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PbS/NiO core-shell thin film has been synthesized via simple, inexpensive and highly 

reproducible chemical bath deposition technique and were thermally treated under various 

annealing temperatures up to 673K in order to determine the effects of thermal annealing 

on thestructural, electrical and optical properties of the film. Our results showed that there 

is more crystallization and more orientation of the crystal growth with increase in 

temperature. The variation in conductivity with temperature indicates the semiconducting 

behaviour of the films suggesting a thermally activated conduction mechanism. The results 

also revealed that the films show very high absorbance in the UV-VIS regions of the 

electromagnetic spectrum thereby making the film a very good material for solar thermal 

applications. The band gap of the thin films is in the range of 1.50 – 1.75eV. The values 

showing considerably variation with annealing temperatures. The wide range of band gap 

expands the possibilities of using the thin films for solar photo voltaic application.  
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1. Introduction 
 

Lead sulphide (PbS) is an important direct narrow gap semiconductor material with an 

approximate energy band gap of 0.4 eV at 300K and a relatively large excitation Bohr radius of 18 

nm [1]. It has been widely studied because of its applications in infrared detection [2], 

photography [3], Pb
2+

 ion selective sensors [4], solar absorption [5] and thin film solar cells [6-8]. 

In addition, PbS has been utilized as photoresistance, diode lasers, humidity and temperature 

sensors, decorative and solar control coatings [9-10]. The absorption edge has been found to be red 

shifted as the particle size increased [11]. These properties have been correlated with the growth 

conditions and the nature of substrates [12]. 

 Nickel oxide (NiO) is an attractive material because of its chemical stability as well as 

structural, optical, electrical and magnetic properties. Nickel oxide thin film is a p-type 

semiconducting material with wide band gap of 3.6 - 4 eV, and has cubic rock salt like crystal 

structure [13-14]. Nickel oxides have been used in different applications like positive electrode in 

batteries [15], fuel cell [16], solar thermal absorber [17], gas sensors [18], photodetectors [19] and 

electrochromic devices [20-21].  NiO thin films have useful applications as optically active 

counter electrodes for window materials and the optical quality of NiO film is improved by 

annealing [22]. 

In recent years, the development of core-shell structured materials have been receiving 

extensive attention because of their various applications such as coatings, solar cells and 

photocatalysis [23].The shell can alter the charge, functionality, and reactivity of surface, or 

improve the stability and dispersive ability. Furthermore, catalytic, optical, or magnetic functions 

can be imparted to the core particles by the shell material. In general, the synthesis of core/shell 

structured material has the goal of obtaining a new composite material having synergetic or 
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complementary behaviours between the core and shell materials [24]. There are many studies on 

the synthesis of core-shell thin films. Deposition of core-shell thin films by thermal evaporation 

[25], spin coating [26-27], sputtering [28-30], sol-gel [31-33],  chemical vapour deposition [34-36] 

and chemical bath deposition [24] have been reported. The chemical deposition route is attracting 

considerable attention as it is relatively inexpensive, simple and convenient for large area 

deposition. Using chemical deposition method, a number of core-shell, such as ZnO/ TiO2 and 

ZnO-Al2O3[37], TiO2/Fe2O3 [38], TiO2/CoO [39], TiO2/Cu2O [40], CdSe/ZnS [41], CdS/ZnO [42], 

ZnS/ZnO [43] etc. have been reported. 

We, in this work, deposited PbS/NiO thin film using Chemical Bath Deposition method. 

We studied the effects of thermal annealing on the structural, electrical and optical  properties of 

the deposited film. 

 

 

2.  Experimental details 
 

Chemical bath deposition technique was used to depositheterojunction thin film of 

PbS/NiO on plane glass substrates in the following order. First, the substrates were degreased in 

concentrated hydrochloric acid for 24 hours, washed in detergent solutions, rinsed with distilled 

water and left to dry in dust-free environment. To obtain the deposition of PbS, the chemical bath 

was composed of 5mls of 0.2M Pb(NO3)2, 5mls of  1M SC (NH2)2, 5mls of 1M NaoHand 35mls of 

distilled water put in that order in 50ml cleaned and dried beaker. Five (5) clean glass slides were 

then inserted vertically into the solution. The deposition was allowed to proceed at room 

temperature for 50 minutes after which the coated substrates were removed, washed with distilled 

water and allowed to dry. To obtain the PbS/NiO core-shell, the PbS already formed (core) was 

inserted in a mixture containing 10mls of 0.2M NiSO4, 5mls of 100%  NH3 and 27mls of distilled 

water into 50ml beaker. Deposition was allowed to proceed at temperature of 353K for 1 hr. Two 

of the deposited films were annealed in an oven at 473K and 673K respectively for 1hr. One of the 

samples was left un annealed to serve as the control. The X-ray Diffraction (XRD) studies were 

carried out on the deposited films using the X’PERT–PRO diffractometer which used CuKα 

radiator of λ = 0.15406nm to scan continuously as 2θ varies from 0 – 100
o
 at a step size of 0.034

0
 

and at a scan step time of 57.6s.The ultraviolet-visible (UV-Vis) spectra of the films were 

measured on UNICO UV-2012 spectrophotometer, in 300-1200 nm wavelength range. The 

transmission was measured using glass as a reference sample. Four point probes were employed to 

measure the resistivity of the sample. 

 

 

3. Results and Discussion 
 

Figs. 1, 2 and 3 show the XRD patterns of PbS/NiO thin films deposited under various 

thermal treatment. A close look at the three diffractograms show several peaks. Prominent among 

them are peaks at 2θ values of around 26
o
 and 30

o
 diffraction lines produced by (111) and (200) 

plane (JCPDS 00-005-0592) respectively. A close look at figures 1-3 shows an improvement in the 

crystallinity of the films. A comparison between the spectra of the three films show that there is 

more crystallization and more orientation of the crystal growth in the case of film annealed at 

673K. The peaks at 2θ values of 26
o
 and 30

0
 are attributed to Galena PbS (JCPDS 00-005-0592) 

with lattice parameter a=5.9362Å. These were assigned to the diffraction line produced by (111) 

and (200) planes. However, the additional peaks at an angle of 43
o
 and 62

o
 are identified to be NiO 

(JCPDS 00–047-1049) and are assigned diffraction line produced by (200) and (220) planes of the 

Bunsenite phase. All these diffraction peaks can be perfectly indexed to cubic crystalline structure. 

These results suggest that the thin films deposited in this work are mixture of nickel and lead.  
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Fig. 1: XRD pattern ofPbS/NiO as-deposited 
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Fig. 2: XRD pattern of PbS/NiO at 473K 
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Fig. 3: XRD pattern ofPbS/NiO at 673K  

 

 

The average grain size of the films were calculated using the Scherrer’s formula [44]. 

 

0.9

cos
D



 
                                                                    (1) 

 

Where λ is the wavelength of X-rays,   is the full width at half maximum (FWHM) of the peak 

with the highest intensity and   is the diffraction angle. The calculated grain size for the annealed 

film at 473K and 673k are 50.58nm and 58.45nm respectively. The dislocation density,   and 

micro strain,  of the films were calculated using equations (2-3) [45] 
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Where D  is the crystalline size,   is the full width at half maximum of the peak with the highest 

intensity and   is the diffraction angle.  was estimated as 3.9 x 10
14

lines/m
2
 and 2.9 x10

14
lines/m

2
 

for thermally annealed 473K and 673K respectively while  was 0.00011and 0.00076 

respectively.  
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Fig. 4: Variation of electrical conductivity as a function of temperature 

 

 

The electrical characterization of the PbS/NiO thin films can give a clear idea regarding 

the transport mechanism related to the electrical conduction which gives the value of electrical 

resistivity,  and conductivity,  of films. There are various models to explain the conduction 

process in polycrystalline films based on different scattering mechanisms. The film resistivity, 

however, may be due to a combination of three mechanisms, namely (1) Due to scattering from 

phonon impurities and point defects, etc. (2) From film surface, (3) Due to grain boundaries which 

would be predominant in polycrystalline films. The electrical resistivity,  and conductivity, 

were calculated using equations (4-5) [46-47]. 

 

4.52
V

d
I


 

  
 

                                                            (4) 

1



                                                                             (5) 

 

Where V is the voltage, I is the current and d is the thin film thickness.  

Fig. 4 displays the electrical conductivity,   versus 1000/T curve for as-deposited and 

thermally annealed 473K and 673K samples. The variation in conductivity with temperature 

indicates the semiconducting behaviour of the films suggesting a thermally activated conduction 

mechanism. The thermally annealed 673K film had the highest electrical conductivity. This may 

be due to the highest grain size of thermally annealed 673K film. The increase of grain size may be 

due to the improved crystallanity of 673K film. The growth in grains leads to the reduction of 

grain boundary scattering which decreases the resistivity for the films and eventually the increase 

in the conductivity of the films [48]. 
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Figs. 5 and 6 are plots of spectral absorbance and transmittance of film samples. From Fig. 

5, it is seen that the films display high absorbance in the UV-VIS region dwindling with 

wavelength in the NIR region with a peak absorbance of 4 which exceeded the maximum of 2 

stipulated by lambert-Beer law [49]. This high value of absorbance recorded by the films may be 

associated with high concentration of the complexing agent (NH3) used in precipitating NiO shell 

on PbS core. At high concentrations, the assumptions of Lambert-Beer law no longer hold [49]. 

Particle attractive forces come into play at high concentrations, the particles may not act 

independently of one another so far as absorbing light. Thus, most of the light is absorbed by the 

particles thereby reducing the transmission of light as it passes through the sample. It is also 

important to note that PbS alone is a natural absorber in these regions (VU-Vis) [50].The 

absorbance decreases exponentially with wavelength for the entire sample annealed at different 

temperature. A sharp decrease in absorbance was noticed for the entire sample at a wavelength of 

800 nm.  
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Fig. 5. Absorbance spectra of film samples for as-deposited  

and annealed at 473K and 673K 

 

 

Fig. 6 show that the transmittance is generally very low and increases with wavelength for 

all the film samples. This is due to the increase in crystalline size associated with higher 

densifications of the film. The plots show that in the NIR region, samples exhibit highest 

transmittance of about 1.25-3.0% range and virtually zero transmission in the UV-VIS at all 

temperature. The spectral absorbance and transmittance displayed in Figs, 5 and 6 show that 

PbS/NiO thin films could be used as spectrally selective coating for solar thermal 

applications.Solar collectors for heating fluids require increasing the reception area of the solar 

radiation, and/or to increase the absorbance of the surface coating in order to improve the thermal 

efficiency. 
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Fig.6. Spectral transmittance of samples for as-deposited  

and annealed at 473K and 673K 
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Fig. 7. Plot of α against hv of film samples for as-deposited and annealed 473K and 673K 

 

 

The details of the mathematical determination of the absorption coefficient can be found in 

literature [51] while the plot of absorption coefficient against photon energy is displayed in Fig.7. 

The plot of 
2( )hv versus hv shown in Fig.8 is linear and indicates the presence of direct 

transition. The straight portion is extrapolated to energy axis at α = 0 which gives the band gap 

energy g  of the thin film as 1.75eV, 1.65eV and 1.50 eV for the as-deposited, thermally annealed 

at 473K and 673K respectively. The above suggests that thermal annealing of the samples in oven 

lowers the values of the band gap. This may be a consequence of the increase in crystalline size 

associated with high temperature [52]. The energy gap g  was calculated using the relation: 

 

(  ( 
2 n

ghv hv                                                                   (6) 

 

Where A is a constant, hv  is the photon energy and α is the absorption coefficient. For direct 

allowed transition, n = ½ while for indirect ones, n  = 2 or 3 depending on whether they are allowed 

or forbidden respectively. Hence a linear graph of 
2( )hv versus hv  will show g  as intercept on 

hv  axis. However, the usual difficulty in applying this concept to polycrystalline thin films with 

nanometre scale crystalline grain is the size distribution of grains and consistent change in the 

band gap due to quantum confinement effect [53-54]. Thus the straight line portion may not extend 

beyond a few tenths of an electron volt and hence value of the band gap could turn out to be very 

subjective [55]. 

 
 

 
 

Fig. 8: Plot of
2( )hv  as a function hv  of film samples for  

as-deposited and annealed at 473K and 673K 
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The change in energy band gap is given by [44]. 

 

( 22 2

2

1.761 1

2
g

e h

e

R R

  
    

   

                                                  (7) 

 

where e , h  are the effective masses of electrons in the conduction band and holes in the 

valence band respectively,   is the static dielectric constant of the material and g  is the change 

in the band gap. The first term represents the particle in a-box quantum localization energy and has 

an inverse square relation 
2

1

R
 dependence where R  is the particle radius, while the second term 

represents the Coulomb energy with 
1

R
 dependence. Therefore as R increases due to the increase 

in the crystalline size associated with temperature annealing, the value of g will decrease.  

 

 

4. Conclusions 
 

Studies of the effects of thermal annealing on the structural, electrical and optical 

properties of heterojunction PbS/NiO core-shell thin film has been carried out within UV, Visible 

and NIR regions of electromagnetic spectrum.  

The dependence of crystalline size, electrical conductivity and band-gap of the films on 

the annealing temperatures was particularly investigated. XRD study reveals better crystallization 

of the films at high temperature, electrical conductivity of the film increases as temperature 

increases and band- gap analysis show that the band gap of the film decreases as annealing 

temperature increases. The formation of PbS/NiO heterojunction considerably modified the 

structural, electrical and optical properties of the independent film. 
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