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Abstract : Nanocrystalline (Pb1-xMgx)S thin films were successfully deposited on suitably 

cleaned glass substrate at constant temperature of 60° C, using the chemical bath deposition 

technique. After deposition the films were annealed at 300°C for 2 hours. The film's 

structural, morphological and optical properties have been investigated by X-ray diffraction 

(XRD), scanning electron microscope (SEM) and UV–vis spectrophotometer. X-Ray 

diffraction patterns reveal that all of the films are polycrystalline cubic in nature with 

preferential orientation (200). Microstructural parameters like crystallite size, micro strain 

and dislocation density have been calculated using x-ray line profile analysis. The values of 

average crystallite size have been found to be in the range 20.03 to 15.12 nm. SEM analysis 

revealed that the films were polycrystalline nature with uniform and smooth surface. The 

energy band gap for thin films were revealed from the optical studies and were found to 

increase from 1.54 to 1.66 eV with increasing Mg doping concentration. 
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Introduction 

In recent studies, II-IV and IV-VI semiconducting materials have been the subject of great interest due 

to the large practical application in the field of optoelctronics, infrared sensors, solar coating, gas humidity 

sensors and photoelectrochemical solar cells
1-4

. Among these materials, PbS is an important IV-VI material with 

the direct band gap of 0.4 eV and large exciton Bohr radius (18 nm) with small effective mass and high electron 

mobility
5
.  

PbS has a very wide spectrum of application which includes gas sensors
6
, bio sensors

7
, Pb

2+ 
ion 

selective sensors
8
, infrared detectors

9
, solar radiation selective absorber coating

10
, solar radiation control 

coating
11

, decorative coating
12,13

, field effect transistors
14

. 

Many techniques have been reported for the deposition of PbS thin films. These includes spray pyrolysis
15

, 

electrodeposition
16

, successive ionic layer adsorption and reaction (SILAR)
17

, sol-gel
18

 andvaccum evaporated 

synthesis
19

. Among these techniques chemical bath deposition technique is convenient, low cost and capable for 

the production of high quality films in large area
20,21,22

.  

In the present work, magnesium is doped with PbS thin films using chemical bath deposition techniques 

(CBD), with a view to investigate the structural, morphological and optical properties of these films. 
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Experimental 

Synthesis of (Pb1-xMgx)S thin films 

(Pb1-xMgx)S thin films of varying composition were deposited on the optically plane glass substrate of 

dimensions 25×75×2 mm by simple chemical bath deposition (CBD) technique. The reaction bath contained 

1M of lead acetate (Pb(CH3COO)2. H2O), Magnesium sulphate(MgSO4.7H2O) and thiouria (SC(NH2)2) that 

were mixed in stoichiometric proportion such that x varies from 0 to 0.075. First, the solution of lead acetate 

and magnesium sulphate were mixed in the beaker and complexed with adequate quantity of triethonalamine 

(TEA). Finally thiouria was added. Ammonia was added in order to maintain the pH in the range of 11-12. 

Before the deposition, glass slides were boiled in chromic acid for 2 h and kept in it for 12 h. Then, they are 

washed with detergent, and again rinsed in acetone
23

. Cleaned substrate was dipped into the solution, without 

touching the bottom of the beaker with continuous stirring. The deposition was carried out at 60⁰ C for 1 hour. 

After deposition, the films were washed with de-ionized water and alcohol solution to remove the loosely 

adherent precipitate during deposition, and allowed to dry in ambient air. The deposited films were annealed in 

air at 300⁰ C in furnace for 1 hour. Various calculated quantities of Mg dopants (0≤  x ≤ 0.1) were added into 

the pure PbS solution. This allowed us to study of the material with different doping Mg levels. It was observed 

that, at higher concentrations (x ≥ 0.1), of the dopant, the quality of the films decreases.  

The techniques of characterization 

The composition and crystalline status of the films were ascertained by an X-ray Diffractometer 

(PAnalyticalX’pert PRO). XRD plots were recorded in the 2θ range 20⁰ to 80⁰ using CuKα radiation. The 

surface morphology was examined by VEGA3 TESCAN Scanning Electron Microscope. The EDAX 

attachment (BRUKER) was used to carry out a semi-quantitative elemental analysis of the samples. The optical 

absorption and transmission spectra of the films were obtained by using Chemito, double beam UV–VIS–NIR 

spectrophotometer (SPECTRASCAN-UV-2600). 

Results and discussion 

XRD studies 

Fig. 1, shows the XRD pattern of (Pb1-xMgxS) thin films grown on the glass substrate. All the 

diffraction peaks of (Pb1-xMgxS) clearly shows the polycrystalline nature corresponding to the diffraction angles 

approximately 26 (111), 30 (200), 43 (220), 51 (311), 62 (400) and 71 (420) with preferred orientation along 

(200) plane. By comparison with the data from JCPDS card No. 78-1901, all diffraction peaks can be indexed 

as a face centered cubic structure of PbS. It is evident from the XRD spectra that there are no additional peaks 

for the doped ones when compared to the PbS, which indicates that the incorporation of Mg ion into the 

Pblattice. 

Table 1 shows the 2θ values, interplanar spacing d, lattice parameter, average crystal size (D), 

dislocation density ( , and micro strain (  of (Pb1-xMgxS) thin films. The values of interplanar spacing d 

and lattice constant a for cubic phase structure are calculated by reported formulas 
24,25

. 

       (1) 

wheredhkl is the interplanar spacing. From the table 1, we can note that there is a significant change in the 

interplanar spacing and lattice constant for different doping concentration.  The decrease in the lattice constant 

is attributed to the incorporation of Mg ions into the Pb lattice sites in the lattice. It may be due to smaller ionic 

radius of Mg ion (0.72 Å) compared with Pb ion (1.19Å)
26

. 

The average crystallite sizes of the films are estimated for the preferential peak (200)c by using the 

Debye Scherer’s formula
27

. 

         (2) 

Where k is the shape factor (0.9 here), λ is the x-ray wavelength (1.5406 Å for Cu-Kα), β is full width 

at half maximum (FWHM) of the diffraction peak and θ is the Bragg’s angle. The crystallite size is found to be 

in the range between 20.03 and 15.12 nm for x = 0- 0.075 and are tabulated in Table 1. It is found that 
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crystallite size decreases gradually with increasing dopant concentration.X-ray Diffraction results agree well 

with the observations on PbS thin films by earlier works
28, 29

. The change of the crystallite size with different 

compositions is prominent and it may be attributed to built-in strain and dislocations. Fig. 2, shows the variation 

of crystallite size with Mg content obtained from Debye Scherer’s relation. 

 
Fig. 1.XRD pattern of (Pb1-xMgxS) thin films. 

 

Fig. 2.Variation of crystallite size with Mg contentof (Pb1-xMgxS) thin films. 

The micro-strain (ɛ) can be calculated using the formula
30

 

        (3) 

where θ and β2θ are glancing angles and full width at half maximum. It is observed that, the microstrain 

decreases with increasing doping concentration. This type of change in strain is due to the predominant re-

crystallization process in the polycrystalline thin films 

The dislocation density can be calculated by Williamson and Smallman’s relation
31

. 

        (4) 

where n is a factor, which equals unity giving minimum dislocation density and D is the crystallite size. 

Dislocation density are  increasing with increasing doping concentration of Mg in pure PbS which may be 

attribute to the decrease in crystallite size as shown in Table 1.  

Table 1.The 2θ values, interplanar spacing d, lattice parameter, average crystal size (D), dislocation 

density ( , and micro strain (  of (Pb1-xMgxS) thin films. 

x 2θ value 

(⁰) 
d- value 

(Å) 

Lattice 

parameter 

(Å) 

Average 

crystallite 

size (D) 

(nm) 

Dislocation 

density (𝝳) 

(10
-15

 

lines/m
2
) 

Micro 

strain (ɛ) 

0 29.90 2.965 5.93 20.03 2.4935 0.002232 

0.025 29.85 2.9645 5.9292 17.60 3.2283 0.001345 

0.050 29.68 2.9630 5.9261 16.07 3.8722 0.001213 

0.075 29.54 2.9608 5.9217 15.12 4.4374 0.001048 
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SEM studies 

Fig 4.(a)- (d), shows the SEM micrographs of  PbS and (Pb1-xMgxS) thin films. The SEM images of the 

pure PbS thin film shows the polycrystalline nature with smooth and uniform spherical grains without cracks or 

pinholes and well covered to the glass substrate. The chemical composition of PbS and (Pb1-xMgxS) thin films 

was analyzed by EDAX. The typical EDAX spectrum of undopedPbS thin film shown in fig. 4(e). reveals the 

presence of Pb and S elements in the deposited film with a S/Pb atomic ratio of 0.82. There are no impurity 

atoms found in the report. 

  

 

 

Fig 3.a, b, c and dare the SEM micrographs of x= 0, x= 0.025, x= 0.050 and x= 0.075 of  (Pb1-xMgxS) thin 

films.eis the EDAX spectrum of undopedPbS thin films.  

Optical studies 

 The UV- Vis optical absorption and transmittance spectra of (Pb1-xMgxS) thin films have been carried 

out at room temperature from 400 to 900 nm and are shown in fig. 6 and 7. It is observed that the absorption 

edge of the film shift towards shorter wavelength with increasing Mg doping concentration. The transmission 

spectra of (Pb1-xMgxS) thin films are shown in fig. 6, shows just opposite trend of optical absorption spectra. 

From fig. 6, it is observed that the transmittance is generally increases with increasing in doping concentration. 

These thin films exhibit higher absorption in the visible range and on increasing the Mg doping concentration, 

the absorption of the films decreases. 
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Fig. 5. Optical absorption spectrum of  (Pb1-xMgxS) thin films. 

 

Fig. 6. Optical transmission spectrum of  (Pb1-xMgxS) thin films. 

 

Fig. 7, Plot of (αhν versus hν ) for (Pb1-xMgxS) thin films. 

 

Fig. 8. Variation of energy band gap with Mg concentration of (Pb1-xMgxS) thin films 
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 The optical band gaps were calculated using the Tauc relation

32
by plotting (αhν)

2
 versus hν. By 

extrapolating the straight line portion of the curve to intercept the energy axis as shown in Fig. 7, the value of 

the band gap energy has been calculated. The variation of energy band gap with Mg concentration of (Pb1-

xMgxS) thin films are shown in Fig. 8. 

 The band gap of nanocrystallinePbS thin film was found to be 1.54 eV which is quite high as compared 

to the bulk PbS. The optical band gap energy of Mg doped PbS films is increased with the increasing doping 

concentration. The band gap Eg values of x= 0.025 is 1.59, x= 0.050 is 1.63 and x= 0.075 is 1.66 eV. This 

increase of band gap is attributed to the decrease in the crystallite size and also due to the influence of Mg ions. 

However this proves that the incorporation of dopant ions into PbS lattice.  

Conclusion 

Nanocrystalline (Pb1-xMgx)S thin films were deposited on the glass substrate at bath temperature of 60⁰ 
C using chemical bath deposition technique. X- ray diffraction studies reveals that all the films are 

polycrystalline cubic phase in nature. The crystallite size of the films decreases from 20.03 to 15.12 nm with 

increase in the magnesium composition (x). The SEM micrographs shows that the present films are uniform, 

homogenous and well covered to the substrate surface with spherical grains. Optical absorption studies showed 

a blue shift on absorption edge and the estimated band gap values of present films increased with an increase in 

the Mg concentration. The optical band gap of (Pb1-xMgx)S thin films varies from 1.54 to 1.66 eV. 
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