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Abstract. Crystalline lead sulfide (PbS) nanorods were synthesized by chemical bath deposition (CBD) method. The lead acetate concentrations, the pH and deposition time were varied in the deposition process to determine the effect thereof. The final yields were characterized for structural, morphology and optical properties. The X-ray diffraction (XRD) spectra of the PbS nanorods correspond to the various planes of a single phase cubic PbS. The average particle sizes calculated using the XRD spectra were found to be 14±0.5 and 16±0.5 nm for samples stirred for 10 and 5 minutes respectively. The particle size was found to be dependent on the pH and the concentration of lead acetate used. Scanning electron microscopy (SEM) micrographs depict nanorod structures for a high mol concentration of lead acetate and a spherical shape for a low mol percentage. Energy dispersive X-ray (EDS) analyses confirm the presence of all the expected elements. The solid powder nanorods show good optical properties with high absorptions in the UV and visible regions. The band gap energies were estimated to be 2.07 to 3.02 eV which are higher than the bulk PbS band gap of 0.37 eV.
Introduction
It is well known that the synthesis of semiconductor one-dimensional nanostructures has attracted much attention in nanotechnology for several years. Designing extremely narrow nanorods with well defined shapes and sizes in the strong confinement regime (rod radius, r<< Bohr radius, aB) remains a big challenge in nanotechnology. The need for such nanorods of different materials is increasing due to their possible application as nanoscale building blocks for different applications.The interest is particularly true for the IV-VI class of materials which can cover the technologically important wide spectral range from mid-infrared to the visible region, yet have been studied to a lesser extend compared to II-VI semiconductors [1].  Lead sulfide has a narrow and direct band gap (0.37 eV) at 300 K. PbS nanorods are potentially useful in electroluminescent devices such as light emitting diodes, high speed switching and optical sensors because of large band gap of above 2 eV [2 and 3]. The band gap energy of PbS can be widened from UV to visible region by forming nanocrystal because of their quantum size effects [4 and 5]. The chemical bath deposition (CBD) is a simple, cheap and convenient process to prepare semiconducting materials. The more recent interest in all things ‘nano’ has provided a boost for CBD, since it is a low temperature, solution (almost always aqueous) technique and crystal size is often very small. The aim of this paper is to investigate the effect of different growth parameters on the material properties of PbS.     

Experimental
The PbS nanorods were prepared by changing different mol concentrations lead acetate and holding constant thiourea and ammonia. The preparation of PbS nanorods was carried out using the following procedure: 50 ml of X Lead acetate solutions (X is the different mol concentrations of lead acetate) were taken in a 200ml beaker. Then, 50 ml of thiourea solution was added in the reaction bath and the mixture was stirred for few minutes, Following that 50 ml of ammonia solution was added slowly into the mixture, while continuing stirring for different times (for few minutes or immediate after the precipitates has formed, 5 and 10 minutes).  The temperature of the bath was then allowed to increase up to 80oC. After the precipitates were formed the pH was measured and the precipitates were filtered and washed with 50 ml of ethanol. The resulting powders were dried at ambient conditions for 3 days and ready to be characterized using various characterization technique.
Results and Discussion
3.1 Structural analysis and Composition analysis
 Fig. 1 (a) shows xrd pattern of the PbS nanorods synthesis at constant mol concentration of lead acetate of 0.06M and different times, respectively. The four main peaks observed in the diffractogram at around 25.99°, 30.11°, 43.09° and 51.03° reveal a cubic lattice structure of PbS [6].  














          Figure 1: X-ray powder diffraction patterns for undoped PbS prepared for (a) different stirring
        times at constant mol concentrations and (b) different mol concentrations of lead acetate at
        constant time (10 minutes). 


There were also additional peaks (*) which may be attributed to unreacted Pb (CH3COO)2.2H2O, (NH2)2CS and NH3 precursors or other impurities phases such as PbO and PbOH. The calculated value of the cell constant of 5.9597 Å matched perfectly with standard data available in JCPDS card no. (05-0592, a=5.936 Å). The average size of the as-prepared nanocrystals can be calculated from the Full Width Half Maximum (FWHM) of the diffraction peaks using the Debye-Scherrer formula [7]:
                                                                              (1)
where t is the particle diameter of nanocrystallites,  λ is the X-ray wavelength (0.154 nm), β is the diffracted full-width at half maximum (in radian) caused by the crystallites and 𝜃 is the Bragg angle. All major diffraction peaks for all samples are chosen to estimate the average size of the nanocrystals by least square method. The average particle size of the PbS synthesized using a 0.06M lead acetate for 1, 5 and 10 min are estimated to be 16±0.2, 15±0.4 and 14±0.5 nm, respectively. The values increased to 18±0.7, 17±0.5 and 16±0.1 nm, after the lead acetate concentration increased to 0.13M. The sizes of the products are affected by the precursor concentration in the solution and stirring time. In Fig. 1 (b) for the sample stirred for 10 minutes the only difference is that at high mol concentration of 0.36M of lead acetate the are many peaks that may be due to the clustered lead acetate (*) but at low mol concentrations of lead acetate many peaks diminishes and the other peaks are clearly distinguishable which shows the PbS (+) and the line width broadens.
In Fig. 1 (c) for the 0.04M, 0.06M, 0.09M and 0.13M of different mol concentrations of lead acetate all stirred for 10 minutes respectively, it is clearly that the average crystallite size increases as the mol concentration of lead acetate increase. It was also observed that the estimated average particle size decreases with an increase in the pH (See Fig 1(d)).




     Figure 1: The graph of average crystallite sizes dependence on the (c) mol concentrations and (d)
     pH all samples stirred for 10 minutes and dried at room temperature.

3.2 Surface morphological analysis
Fig. 2 (a) and (b) show SEM images of the as prepared PbS nanocrystals, composed of nanorods and spherical particles respectively. 
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Figure 2: SEM images of PbS nanostructures prepared using (a) 0.46M and (b) 0.04M lead acetate both stirred for 5 minutes.


                                                                                          








     Figure 2: (c) A representative EDX spectrums of the undoped PbS nanocrystals.


From the micrographs, it is clear that the use of low concentration of lead acetate resulted into clustered composed of nearly spherical morphology, while high concentration resulted into nanorods with different diameter and length. The EDS spectrum in Fig. 2(c) shows the presence of Pb and S, with slight excess of sulphur for all the samples. The existence of O and C impurities is believed to have originated from the surface contamination in the atmosphere and also the double sided carbon tape. 

Optical analysis
Fig. 3(a) shows the typical variation of absorbance with wavelength for the PbS prepared at different mol concentration of lead acetate but synthesized at constant time, respectively. At low mol concentrations of 0.04M and 0.13M of lead acetate the UV-visible spectrum shows the absorption bands with λmax at 247 and 565 nm, 247 and 573 nm, respectively. This implies the presence of anisotropic nanoparticles like PbS spherical particles. λmax at 247 nm may be due to the impurities such as PbOH and PbO. At high mol concentrations of 0.36M of lead acetate the UV-visible spectrum shows one broad absorption band with λmax at 412 nm indicates the presence of PbS particles with the wide distribution of size or anisotropic PbS nanorods.  The energy band gap of these materials was estimated using the following equation [8], 
EgN =                                                                                                                               (2)     
where EgN (energy gap of nanoparticles and nanorods) is the separation between the valence and the conduction bands, 𝒉 is the Plank constant, 𝑐 is the velocity of light in vacuum and λmax is the wavelength at the maximum absorption. The value of the optical band gap energy of the PbS nanorods and nanoparticles synthesized with 0.04M, 0.13M and 0.36M lead acetate have been estimated to be 2.20 eV, 2.17 eV and 3.02 eV, respectively, as calculated using Eq.(2). It is found that the band gap energy of the resulting nanoparticles and nanorods shows marked increment as compared with that of PbS bulk materials (0.37 eV). The band gap energy of the PbS nanorods is bigger than the one of the nearly spherical PbS nanoparticles. Fig. 3(b) shows the typical variation of absorbance with wavelength for the PbS prepared at different synthesizing times but at constant mol concentration of lead acetate of 0.06M, respectively. At low mol concentrations of 0.06M of lead acetate for (i) 1 minute, (ii) 5 minutes and (iii) 10 minutes the UV-visible spectrum shows the absorption bands with λmax at 244 and 559 nm, 244 and 573 nm, 244 and 584 nm, respectively. This implies the presence of anisotropic particles like PbS spherical nanoparticles and nanorods. Their estimated band gap energy values are 2.22 eV, 2.14 eV and 2.07 eV.







    
 
Figure 3: The absorbance spectra of PbS nanorods, prepared at (a) different mol concentration of lead acetate but synthesized at constant time and (b) constant mol concentration of lead acetate but synthesized at different times.
Conclusion 
The PbS nanostructures have been successfully synthesized by the chemical bath deposition technique at 80°C. XRD showed that the structure of material is a single cubic phase. UV showed that the band gap energy of the nanostructures depend on the mol concentration of lead acetate. It was observed that the nanorods structure have bigger than the band gap energy than nearly spherical nanoparticles. 
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