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Nickel (Ni+2) doped nanocrystalline Bi2S3 thin films are deposited on the glass substrate 
from the solutions containing Bismuth Nitrate, Ethylenediamine Tetraacetic acid (EDTA) 
and Thioacetamide at a bath deposition temperature of 318K. The optical, surface 
morphological and electrical properties of Ni-doped Bi2S3 thin films prepared at three 
different doping concentration are investigate by using ultraviolet–visible transmission 
spectra (UV–Vis), Scanning electron microscopy (SEM), Energy Dispersive X-ray 
(EDAX) and thermo-e.m.f. techniques. The optical band gap energies are found in 
between 2.32-2.43 eV. The SEM images show that the prepared films are continuous, 
dense and distributed over the entire area with good uniformity. The electrical 
conductivity of the films are in the order of 10-2Ω-1m-1. The films are n-type as determined 
from the Hot Probe method. Photoconductivity studies reveal that photocurrent increases 
with the increase in Ni doping concentrations. Due to the absorption of photons, free 
electron-hole pairs (EHP) are produce. 
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1. Introduction 
 
In the last two decades, nanocrystalline thin films have developed in scientific research 

due to their future potential application in the various fields of electronic devices. The properties 
of the materials are entirely dependent upon the particle or grain size. The optical, electrical and 
magnetic properties can be changed by changing the particle or grains size. These unusual 
properties are required for the development of modern electronic devices such as solar cell, 
integrated circuit, etc. Among the many semiconductor compounds, group V-VI semiconductor 
compounds are consider an important material for potential application in photosensitivity, 
photoconductivity and thermoelectric power [1–3].These compounds also widely used in 
optoelectronic devices, electrical switching, solar selective, decorative coatings etc. [4]. Out of 
these V–VI compounds semiconductor, bismuth sulphide (Bi2S3) is a promising candidate for 
optoelectronic devices as its band gap of 1.7 eV in bulk material that lies in the visible solar 
energy spectrum and could be increase to higher energy by reducing the particle or grain size [5-
7]. Several researchers have reported for the preparation of nanocrystalline Bi2S3 thin films using 
different techniques such as vacuum evaporation [8-11], cathodic electro-deposition [12], anodic 
electrodeposition [13], hot-wall method [14], solution gas interface [15], spray deposition [16-17] 
etc. Among the above various techniques of thin film preparation, we preferred chemical bath 
deposition, which is simple, economic, suited for a large area deposition and does not required for 
sophisticated instrument. Chemical deposition of Bi2S3 thin films have reported earlier by many 
authors using different sulphide ion releasing sources such as thiosulfate, thiourea and 
thioacetamide [18–23]. Characterization of the as-prepared and annealed films of the undoped 
nanostructured Bi2S3 thin films prepared by chemical bath deposition technique using 
thioacetamide (TAM) as sulphide ion source and triethanolamine (TEA) as complexing agent have 
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reported in our earlier paper [24]. The literature available for doped Bi2S3 thin films with element 
such as nickel [25], manganese [26], antimony [27-29], lead [30], copper [31-32], iron [33] 
graphene [34-35] etc. However, there is a limited literature available on the optical and electrical 
properties of Ni doped nanocrystalline Bi2S3 thin films. In this paper, we represent a 
comprehensive study in optical, morphology, electrical and photoconductivity properties of Ni-
doped Bi2S3 thin films. 

 
 
2. Preparation of Ni-doped nanocrystalline Bi2S3 thin films 
 
For the preparation of Ni-doped nanocrystalline Bi2S3 thin films, Bismuth nitrate 

(Bi(NO3)3), Thioacetamide  (CH2CS.NH2), and Ni(NO3)2 are used as Bi+3, S-2and Ni+2 ions sources 
respectively. Triethanolamine (TEA) (C6H15NO3) is used as a complexing agent.  For this, 5ml of 
0.5M Bi(NO3)3 and 1.5wt% of Ni(NO3)2 is mixed with 2ml of TEA  and stirred for 20 min at 300K 
to dissolve Bi(NO3)3 and Ni(NO3)2 into the solution. Consequently, 4ml of CH2CS.NH2 is added to 
the resultant solution and further stirred for 2 min to get a uniform mixture solution. Lastly, 39 ml 
of double distilled water is added to the resultant solution to obtain a total volume of 50 ml. Then, 
tin chloride-treated glass substrates are dipped vertically in the resultant solution supported by the 
wall of the beaker and heated at 318K for 20 min with the help of the hot plate of a magnetic 
stirrer.  A thermometer is placed in the solution to measure the temperature. On heating the colour 
of the solution changes from dark orange to dark brown, this indicates the initiation of reaction and 
formation of Bi2S3 nano particles. After heating for 20 min, the solution is kept at room 
temperature (300K) for 2 hr for further deposition. The glass substrates coated with Ni-doped 
Bi2S3 films are remove from the bath solution, cleaned with deionized water, and dried in an open 
atmosphere. The film on the substrate surface facing towards the wall of the beaker is retained for 
further studies and the other side is removed with dilute nitric acid. In the same procedure as 
discussed above, three sets of films of different doping concentrations viz 1.5wt%, 2wt%, and 
2.5wt% of Ni(NO3)2 are prepared, and investigated their optical, electrical, and morphological 
properties. 

For the studies of photoconductive rise and decay characteristics of the Ni-doped Bi2S3 
thin film, Al electrodes are vacuum deposited on the two ends of rectangular Ni-doped Bi2S3 films 
separated by a small gap and a gap-type sample is mounted on the sample holder placed in the 
vacuum chamber.  The experimental arrangement is shown in Fig.1. A constant voltage is applied 
to the sample through a standard resistance and is connected to the X-Y/t recorder (M/S Digital 
Electronics Ltd., Mumbai, India Model: Omnigraphic 2000). The voltage applied to the sample is 
recorded along the X-axis of the recorder and the potential drop across the standard resistance due 
to the current flowing through the sample is recorded along the Y-axis of the recorder.  The 
chamber is evacuated before the experiment. First, the recorder is switched on and kept in a Y-t 
mode, and then high-intensity white light from the QTH lamp is allowed to fall on the sample for a 
short period of time.  

 
 

 
 

Fig. 1. Arrangement of X-Y/t recorder for measurement of photoconductive rise and decay. 
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The change in the Y-axis due to light ‘on’ and ‘off’ is recorded. A Luxmeter (Sigma 

1010A) measures the intensity of light. The nature of the prepared Ni-doped Bi2S3 thin films is 
determined from the Hot Probe method and detailed procedure for measurement is discussed in 
our earlier paper [36]  

 
3.1. Reaction mechanism for the growth of Ni-doped Bi2S3 thin films 
The deposition process of Ni-doped nanocrystalline Bi2S3 thin film is based on the slow 

release of Bi+3 and S-2 ions in the solution which then condense ion by ion or cluster by cluster on 
the surface of the glass substrate. The rate of formation of Bi2S3 thin film is depend on the 
concentrations of Bi+3 and S-2 ions present in the precursor solution. The release of Bi+3 ions in the 
bath solution is controlled by TEA, which forms a complex Bi[(TEA)]3+ with Bi+3. In this solution 
different amount of nickel nitrate Ni(NO3)2 (viz 1.5wt%, 2wt% and 2.5wt%) is added. The reaction 
mechanism are given as follow 
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3.2.Optical properties of Ni-doped Bi2S3 thin films 
Fig.2 (a) shows the absorption spectra of Ni-doped nanocrystalline Bi2S3 thin films. It is 

evident from the figure that the absorbance increases with increasing in Ni doping concentration. 
Fig.2 (b) shows the (αhν)2 vs (hν) plots for Ni-doped Bi2S3 thin films corresponding to different 
doping concentrations. Extrapolation of the linear portions of the plots to the energy axis yields the 
direct band gap values 2.32 eV to 2.43 eV for the Ni-doped nanocrystalline Bi2S3 thin films as 
given in Table 2.  

 

  
 

Fig. 2. (a) Plot of Absorbance vs wavelength of Ni-doped unannealed Bi2S3 thinfilms of different dopinng 
concentrations; (b) (a) Plot of (αhν)2 vs hν of Ni-doped unannealed Bi2S3 thinfilms of different  doping 

concentrations. 
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It is observed that band gap increases with increase in Ni doping concentration. 
Incorporation of Ni to Bi2S3 creates some structural changes and the optical band gap is strongly 
dependent on fractional concentration of Ni atoms. This may be due to the tendency of Ni atoms to 
introduce high degree of disorder and hence higher densities of localized states in the forbidden 
gap [37]. 

 
3.3. Photoconductive rise and decay measurements of Ni doped Bi2S3 thin film 
Fig.3 shows the rise and decay curves of Ni-doped Bi2S3 thin films at light intensity of 

1700 Lux. It is observed that the photocurrent increases with the increase in Ni doping 
concentrations. Due to the absorption of photons free electron-hole pairs (EHP) are generated. The 
photo-generated electrons and holes in excess to the thermal equilibrium carriers are responsible 
for photoconduction process. The increase in photoconductivity has two main contributors viz, one 
from the resultant increase in the photo-generated carriers and the other from the increase in the 
effective mobility. With increase in Ni-doping concentration of the Bi2S3 films, grains boundary 
reduces resulting to more photoconductivity. 

From Fig.3, it is observed that for all the Ni doped Bi2S3 films at three different 
concentrations the photocurrent rises very quickly on switching on the light source and then 
reaches a steady state. Fast rise time response may be attributed to the dominant fast process of 
photo generation of electron-hole pairs. The current reaches a steady value when the rate of 
recombination becomes equal to the rate of generation of new carriers and concentration of 
carriers reaches a steady value. When the light is switched off, electron-hole pair recombination 
process dominates, so the photocurrent decays slowly. The photoconductive rise time ( rτ ) and 
decay time ( dτ ) are determined from the tangents drawn to the photoconductive rise and decay 
curves. The values are founds to decrease with increase in doping concentrations and the estimated 
values of rτ and dτ are given in Table 1. The value of decay constant is determined from the 
slopes of tIln versus tln curves shown in Fig.4 using the relation  

 
It=Io(1+at)-b= Iot-b                                        (1) 

 
where Io is the initial photocurrent at t=toff and It is the photocurrent after time ‘t’ from toff and b is 
the decay constant and the calculated values are given in the Table 1. 
 
 

 
 

Fig. 3. Rise and decay of photocurrent with time for Ni-doped Bi2S3 thin films under illumination of 1700 
Lux. 
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Fig. 4. Plot of lnIt with lnt for Ni-doped Bi2S3 thin films. 
 
 
3.4. Surface Morphology Studies 
Scanning electron microscopy (SEM) photographs are used for studying the surface 

morphology of the films.Fig. 5(a-c) represents the Ni-doped Bi2S3 thin film at different 
concentrations viz 1.5wt%, 2wt% and 2.5wt%.  It is observed that the films are continuous over 
the glass surface and are fairly uniform. The grains of the films have different shapes and sizes but 
almost compact. There are no macroscopic defects such as voids, peeling or cracks. From Fig.5, it 
is observed that small clusters are distributed throughout the surface. Agglomeration of small 
crystallites in the films are also evident from the photographs.  

 
 

 

 
 

Fig. 5. SEM photographs of Ni-doped Bi2S3 thin film at different concentrations (a) 1.5wt%,  
(b) 2wt% and (c) 2.5wt%. 
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Such agglomeration makes it difficult to evaluate the grain size from SEM images 

andlarger grains are observed due to the coalesce of smaller clusters.All the films are continuous, 
compact, homogenous and free from voids, cracks or holes. From the photographs, it is observed 
that the grains are nearly spherical in shape and small clusters are observed in case of the higher 
doping concentration. Thus, the grains sizes decrease with increasing doping concentrations. 

 
3.5. Energy dispersive X-ray analysis (EDAX) of Ni-doped Bi2S3 thin films 
The quantitative and qualitative compositional analysis of the Ni-doped Bi2S3 film is 

carried out by EDAX technique. Fig.6(a-c). shows a typical EDAX pattern and details of relative 
analysis for three different Ni doping concentrations of Bi2S3 thin film. The spectrum confirms that 
Bi, S and Ni atoms are present in the prepared film. The average atomic percentage of Bi and S is 
found in between 34.93-37.7 and 61.36-58.18 respectively showing that the film is S deficiency. 
The average atomic percentage of Ni present in the prepared films increases with increase in 
doping concentrations.The extra peaks observed in the EDAX spectra correspond to Mg, Si, Na, 
Ca, Tc etc. which are due to glass substrate and or the substrate holder used in the EDAX 
instrument [38-40]. C and O peaks are also observed in the EDAX spectra, these might be due to 
exposure of the film to the atmosphere [41]. There is no source of these elements in the chemicals 
used for the Bi2S3 film synthesis. The prominent peak observed at around 1.9 keV in the EDAX 
spectra belong to Si which is due to glass substrate. We consider only the atomic% of Bi, S and Ni 
present in the spectra of doped sample neglecting the percentage of the other elements present in 
the spectra. 

 
 

 

 
 

Fig. 6. EDAX spectra of (a) 1.5wt%  (b) 2wt% (c) 2.5wt% Ni doped Bi2S3 thin film. 
 
 
3.6. Temperature dependent electrical conductivity of Ni-doped Bi2S3 thin films  
The variations of log(σ) with temperature for the Ni-doped nanocrystalline Bi2S3 are 

shown in Fig.7. The plots reveal two distinct regions: one below 378K, where the conductivity 
varies comparatively slowly with temperature and the other above 378K, where the conductivity 
varies rapidly with temperature. The thermal activation energy are calculated by using the relation 

 
kT2

aE

eo

−

σ=σ                                                                       (2) 
 
where Ea is the activation energy, σo is a constant, kb is the Boltzman’s constant and T is the 
absolute temperature. The conductivity increases with increase of Ni doping concentration because 
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of the increase of free–carriers. Ni dopingBi2S3thin films decreases in activation energy due to 
band tailing and reduces the height of the potential barrier between crystallites composing the 
films [42]. Electrical conductivity of a semiconductor is controlled by the number of charge 
carriers available for conduction. As the temperature increases from absolute zero, transitions are 
taking place between the defect levels and the conduction band and valence band [43]. The 
conductivity of the films are found  to increase with increasing annealing temperature because the 
grain boundaries and the crystal lattice defects of the films are reduced with annealing temperature 
resulting in an increase of the mobility of the carriers. The electrical conductivity of the Bi2S3 
films is found to be of the order of 10-3Ω-1m-1.The calculated activation energy values are very 
small as compared with the observed band gap values. These energy levels are therefore thought to 
be associated with defect levels existing within the band gap.  
 
 

 
 

Fig. 7. Shows log σ versus 1000/T plots for Ni-doped Bi2S3thin films. 
 
 
4. Conclusions 
 
In the present investigation, Ni-doped nanocrystalline Bi2S3 thin films are successfully 

prepared by CBD technique and studied their optical, morphological, electrical and 
photoconductivity properties. The optical band gap for Ni-doped Bi2S3 films found to increase 
with increase in Ni-doping concentrations due to the increase in density of defects within the 
bandgap. The rise and decay curves of Ni-doped Bi2S3 thin films at light intensity of 1700 Lux 
shows that the photocurrent increases with the increase in Ni doping concentrations, due to the 
absorption of photons free electron-hole pairs (EHP) are generated. The quantitative and 
qualitative elemental analysis of the prepared thin films by XRF technique shows that the dopant 
element Ni is incorporate into the Bi2S3 films. Surface morphology studies by Scanning electron 
microscopy (SEM) reveal that the prepared Bi2S3 films have uniform surface morphology and well 
covered over the entire glass substrate without any void. It is also observed that the films consists 
of irregular shaped grains of random size and these irregular shaped nano grains are interconnected 
with each other to form a cluster. The electrical conductivity increases with increase in annealing 
temperature. The room temperature electrical conductivity found to be of the order of 10-3Ω-1m-1. 
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