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ABSTRACT 
 

PbS film has been produced by chemical bath deposition (CBD) method onto glass substrates using aqueous solution containing 

Pb(NO3)2, Na2SO3, NaOH and SC(NH2)2. The deposition was carried out at room temperature of 26°C and a stirring speed of 60 

rpm for an hour. The PbS film has been characterized by x-ray diffraction, field emission scanning electron microscopy, Fourier 

transform infrared spectroscopy, Raman spectroscopy and optical absorption spectroscopy techniques. The PbS film is 

polycrystalline face centered cubic phase having randomly preferential orientation in the [101], [200], [220] and [400] directions. 

The texture coefficient, lattice parameter, strain, crystallite size, and dislocation density were estimated from x-ray diffraction 

results. Fourier transform infrared result reveals that the presence of PbS and various functional groups in PbS sample. Raman 

spectrum of the sample shows PbS phase and lead oxysulfates. The optical band gap of the PbS film has been studied using the 

optical absorbance measurement as a function of wavelength between 200 and 2750 nm. The optical direct band gap of the 

sample is calculated to be 1.28 eV. The optical band gap of PbS sample exhibited a blue-shift compared with that of bulk PbS. 
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1. INTRODUCTION 
 

Lead sulfide (PbS) films, as one of the important binary IV–VI semiconductors, have attracted 

considerable attention in the field of optoelectronics applications like thermoelectric devices [1], infrared 

radiation detectors [2], chemical sensors [3], photographic equipment [4], heterojunction photovoltaic cells 

[5], light-emitting diodes [6], solar control coatings [7], telecommunications [8]. PbS shows a direct optical 

band gap with 0.4 eV at room temperature and has a large excitation Bohr radius of 18 nm, which permits 

quantum confinement effect. The optical band gap of PbS film in nanocrystalline form can be widened to 

the visible region. PbS crystallizes in the rock salt type structure [9-11]. The pressure can induce a phase 

transition of PbS from cubic to orthorhombic [12]. Different shapes such as nanocrystals, nanocubes, 

nanoparticles, nanorods, nanospheres, nanotubes, nanowires, quantum dots for PbS film have been 

obtained [13]. PbS films generally exhibit a p-type conductivity. Physical and chemical properties of PbS 

can be changed by Zn, Sb, Mn, Mg, Sr, Ni, Co and Fe dopants [14-16]. 

 

PbS samples have been deposited by different methods such as electrodeposition [10], spray pyrolysis 

[17], SILAR [18], rf sputtering [11], chemical vapour deposition [19] and chemical bath deposition (CBD) 

[9, 20, 21]. CBD is a technique in which semiconductor films are deposited onto substrates immersed in 

dilute solutions. The CBD technique has been a more attractive technology which is simple, well suited 

for large area coating, low temperature processing and low process cost. The major deposition variables 

are the precursor properties and concentrations, bath temperature and substrates [22]. 
 

This work has been concerned with the production and characterization of PbS film using CBD method 

at room temperature. The structural, morphological and optical properties of PbS film were 

characterized using x-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), 

Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy and optical absorption 

spectrocopy techniques. 
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2. EXPERIMENTAL 
 

PbS film was deposited onto microscope glass substrates (76 × 13 × 1mm3) by the CBD method. The 

glass substrate was immersed in boiling water with detergent, and then soaked in chromic acid, cleaned 

in isopropyl alcohol, rinsed in distilled water at each step and finally dried in air. The deposition bath 

contained 10 ml of 0.01 M Pb(NO3)2, 10 ml of 2.5x10-4 M Na2SO3, 10 ml of 0.15 M NaOH, 10 ml of 

0.05 M SC(NH2)2 and 10 ml distilled water to complete the volume to 50 ml. Sodium sulfide which is 

the least expensive and most active was used to be oxygen scavenger [23, 24]. The glass substrate was 

placed vertically inside the glass beaker. The solution was stirred at a spin speed of 60 rpm. The 

deposition was carried out at room temperature of 26°C for 60 min. After the growth procedure, the 

deposited PbS film to remove some unwanted and loose particles was rinsed lightly in distilled water 

and then dried in air. The PbS film was deposited onto both sides of the glass substrate. Sulfuric acid 

was used to remove the film on back side of the substrate. The front side was used for all measurements. 

The PbS film was uniform, well adherent and dark gray in colour. 

 

The reaction of PbS formation on the glass substrates is given by [25]: 

 

𝑃𝑏(𝑁𝑂3)2 + 2𝑁𝑎𝑂𝐻 → 𝑃𝑏(𝑂𝐻)2 + 2𝑁𝑎𝑁𝑂3 

𝑃𝑏(𝑂𝐻)2 + 4𝑁𝑎𝑂𝐻 → 𝑁𝑎4𝑃𝑏(𝑂𝐻)6 

𝑁𝑎4𝑃𝑏(𝑂𝐻)6 → 4𝑁𝑎+ +𝐻𝑃𝑏𝑂2
− + 3𝑂𝐻− +𝐻2𝑂 

𝑆𝐶(𝑁𝐻2)2 + 𝑂𝐻− → 𝐶𝐻2𝑁2 +𝐻2𝑂 + 𝑆𝐻− 

𝐻𝑃𝑏𝑂2
− + 𝑆𝐻− → 𝑃𝑏𝑆 + 2𝑂𝐻− 

(1) 

 

The weight difference method was used to calculate PbS film thickness. In this method, it was assumed 

that the film on the substrate is homogeneous and dense having 7.6 g/cm3 density. PbS film thickness 

was calculated to be 875 nm by this method. Electrical conductivity type of the sample was determined 

by hot probe method. PbS film exhibits p-type conductivity. The structural characterization of the 

sample was performed by a Bruker D8 Advance x-ray diffractometer (XRD) system using Cu Kα 

radiation (1.5406 Å) with a scanning rate of 2° min−1. The operating voltage and the current used for the 

XRD study are 40 kV and 30 mA, respectively. Surface morphological study was carried out by means 

of field emission scanning electron microscopy (Carl Zeiss Ultra Plus FESEM). Fourier transform 

infrared spectrum (FT-IR) was recorded in the region 4000–400 cm−1 with Bruker IFS 66 v/S Vacuum 

FT-IR spectrometer using the KBr pellet technique to determine the chemical structure of the sample. 

Raman spectrum was recorded with a Bruker Senterra dispersive Raman microscope. A 3B diode laser 

(532 nm, 10mW) was used as an excitation source. The optical absorption spectrum was recorded using 

a Solid Spec-3700 DUV spectrophotometer. 

 

3. RESULTS AND DISCUSSION 

 

The XRD pattern of PbS film deposited onto microscope glass substrates has been studied in 2θ ranges 

from 15° to 75° and is shown in Figure 1. The appearance of sharp peaks reveals that the sample is 

polycrystalline. The existence of multiple diffraction peaks of (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), 

(4 0 0) (3 3 1), and (4 2 0) indicates the polycrystalline nature of the PbS film with face centered cubic 

structure on the basis of PDF data (Card No: 01-077-0244). No peak of any other phase such as PbS2O3 

and PbSO3 is detected in XRD spectrum, implying that the film is pure. 
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Figure 1. X-ray diffraction pattern of PbS sample 

 

The preferential orientation of the dominant phase of the sample has been determined by means of the 

texture coefficient (TC) using the expression [26], 

 

𝑇𝐶(ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄

(1 𝑁⁄ )∑ 𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄𝑁
 (2) 

 

where h, k, l are the miller indices, I0 (hkl) is the standard intensity of the (hkl) plane, I (hkl) is the 

observed intensity of the (hkl) plane and N is the number of diffraction peaks. The texture coefficient 

gives a measure of the orientation of each reflection in comparison to a randomly oriented 

polycrystalline sample. The value of unity represents random orientation, while a value above unity 

means preferential orientation in that direction. In this analysis, eight reflections from the cubic PbS 

structure were considered. Results are presented in Table. As seen from Table, the sample exhibits 

randomly preferential orientation in the [111], [200], [220] and [400] directions. 

 
Table. Structural parameters of PbS film 

 

 
 

The interplanar spacing d were calculated by Bragg’s law, 
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𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (3) 

 

where n is the order of diffraction, λ is the wavelength of the incident x-ray, θ is the Bragg angle. There 

are shifts in the d values for PbS sample with respect to the standard values on the basis of PDF Card 

No: 01-077-0244 data. As shown in Table, observed d values for the sample are smaller than the standard 

d values. Similar result has been observed in the literature [27]. 
 

Lattice constants of PbS film were found using the following formula: 
 

𝑎 = 𝑑ℎ𝑘𝑙√ℎ
2 + 𝑘2 + 𝑙2 (4) 

 

where a is the lattice constant. The lattice constant values for different orientations of the sample are 

found to be slightly different as shown in Table. Therefore, it is required to obtain the corrected value 

of lattice constant. It has been evaluated from two different ways. The first is based on the highest angle 

reflection data. Different lattice constant values for different orientations are due to the errors in the 

measurements of the lattice parameter. The systematic error in lattice parameter (a) decreases as θ 

increases. Therefore, the value of a for the highest angle reflection data is the most accurate than those 

taken from low angle peaks [28]. This value calculated to be 5.932 Å for the highest angle reflection as 

shown in Table . The second is based on the Nelson–Riley Function. The true lattice constant value can 

be determined from the intercept of the Nelson–Riley Function (NRF) plot to θ=90° [28]. NRF plot is a 

graph of the calculated values of lattice constant for different orientations versus the NRF function. NRF 

function defined as [26] 
 

𝑁𝑅𝐹 =
1

2
(
𝑐𝑜𝑠2𝜃

𝑠𝑖𝑛𝜃
+
𝑐𝑜𝑠2𝜃

𝜃
) (5) 

 

Fig. 2 shows NRF plot of lattice parameter for the PbS film. The corrected value of lattice constant is 

found to be 5.932 Å which is in agreement with the value of 5.93 A˚ obtained by Mathews et all. [10] 

and Rajathi et all. [29]. This value is free from systematic errors [30]. The lattice constant values 

calculated by both methods for the sample are the same. Thus, the first method allows us to determine 

the value of lattice constant more easily than the Nelson Riley Function method. Deviation of the lattice 

constant of the PbS film from its bulk value of 5,934 Å confirms that the film is under strain. 
 

 
 

Figure 2. Nelson-Riley plot of lattice parameter for PbS sample 
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In an unstrained perfect polycrystalline material, all the points for each plane in Nelson–Riley Function 

(NRF) plot of lattice parameter lie on a straight line. As can be observed in Figure 2, the points do not 

lie on a straight line. It is said that it is an indication of the strain in the sample. This indication of the 

strain in the sample could be evaluated as the contraction of the unit cell along the a-axis. The strain 

which is related to lattice mismatch, deficiencies, defects and concentration of native imperfections 

depends upon the method used to produce the sample [31, 32]. The strain of the sample has been 

calculated by the equation: 

 

𝛽 = (𝜆 𝐷𝑐𝑜𝑠𝜃⁄ ) − 𝜀𝑡𝑎𝑛𝜃 (6) 

 

where β is the full width at half maximum of the peak, λ=1.5406Ǻ is the CuKα radiation wavelength, D 

is the grain size, and 𝜀 is the strain [26]. 𝛽 cos 𝜃 𝜆⁄  versus 𝑠𝑖𝑛 𝜃 𝜆⁄  plots is indicated in Figure 3 for the 

PbS film. The slope of the straight line is defined as the mean strain value. The calculated value of the 

strain is 7.6x10-3 lines-2m-4. It is an indication of the macrostrain that the diffraction peaks are shifted 

slightly relative to their normal positions because of the material deformation and that the diffraction 

peaks are symmetrical as seen from the x-ray diffraction pattern [28]. The macro strain value for PbS 

sample is in agreement with results of the literature [10, 33]. 

 

 
Figure 3.  βcosθ/λ versus sinθ/λ plot of PbS sample 

 

The crystallite size has been determined by Scherrer equation [28]: 

 

𝐷 = 0.9𝜆 (𝛽𝑐𝑜𝑠𝜃)⁄  (7) 

 

The mean crystallite size of the sample for the planes with randomly preferential orientation was found 

to be about 45 nm. The crystallite size of the sample indicates that the film is nanostructured. Materials 

with an average crystallite size not exceeding about 100 nm are generally referred to as nanocrystalline 

or nanostructured [34]. The mean crystallite size of the sample is comparable with the results of literature 

[17, 33, 35-37]. 

 

The dislocation density (γ) has been calculated by the formula, 

 

𝛾 = 𝑐 𝐷2⁄  (8) 
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where c is usually accepted unity [38]. The estimated dislocation density value is found to be 4.9x1014 

lines/m2. Similar results for PbS film have been observed in the literature [33, 36]. 

 

The FESEM image of the PbS film is shown in Figure 4. The FESEM result shows that there is well 

surface coverage and morphology in various sized irregular triangle and flower-like crystallites. An 

individual flower-like crystallite has multi facets as shown inside the circle. The grain size measured 

from FESEM images varies over a broad range from about 40 to 250 nm. These values are bigger than 

the grain size value of the film estimated from the XRD result indicating that the grains are composed 

of several crystallites. Small crystallites come together and to form large crystallites with larger grain 

size which seems to be optimum for photoconductivity of PbS films. Similar results were reported by 

Tohidi et all. [39], Davar et all. [40] and Pentia et all. [2]. In recent years, flower like PbS films have 

attracted much attention due to their interesting morphology and potential applications [40]. The PbS 

film having flowerlike morphology shows a higher electrical conductivity than the other morphologies, 

which may have potential use in the design of PbS crystals with desirable morphology for the production 

of thermoelectric devices. [41]. A few papers on flower like PbS films have been reported by Davar et 

all. [40] and Jin et all. [41]. 

 

 

 
 

Figure 4. FESEM image of PbS sample 

 

FT-IR spectroscopy technique can be employed to generate a spectroscopic fingerprint for identification 

and comparison of compounds. In revealing the spectroscopic fingerprints of a new compound, it is 

quite useful to predict the presence of characteristic functional groups absorbing light in definite 

frequencies [35]. FT-IR spectra of the PbS sample is shown in Figure 5. The FT-IR spectrum of lead 

sulfide sample shows eight bands at 474, 663, 778, 948, 1382, 1630, 1936 and 2360 cm-1.The absorption 

bands at 474, [29, 42] and 948 cm-1 [43] are attributed to lead sulfide. The peaks at about 2350-2360 

cm-1 are due to the asymmetric stretching of carbon dioxide in the air [44]. The absorption peak at 1630 

cm-1 is assigned to N–H bond [29, 35]. C-H streching peak is observed at 1382 cm-1 [35, 45, 46]. The 

absorption peak around 778 cm-1 corresponds to C-O bend [47]. The peak corresponding to the C-S 

stretch occurs at about 663 cm−1 [48]. The presence of various functional groups and PbS bands in the 

FT-IR study indicate that the material belongs to PbS. 
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Figure 5. FTIR spectrum of PbS film 
 

Raman spectroscopy is a nondestructive technique commonly used to provide information easily and 

quickly about molecular vibrations and crystal structures of the materials. Generally, spectrum of a 

crystalline material shows sharp and intense Raman peaks while amorphous or polycrystalline sample 

presents broad and less intense Raman peaks [49]. As indicated in Figure 6, the spectrum of PbS shows 

seven bands at 78, 134, 273, 432, 604, 831 and 966 cm-1. The peak around 78 cm-1 is ascribed to the A1g 

mode in the PbS film [50]. A rather sharp and strong peak around 134 cm-1 is probably assigned to the 

combination of phonon modes which is longitudinal and transverse acoustic [51] or most likely ascribed 

to the combination of transverse optical and acoustic phonons [52]. This peak is also comparable with 

the results of Cao et all. [53], Perez et all. [51] and Tohidi et all. [39]. The peak at about 272 cm-1 is 

assigned to two-phonon processes (2x135 = 270 cm-1) of the PbS [53-55]. The peak around 431 cm-1 is 

attributed to the scattering by 2LO phonons localized in PbS [54]. The peaks at 604 and 966 cm-1 are 

assign to the photodegradation of PbS. They are characteristic peaks for the lead oxysulphates according 

to Batonneau’s work [56]. The peak at about 830 cm-1 may be originated from the C-C stretch or R-

NH2 wag modes [57]. This peak is also comparable with the result of Ramaswamy et all. [58]. 

 

 
 

Figure 6. Raman spectrum of PbS film 

 

The optical band gap was calculated by Tauc’s equation [59]: 

 

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)
𝑚

 (9) 
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where A is a constant, Eg is the optical band gap of the material and the exponent m = 1/2 stands for the 

allowed direct transitions. The (𝛼ℎ𝜈)2 versus photon energy (ℎ𝜈) plot for the PbS film is linear in 

fundamental absorption region as it is observed in Figure 7, indicating the direct nature of the optical 

transition. The straight portion of the curve is extrapolated to the energy axis at 𝛼 = 0, which gives the 

optical band gap of PbS. The estimated value of the band gap was found to be 1.28 eV. 

 

 
Figure 7. The plot of (𝛼ℎ𝜈)2 vs. (ℎ𝜈) for PbS film 

 

The value of the band gap for the PbS bulk was 0.41 eV. The optical absorption edge of PbS exhibits a 

blue shift. This shift of the band gap according to bulk PbS can be attributed to the quantum size effect 

[45, 60]. Quantization effects are observed when the crystallite size of a semiconductor is near to or less 

than the bulk Bohr exciton radius. Generally, when the crystallite size of PbS quantum dots decreases 

to the 5–18 nm range, the band gap of the PbS film increases. According to the effective mass 

aproximation [61], the optical absorption energy shift of nanostructured material showing quantum 

confinement effect is given by (neglecting Coulomb interaction): 

 

∆𝐸𝑔 = 𝐸𝑔(𝐷) − 𝐸𝑔(𝑏𝑢𝑙𝑘) = ℏ2𝜋2 2𝜇𝐷2⁄  (10) 

 

where Eg(D) is the optical band gap of the nanostructured PbS sample as a function of the crystallite 

size, Eg(bulk) is the band gap of bulk PbS, μ is the reduced effective mass (𝑚𝑒
∗𝑚ℎ

∗ (𝑚𝑒
∗ +𝑚ℎ

∗ )⁄ ) of the PbS 

material, 𝑚𝑒
∗  and 𝑚ℎ

∗  are the effective masses of the electron and hole, respectively [62]. The reduced 

effective mass for PbS was taken as 0.0425m0, where m0 is the mass of free electron [63]. The shift of 

the band gap caused by the crystallite size of 45 nm was found to be 4 meV, which is much smaller than 

the observed values. Therefore, the crystallite size value of the PbS sample does not allow to explain the 

shifting of the band gap. Similiar results were reported by Vorobiev [64, 65]. 

 

The quantum confinement in this sample is not significant effect because of the crystallite size is greater 

than 18 nm. Aside from the quantum confinement effect, band gap shift of the PbS film having larger 

crystallite size may also be caused by different mechanisms such as film thickness, crystallite size, 

defects, strain, morphology, etc. [15, 37, 62, 65]. 

 

4. CONCLUSION 

 

PbS thin films were produced at room temperature of 26°C by simple and cost-effective chemical bath 

deposition method. XRD analysis revealed that the produced PbS film was polycrystalline having 
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randomly preferential orientation in the [101], [200], [220] and [400] directions with face centered cubic 

structure. The lattice constant value is found to be 5.932 Å from NRF plot. The macro strain value of 

the sample is 7.6x10-3 lines-2m-4. The mean crystallite size of the nanostructured sample is about 45 nm 

according to the Scherrer’s formula. The estimated dislocation density value of the sample is determined 

to be 4,9x1014 lines m−2. The FESEM result shows that there is well surface coverage and morphology 

in various sizes and shapes. XRD study and FESEM image indicate that the produced PbS film has a 

nano-sized grains. The formation of PbS sample is confirmed by FT-IR and Raman studies. The optical 

absorption study reveals that the transition of the produced PbS sample is a direct allowed. The band 

gap of the sample is 1.28 eV which is higher than bulk PbS. The optical band gap shifted to blue makes 

PbS useful as an absorbing layer for photovoltaic applications. 
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