝑍𝑛𝑆 thin film decreased as well as an increase in the 𝐴𝑙 content. 

The bandgap (Eg) The film values were determined using the Tauc relation [28]:   

 

α h f =  A (h f – Eg)2                                                                          (2) 

 

where 𝐴, ℎ, f, and Eg are a constant, Planck’s constant, frequency of the incidence radiation, and 

optical bandgap, respectively. The bandgap energy values of 𝑍𝑛𝑆 and 𝐴𝑍𝑆 films were determined 

using the Tauc formula (2). Eg was calculated by drawing a straight line to the x-axis at the 

(αhf)2 = 0, as illustrated in Figure 1.b the linear dependence at the absorption edge substantiated 

by the (αhf)2 versus hf graph indicates that 𝑍𝑛𝑆 is a direct bandgap material. The Eg values of 
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𝑍𝑛𝑆 and 𝐴𝑍𝑆 films decreased significantly from 3.56 to 3.40 eV among as well as the increasing 

in the doping percentage of Al. These results are in agreement with the values reported for 𝑍𝑛𝑆 

and 𝐴𝑍𝑆 films in the published studies [29-31]. The bandgap The ZnS films' values were higher 

than those of Al-doped ZnS films. 

 

    

 

Fig. 1. The absorption coefficient spectrum (a), energy gap (b) for pure ZnS and AZS. 

 

 

3.2. The linear optical parameters 

The linear optical parameters including such oscillator energy (E0), dispersion energy (Ed), 

and static refractive index (n0) were calculated to investigate nonlinear optical susceptibility χ3 and 

nonlinear refractive index n2.  From Figure 2 (a) plots the refractive index (n
2
 – 1)

-1
 against the 

square of photon energy that was incident (hv)
2
 for ZnS and AZS Table 1 displays films. The 

evaluated values of E0 and Ed. The single-oscillator energy, E0 values, obviously decrease with 

increasing Al content, and the same behavior is obtained for the energy gap, Eg. With the 

dispersion energy, Ed, values increased as the aluminum concentration increased. The width of the 

band tails (Urbach energy), which is used to characterize the degree of disorder in amorphous and 

semicrystalline materials, appears as a result of the evolution of localized states inside the 

forbidden band gap and can be estimated using the Urbach empirical rule [32]: 

 

α = α0 exp ( ℎ𝑣
𝐸𝑢

⁄ ),  ln (α) = ln (α0) + (ℎ𝑣
𝐸𝑢

⁄ )                             (3) 

 

where α is the absorption coefficient, α0 is constant, hv is the incident photon energy, and Eu is the 

Urbach energy. From Figure 4 (b) increasing the amount of Al in ZnS films raises the band tail or 

Urbach energy. The high density of localized states was implied by the large Eu values. The optical 

band gap and Urbach energy are evidently inversely proportional relationship. [33]: 

 

(n
2
 – 1)

-1
 = 

𝐸0

𝐸𝑑
 - 

1

𝐸0𝐸𝑑
 (hv)

2
                                   (4) 

 

n0 = √(1 +
𝐸𝑑

𝐸0
)                                       (5) 

 

where Ed is the dispersion energy parameter, which measures the strength of the inter band optical 

transition, E0 is the single-oscillator energy (energy gap average), and hv is the incident photon's 

energy. Plotting (n
2
 – 1)

-1
 versus (hv)

2
 in Figure 4 (a), the plots give straight lines by fitting for 

liner spectra using Origin software, which intercepts the y-axis in a value equal to (E0Ed), and the 

slope equal to (-1/E0Ed). 
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Fig. 2. Plotting (n
2
 – 1)

-1
 versus (hv)

2
 figure (a), plot and linear fit of ln(α) against the photon energy  

hv for Al in ZnS thin films with different concentrations deposited at substrate figure (b). 

 

 

The slope's defined as the ratio is the same as the values of Urbach energy when the linear 

part of ln α versus hv is plotted Figure 2.b. The obtained values of Urbach energy are listed in 

Table 1. It is discovered that increasing the amount of Al in ZnS films raises the band tail or 

Urbach energy from 0.50 to 0.54 eV. The high density of localized states was implied by the large 

Eu values. The optical band gap and Urbach energy were indeed evidently inversely proportional 

relationship [34]. 

 

 
Table 1. Single-oscillator energy, E0,  dispersion energy Ed,  Urbach energy and refractive index, n0,  values 

according to Wemple and DiDomenico model. 

 

Sample E0 (eV) Ed (eV) Urbach energy n0 

ZnS: Al 0% 2.76 21.27 0.50 2.94 

ZnS: Al 2% 2.19 18.25 0.60 3.05 

ZnS: Al 4% 3.56 25.48 0.46 2.85 

ZnS: Al 6% 2.65 22.14 0.54 3.05 

 

 

 
 

Fig. 3. Optical conductivity σopt versus incident photon energy hv. 

 

 

The optical conductivity response caused by the motion of charge carriers in the 

electromagnetic waves that have been incident is referred to as σopt , calculated by used the 

equation below. Relationship between optical conductivity and a material's refractive index (n) and 

absorption coefficient [35]: 
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σopt = 
𝑛.𝐶.𝛼 

 4𝜋
                                                              (6) 

 

where C denotes the speed in aspects of light empty space. Figure 3 depicts the relationship 

between optical conductivity and Photon energy that is incident. As far as the content of the 

embedded Al increased, so did the optical conductivity. The incidence photon energy exciting 

electrons caused this increase in optical conductivity from the valence band to the conduction band 

at high photon energies. The establishment of new levels states in the band gap will establish from 

a material electrons move more easily broadening from the valence band to the nearest states, as a 

result of which there is a decrease in optical band gap. 

 

3.3. The nonlinear optical parameters 

The linear optical susceptibility χ
1
 of the medium can be computed from the relation [36]: 

 

χ
 1 

= 
𝐸𝑑 / 𝐸0

4𝜋
                                        (7) 

 

Table 2 shows the evaluated linear optical susceptibility values and the nonlinear third 

order of the optical susceptibility χ
3
 could be obtained from the linear refractive index n0, 

dispersion energy Ed, and oscillator energy E0 of the Wemple and DiDomenico single-oscillator 

model using Miller's rule, as evidenced by the following formula [37]: 

 
χ

3 
 = 6.82 × 10

−15 
(𝐸𝑑 𝐸0⁄ )

4                                                                   
 (8) 

 

The values of nonlinear refractive index n2 are calculated in accordance with relation [38]: 

 

n2 = 
12 𝜋 𝜒3  

𝑛0
                                     (9) 

 

Table 2 shows the calculated values of n2 and χ
 3

. The linear optical susceptibility, 

nonlinear third-order optical susceptibility, and nonlinear refractive index values are observed to 

increase as the Al content increases. 

The samples' high nonlinear third-order susceptibility and nonlinear refractive index 

values indicate their suitability for use in various nonlinear optical and photonic devices and 

applications. 

 

 
Table 2. Values of χ

 1
, χ

3
 , and n2 of the prepared AZS nanoparticles. 

 

Sample χ
 1
 χ

 3
 * 10

-11 
(e. s. u) n2 * 10

-10
 (e. s. u) 

ZnS: Al 0% 0.61 2.38 3.05 

ZnS: Al 2% 0.66 3.28 4.05 

ZnS: Al 4% 0.56 1.77 2.34 

ZnS: Al 6% 0.66 3.28 4.05 

 

 

3.4. Dielectric constant and Energy loss function 

Real and imaginary parts of the dielectric constant are used to represent optical dielectric 

constants. Ԑ =  Ԑ 1+i Ԑ 2. Real and imaginary parts of dielectric constant depend on the refractive 

index (n) and extinction coefficient (k) , based on the equation: 

 
Ԑ 1 = n

2
 − k

2
                                              (10) 

 

Ԑ
 2 = 2nk                                 (11) 
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Figure 4 depicts the dependent on Ԑ
 1
 and Ԑ 2 on photon energy. It has been noticed that the 

real part values of dielectric constant Ԑ 1 Figure 4.a are greater than the imaginary part values of 

dielectric constant Figure 4.b Ԑ2, which is because Ԑ 1 depends on the refractive index (n), whereas 

Ԑ 2 depends on the extinction coefficient (k). As the Al concentration in ZnS films increases. 

 

 
 

Fig. 4. Variation of optical dielectric constant with energy photon. 

 

 

3.5. Energy loss function 

The loss of energy from incident electromagnetic waves by electrons in a material or 

surface is related to the Volume energy loss function, and the Surface energy loss function (VELF) 

(SELF). The real and imaginary parts of dielectric constants Ԑ1 and Ԑ2 are related to the loss energy 

functions (VELF and SELF), as shown by the expression below. [39]: 

 

VELF = 
Ԑ2

Ԑ1
2+Ԑ2

2                                          (12) 

 

SELF = 
Ԑ2

(Ԑ1+1)2+ Ԑ2
2                                 (13) 

 

 
 

Fig. 5. Dependence of (a) VELF and (b) SELF on the photon energy hv for AZS nanoparticles. 

 

 

Figure 5 depicts the relationship between VELF and SELF and incident energy (hv). It is 

discovered that the VELF and SELF values follow the same pattern, with no significant difference 

at higher and lower energy photons [40]. For each sample, the SELF-values are consistently lower 

than the VELF values. Along with the concentration of Al increases, the values of SELF and VELF 

decrease. The pure ZnS exhibited a different low VELF behavior at low energy. 
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4. Conclusion 
 
𝑍𝑛𝑆 and 𝐴𝑍𝑆 Thin films were grown on soda-lime glass substrates using the PLD 

technique, with a reduction in the bandgap. Further, the bandgap energy values decreased 

significantly from 3.56 to 3.40 eV with an increase in the doping of Al. The optical conductivity 

increased as the amount of aluminum in the samples increased. The oscillator energy E0, 

dispersion energy Ed, and static refractive index n0 are calculated as dispersion parameters. The 

nonlinear optical susceptibility χ
3
 and nonlinear refractive index n2 were determined from the 

linear optical parameters by using the semiempirical relationship. With increasing nonlinear 

parameters χ
3
 and n2, AZS could be used for nonlinear optical applications. This study may open 

multiple horizons to achieve high-efficiency optoelectronic applications of 𝑍𝑛𝑆 thin films.  
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