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Abstract 

 

Polycrystalline nanostructured PbS thin films are deposited onto soda-lime glass substrates 

by the method of chemical bath deposition (CBD) at different duration of deposition time. 

The structure and surface morphology of the films are characterized by X-ray diffraction 

(XRD) and field effect scanning electron microscopy (FE-SEM). XRD pattern exhibits 

polycrystalline structure with preferential orientation along (200) direction, parameters such 

as crystallite size, lattice constant, lattice-strain and dislocation density are calculated. The 

FE-SEM images show appearance of flower like structure on formation of PbS films which 

is indicative of suitability in gas sensing applications. Studies on optical properties carried 

out by UV-Vis spectroscopy measurements show bandgap in the range 1.65eV – 1.41eV. 

The photoluminescence spectra of the films exhibit two peaks centered at around 613 nm 

and 738 nm after excitation at 450 nm. Electrical studies from Hall measurements indicate 

the carrier concentration and mobility of the PbS samples corroborate the variations in the 

conductivity. 
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1.   Introduction 

 

Lead sulphide (PbS) belongs to binary IV-VI semiconductor material with direct narrow 

optical energy band gap which can be tuned between 0.41 eV to 3eV at 300 K [1]. The 

flexibility to vary the band gap in PbS makes it a better candidate in solar cell applications 

[2]. Further, it is one of the oldest and most common detection materials in various 

infrared detectors. It functions as a photon detector, responding directly to the photons of 

radiation, as opposed to thermal detectors [3,4]. The large Bohr radius of 18 nm of the 

material leads to the observation of quantum confinement effects, a desirable property in 
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the field of Dye Sensitized Solar Cells (DSSC) [5]. By many years, there has been an 

increasing interest in the development of semiconductor gas sensors to their advantageous 

features such as low cost, high sensitivity, fast response/recovery time, and simplicity in 

device structure and circuitry [6,7]. There are few reports of PbS gas sensors which can 

work at moderate operating temperatures unlike commonly used metal oxide gas sensors 

in the range 200 to 650 °C as their operating temperatures [8,9].  It is well known that 

among different preparation techniques such as SILAR [10], Sputtering [11], Spray 

Pyrolysis [12] etc. the method of chemical bath deposition (CBD) is the most inexpensive 

technique for PbS thin films which is based on the reaction of the  species on the substrate 

surface from aqueous solutions [13,14].  

Even though PbS is a widely investigated material due to its varied applications, the 

field of gas sensors is a less explored area [15-17]. The desired characteristic of a thin film 

as a gas sensor is the roughness of the surface with large surface area. Such a surface can 

provide adsorption sites by oxygen vacancies trapped within the surface which is 

conducive to good sensor performance [18]. In this work, we present the morphology 

evolution of PbS thin films with deposition time to form a surface with flower-like 

structure using the cost effective method of Chemical Bath Deposition technique (CBD). 

Further, the essential requisite of a sensor material need to be balanced with the 

processing costs for practical applications. There are many reports of chemically 

synthesized PbS thin films with characterization of their significant properties [19,20]. 

But to the best of our knowledge, PbS thin films with a morphology of flower-like 

structure is rarely reported. The present work aims to study the micro-structure, surface 

morphology, optical characteristics, photoluminescence and electrical parameters of PbS 

thin films indicating the  suitability of the material in gas sensor applications based on its 

surface morphology and as absorber material in DSSC.  

 

2.  Experimental 

 

Pure PbS thin films are grown on cleaned soda lime glass substrates via chemical bath 

deposition technique. The chemicals used for the preparation of PbS thin films consist of 

lead acetate [Pb(CH3COO)2.3H2O] (Merck, India), thiourea [(H2N)2CS], sodium 

hydroxide (NaOH, Merck, India) and triethylene amine (TEA). The reagents are of 

analytical grade and used without further purification. The precursor solution consists of 

3.5 mL 2M NaOH, 3.0 mL of 1M thiourea and 2.5 mL of 0.5M lead acetate together 

diluted to 50 mL with two drops of TEA. Cleaned glass substrates are then inserted 

vertically into the beaker at different dipping times such as 1, 3 and 6 h, respectively. For 

the convenience of discussion, the as-prepared PbS films are designated as PbS-1, PbS-2 

and PbS-3 corresponding to the deposition times. The reaction process for forming PbS 

films is described elsewhere [21]. 

The structural properties of the as-prepared PbS films are investigated using X-ray 

diffraction, XRD (Bruker AXS D8 (USA) Advance X-ray diffractometer with Cu Kα 

radiation λCu = 0.154056 nm as the source) and surface morphology using Field Effect 
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Scanning Electron Microscope, FE-SEM (Sigma 300 HV FESEM, Germany). The optical 

transmittance and absorbance have been recorded by Model: Varian, Cary 5000 UV–Vis 

spectrophotometer, (Australia). Photoluminescence spectra of PbS samples are recorded 

using Model: Fluoromax-4C spectro-fluorometer (Japan) with the excitation wavelength 

of 450 nm. The Hall measurements have been carried out by four-probe method at room 

temperature using ECOPIA Hall effect measurement system (HMS-3000 Ecopia, South 

Korea) in a magnetic field strength of 0.54T. 

 

3. Results and Discussion 

 

3.1. Structural characterization 

 

The XRD spectra of the as-prepared PbS nano crystalline thin films at different growth 

time are shown in Fig. 1. All the synthesized PbS thin films have cubic rock salt (NaCl) 

type structure (JCPDS cards No. 1-880) and the patterns contain peaks that are clearly 

distinguishable. In the sample PbS-1, the diffraction peaks are observed at angles around  

26°, 30°, 43°, 51° and 53° that correspond to the (111), (200), (220), (311) and (222) 

planes of cubic PbS as confirmed by standard card with an extra peak at 34°. This 

corresponds to peak of lead sulphate (PbSO4) (JCPDS 82-1855) which indicates the 

formation of PbS is incomplete at this stage of deposition. In PbS-2 this diffraction peak 

vanishes, retaining all the peaks corresponding to PbS and the intensity is found slightly 

increased from that of PbS-1. The sample PbS-3 display characteristic PbS peaks with 

higher intensity which is indicative of improved crystalline structure [22,23]. Moreover, 

the absence of any other peaks corresponding to metallic clusters or impurities supports 

the quality of samples [18]. All PbS films exhibit preferential orientation along (200) 

direction. Table 1 illustrates the crystallite size of the PbS samples which is not affected 

appreciably with growth time. The average crystallite size is calculated using well-known 

Scherrer formula [24]. 

 

D =
    

     
                                                                                                                             (1) 

 

where  λ  is the  wavelength used  (0.154 nm),  β  is  the  angular line width  at half 

maximum intensity and θ the Bragg angle.  

The PbS-2 sample exhibits a small decrease in crystallite size, but as dip time increases 

a tendency for growth in crystallite size is noticed. This must be due to the effect of 

increase in thickness after the formation of pure PbS crystals. The dislocation density 

which is a measure of number of dislocation lines per unit volume has been calculated 

using equation [22]. 

   
 

                                                                                                                                  (2) 
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For all samples, the variation of 𝞭 is in accordance with that in crystallite size. The lattice 

constant ‘a’ of the cubic rock salt has been computed for each peak using the formula 

[11]. 

 

    √                                                                                                                  (3) 

where h, k and l are Miller indices and d the inter-lattice spacing. In order to obtain more 

accurate value of lattice constants free from all systematic errors, the iterative technique of 

Nelson– Riley plots are employed. These are plots of the error function versus calculated 

values of lattice constant for different planes. The corrected values of lattice constant ‘a’ 

is estimated from Nelson-Riley plots of ‘a’ versus error function f(θ) [25]. The 

extrapolation to θ = 90° extracts the correct value of lattice constant ‘a’. 

 

 ( )   
 

 
  

     

    
  

     

 
]                                                                                                  (4) 

Fig. 2 depicts Nelson-Riley plots for pure PbS samples PbS-2 and PbS-3 and the value 

of lattice constant ‘a’ indicate that it is improved and approaches the bulk value of 5.936 

(A°) when deposition time increased from 3 h to 6 h [10,13]. But the deviation from the 

bulk value suggests that the films are strained [26]. 

The lattice strain is calculated from the prominent peak using the relation [22]: 

   
     

 
                                                                                                                        (5) 

The values of strain illustrated in Table 1 indicate that on the formation PbS crystals, 

strain decreases with increase in dip time which reflects relaxation of thicker films. In the 

present work, among the samples, PbS-2 exhibits increase in dislocation density as the 

particle size decreases which leads to strain-hardening. This implies that lattice strain in 

PbS-2 film restricts the increase in particle size at the grain boundaries. Meanwhile the 

lower value of strain and high intensity in diffraction pattern for PbS-3 is indicative of the 

increased thickness with deposition time which comes in agreement with reported results 

[22,25]. 

 

3.2. Surface morphology 

 

The morphology of nano crystalline PbS thin film has been investigated using FE-SEM 

which is shown in Fig. 3. It has been observed that the sample PbS-1 formed at a growth 

time of 1 h possesses a surface with uniform grains, but has some voids and small cracks. 

As from the XRD data of the sample, the formation of PbS thin film is incomplete at this 

deposition time. A close observation of the image indicates the tendency to the formation 

of flake like structure while the samples PbS-2 and PbS-3 illustrate surfaces with thickly 

covered particles in the form of flakes and protruding flower like structure. The diffraction 

peaks illustrate that at this deposition time the samples PbS-2 and PbS-3 represent pure 

PbS material. Even though the formation of flower like structure is characteristic of this 
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preparation technique, the highlighting factor in this study is, the flower like structure 

have been rarely reported in the case of PbS thin films. There are reports of surface 

images of PbS thin films with granular structures of well -defined grain boundary [15,16]. 

The petal-to-petal size of the flowers is found to be slightly increased by increasing the 

deposition time. The agglomerated particle size of the sample PbS-1 is found to be ~117 

nm while petal-to-petal size of the flowers of PbS-2 and PbS-3 found to be ~261 nm and 

~314 nm respectively. It is reported that relatively rough surface of the sample supports 

increased gas adsorption and in the present samples the flower like structure obviously 

provides large surface area which is a necessary requirement for the application of the 

film in the field of gas sensors [7-9].  
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Fig. 1.  XRD pattern of as-prepared PbS thin films at different deposition time. 

 
Fig. 2. Nelson-Riley plots of (a) PbS-2 and (b) PbS-3 samples. 
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Table 1. Comparison of crystallographic data for as-prepared PbS thin films. 
 

 

The formation of flower-like structure can be elucidated based on the growth kinetics. 

Prolonged deposition time leads to increase in density of grains. On the thermodynamics 

point of view, the surface growth shows the tendency to maintain the surface energy to the 

minimum. In the present case, as deposition time increases, the larger number of grains 

formed are likely to aggregate and form flakes as illustrated by FE-SEM. Further, the 

neighbouring flakes agglomerate and self- assemble to form flower like structure to have 

minimum surface energy by reducing the exposed areas. The PbS samples exhibit a 

gradual evolution of morphology leading to the formation of flower-like structure as 

deposition time increases from 1 h to 6 h. From diffraction pattern of the samples, it is 

possible to infer that PbS flowers grow along (200) plane [27,28].  

 
 

Fig. 3. FE-SEM micrographs of as-deposited PbS samples (a) PbS-1 (b) PbS-2 (c) PbS-3. 

 

Sample 

 

Crystallite size 

D (nm) 

Dislocation density 

𝞭x1015(m-2) 
Lattice parameter 

a (A°) 

Strain εx10-3 

PbS-1 21 2.3 - 1.66 

PbS-2 18 3.1 5.92 1.94 

PbS-3 21 2.3 5.93 1.68 
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3.3. Optical studies 

 

The transmittance spectra of the as-prepared PbS samples illustrated in Fig. 4 indicate that 

the transparency deteriorates as the deposition time increases. From the figure it is clear 

that for all samples in the visible region of 400-700 nm the transmittance is very low, 

obviously high absorbance is exhibited by the films [23]. The surface of the film appeared 

darker as the deposition time increased from samples PbS-1 to PbS-3. 

The optical absorption of the PbS samples is recorded in the range 200 to 1500 nm and 

optical band gap energy has been calculated from Tauc’s plot. As a direct band gap 

material, the film under study has an absorption coefficient α obeying the following 

relation for high photon energies hν 

 

     √(      )                                                                                                        (6) 

 

Where Eg is the band gap of the PbS films and A is a constant [13]. The variation of (αhν)
2 

with  hν is linear at the absorption edge which illustrates the direct band gap nature of PbS 

semiconductor. The optical band gaps of as-prepared PbS samples formed at 1 h (PbS-1), 

3 h (PbS-2) and 6 h (PbS-3) are estimated using UV-Vis spectrum and found to be 1.65, 

1.64 and 1.41 eV respectively as shown in Fig. 4. It is observed that as deposition time 

increases optical band gap is reduced even though variation is not noticeable. The 

observed bandgap is in agreement with reported values [25,29]. 

 
Fig. 4. Transmittance spectra of as-prepared PbS samples. 
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Photoluminescence 

 

The room temperature photoluminescence emission spectra of nano-crystalline samples 

PbS-1, PbS-2 and PbS-3 at three different growth times are illustrated in Fig. 5. The 

sample PbS-1 with 1 h growth time exhibits low intense PL peaks at 448 and 464 nm. 

Similar observation has been reported by Rajathi et al and according to them the peaks are 

due to the transitions in nano-crystalline PbS lattice [30]. But the samples PbS-2 and PbS-

3 show emergence of emission peaks at 613 and 737 nm at the same excitation of 450 nm. 

Singh et al [31] have reported that the shorter wavelength emission is ascribed to a direct 

recombination and the longer wavelength to combination through shallow surface states. 

It is well known that PbS is weakly luminescent at room temperature. It has a narrow band 

and exceptionally large exciting Bohr radius (18 nm), which makes it susceptible to 

charge carrier quantum confinement effects. These features of PbS nano-crystals prevent 

them from producing high yield of PL, as most of the energy is lost through non- radiative 

processes. However, the low emission peak at 613 nm may be attributed to quantum 

confinement effect in our samples. As reported by researchers, it is caused by localization 

of electrons and holes in a confined space resulting in observable quantization of the 

energy levels of the electrons and holes [21,32].  
 

 
 

Fig. 5. Tauc’s plot illustrating optical bandgap of as-prepared PbS samples. 
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Fig. 6. Room temperature PL spectra of as-prepared PbS samples. 

 

3.4. Electrical properties 

 

The Table 2 depicts room temperature Hall measurement data such as resistivity (ρ), 

conductivity (σ), mobility (µ) and carrier concentration (n) of as-prepared PbS thin films. 

From Hall measurements it is found that the room temperature conductivity of PbS thin 

films increases with increase in the deposition time. The table shows the conductivity of 

the sample PbS-2 prepared at 3 h duration is enhanced by one order from the sample PbS-

1, but on further increasing the growth time no noticeable change in conductivity is 

observed. The carrier concentration of the films increased as the growth time increased 

from 1 h to 3 h while only a slight increase observed when the dip time increased to 6 h. 

This may be due to the attainment of saturation in crystal formation [3,33]. Further, even 

with increased carrier concentration, the sample PbS-3 exhibits improved mobility which 

comes in agreement with better conductivity. This may be attributed to the fact that for the 

sample, larger grain size reduces the grain boundary scattering leading to reduction in 

resistivity [34,35]. 
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Table 2. Hall measurement data of as-prepared PbS thin films. 
 

Sample Resistivity ρ  

(Ω-cm) 

Conductivity σ 

(S/cm) 

Mobility µ 

(cm2/Vs) 

Carrier concentration 

n (/cm3) 

 

PbS -1 

 

9.02  

 

0.11  

 

33.5 

 

2.04 x 1016 

 

PbS -2 

 

0.489  

 

2.04  

 

69.8 

 

1.82 x 1017 

 

PbS -3 

 

0.124 

 

8.01  

 

77.9 

 

6.39 x 1017 

 

4. Conclusion 

 

The effect of deposition time on structural, morphological, optical and electrical 

properties of chemically deposited PbS thin films are investigated. The XRD studies 

reveal the evolution of pure PbS samples with the face centered cubic structure at a 

deposition time of 3 h.  The FE-SEM micrographs show the formation of flower like 

structure leading to suitability of the films in the field of gas sensor applications. Optical 

studies indicate a slight decrease in bandgap energy with increase in deposition time 

which is in the range 1.65 - 1.41 eV. Even though PbS is weakly luminescent, the 

photoluminescence spectra of the as-prepared PbS films show two peaks centered around 

613 and 739 nm after excitation at 450 nm. Room temperature Hall measurements and hot 

probe technique reveal that all samples have p-type conductivity. The three PbS samples 

in this study exhibit similar pattern of variations with different properties discussed which 

clearly indicate that complete formation of PbS takes place in sample PbS-2 at a growth 

time of 3 h. On further increasing the dip time to 6 h, very slight improvement in the 

quality of films is observed. Hence PbS-2 that grown at 3 h dip time is opted as the 

suitable sample with the most inexpensive preparation technique which would find 

applications in  the field of  gas sensors and dye-sensitized solar cells. 
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