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PbS thin films were grown on glass substrates by chemical bath deposition (CBD) 
using lead nitrate, thiourea, and sodium hydroxide in aqueous solutions during 

different deposition times (30-150 min.). The microstructure and morphology of the 

films were investigated using X-ray diffraction, field emission scanning electron 
microscopy, and atomic force microscopy. The results indicate that deposition time 

is an important parameter in determining the dominant mechanism of deposition and 

consequently the characteristics of the film. The active deposition mechanism 

changes from cluster to ion-by-ion mechanism during the deposition reaction. 
Therefore, the film properties such as shape, size, roughness, and preferred 

orientation change completely. 
 

1 Introduction 
 

 PbS is a significant binary IV-VI semiconductor with 

a relatively small band gap (0.41 eV at 300 K) and 

rather large excitation Bohr radius (18-20 nm) [1], 

which provides good quantum confinement of both 

holes and electrons in nanostructures [2]. These 
inherent characteristics make PbS one of the most 

important functional materials used as thin films for 

such applications as in IR detectors [3], photovoltaic 
cells [4-6], thin film transistors [7,8], LED [9], gas and 

biosensors [10-16] and photonic crystals [17].  

Different methods including microwave assisted 

chemical bath deposition [2], pulse electrodeposition 
[18], spray pyrolysis [19], successive ionic layer 

adsorption and reaction (SILAR) [20], atomic layer 

deposition [21], pulse laser deposition [22], and 

chemical bath deposition have recently been applied 

for deposition of PbS thin films. 

 The chemical bath deposition method, which is also 

referred to as chemical solution deposition, has turned 

into an advantageous technique because of its low cost, 

simple equipment, freedom of deposition of materials, 

suitability for large areas and deposition of various 

substances, and capability of tuning thin film 

properties via adjustment and control of the 
experimental parameters of deposition [23]. Changing 

CBD parameters such as temperature and solution 

composition reportedly leads to nanoparticles with 

different sizes and shapes [24], which change the band 
gap value with respect to the effective mass model. In 
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the CBD process, the elimination of spontaneous 

precipitation via controlled chemical reaction is 
necessary for the formation of a thin film [25].  

 Chemical deposition of films on solid substrates 

occurs by two main mechanisms. The first mechanism, 

in which subsequent ionic reactions form the film, is 
the ion-by-ion mechanism. In this mechanism a 

complexing agent is needed to prevent the formation 

of hydroxide precipitate when the reaction is carried 

out under basic conditions [26].  

 The cluster mechanism occurs when the complex 

concentration is not enough for complete prevention of 

metal hydroxide formation. Under these 
circumstances, a small amount of colloidal hydroxide 

forms, which subsequently reacts with the anions 

generated in the bath to give the final product. The 

processes for the synthesis of lead sulfide films 

through ion by ion and cluster mechanisms have been 

previously reported [27, 28]. It has experimentally 

been shown that the dominant deposition mechanism 

depends on the reaction conditions where the change 

of the dominant mechanism is possible during the 

deposition [26].  

 Different particle sizes and morphologies are obtained 

through each mechanism. The film properties are 

influenced by the mechanism by which it is formed. 

Thus, impact of the deposition parameters on the 

reaction mechanism should be predicted to synthesize 
a film with specific properties. To the best of our 

knowledge, few researchers have studied impact of the 

deposition mechanism on the film properties [29]. The 

role of deposition temperature in the determination of 
the dominant deposition mechanism has been 

previously reported [30]. 

2 Materials and methods 

 In order to evaluate the effect of deposition time on 

the film characteristics, thin layers of lead sulfide with 

different deposition times (30 to 150 min.) were 

deposited on the glass substrate. The glass substrates 

were washed according to the instructions reported by 

Obeid et al. [2] respectively with hot distilled water, 

20% hydrochloric acid, acetone. Finally, the substrates 

were thoroughly cleaned ultrasonically with deionized 
water in ultrasonic bath. 

 Details of the synthesis reaction solution have been 

reported before [30]. Briefly, Lead sulfide thin films 
are prepared from reaction solution containing  8.9 

mM lead nitrate (PbNO3), 0.146 M sodium hydroxide 

(NaOH), and 51.2 mM thiourea (CS(NH2)2)  at room 

temperature with deposition time between 30 and 150 

minutes. Thirty minutes after placing the cleaned 

substrates in the reaction bath, the first sample is 

removed from the bath and washed with DI water and 

air dried. Next, samples are taken out of the bath at 60, 

90, 120, and 150 minutes after launch of deposition. 

 X-ray diffraction patterns were obtained using an X-

ray diffractometer (Philips PW3710) with Cu Kα 

radiation (λ = 1.5405 Å, time/step=0.5 S, step 

size=0.02). In order to eliminate the effect of glass 
substrate on the XRD patterns of thin films, X'Pert 

HighScore Plus software was used. The microstructure 

and thickness of the prepared PbS films was 
characterized by plane and cross section view of field 

emission scanning electron microscopy (FE-SEM, 

Hitachi S-4160, Japan). Atomic force microscopy 

(AFM) Auto probe CP (Park Scientific Instruments) 
was used in none-contact mode for morphological 

studies using commercial Si3N4 cantilevers under 

ambient conditions. 

3 Results and discussion   

 Deposited films are grayish, homogenous and well 

adherent to the substrate. Figure 1 shows the XRD 

pattern of a PbS film deposited on a glass substrate at 
room temperature for 30 to 150 min. As shown in 

Figure 1, with increasing the deposition time, the 

intensity of the peaks and the crystallinity of the films 

was improved. This can be attributed to the enlarged 
thickness and particle size obtained with increasing 

reaction time. 

 According to the identification with X’pert HighScore 

plus software, all reflections correspond to the rock 
salt phase of PbS (JCPDS powder diffraction file #5-

0592). No other crystalline phases with detectable 

concentrations such as lead oxides or carbonates are 
present within the layers, as indicated by the absence 

of other diffraction peaks. 
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Figure 1:(a) XRD pattern of film PbS deposited on glass substrate 

at room temperature during different deposition times 

(b)I(200)/I(111) X-ray diffraction intensity ratio vs. deposition 

time. The dashed line denotes the intensity ratio expected for 

powder PbS according to JCPDS file #5-592. 

 Figure 1b shows the average intensity ratio of the 200 

and the 111 Bragg reflections plotted vs. the deposition 

time. The dashed horizontal line represents the 

expected intensity ratio I(200):I(111) for PbS powder. 

The ratio started from 1.20 for the sample deposited in 

30 min., steadily increasing to 1.75 for film deposited 
in 90 min. The ratio rocketed to 3.14 for the sample 

synthesized in 120 min. The ratio did not change 

significantly upon further increase in the deposition 

time. This chart indicates that (200) preferred 
orientation has been boosted with increasing 

deposition time.      

 The AFM surface plot images show the evolution of 

the film topography with deposition time (Figure 2). 
The initial nucleation stage is shown in Figure 2a.  

Figures 2b–2e show films slowly developed with 

increasing deposition time. Figure 2f shows the plot of 
the surface roughness vs. deposition time for layers 

deposited at room temperature, indicating that coarse 

islands form and the roughness value of the film 

sharply increases from 20 to 65 nm. The surface 

roughness falls back to around 30 nm as the thickness 

increases. Samples deposited at lower deposition 

temperatures (10 ºC) on the GaAs (100) substrate have 

been reported to behave similarly [31]. Nevertheless, 

these changes take place over longer time periods 

because of the lower deposition temperature.  

 

Figure 2: AFM surface plot images of PbS films deposited at room 

temperature for (a) 30 min., (b) 60 min., (c) 90 min., (d)120 min., 

(e) 150 min., (f) surface RMS roughness as a function of 

deposition time.  

 In the period from 90 to 120 min., the surface 

roughness of the film has significantly increased due to 

island growth. However, over the range of 120-150 

min., the growth process has progressed through layer 

by layer growth (Frank–van der Merwe), resulting in a 

significant reduction in RMS. 

 A discontinuous nano crystalline film consisting of 

round particles with typical size of 100 nm was shown 

by the sample deposited for 30 min. (Figure 3a). A 
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relatively continuous, dense film was formed by 

increasing the deposition time to 60 min. (Figure 3b). 
Moreover, nuclei with typical 20-30 nm have appeared 

on the primary film. A well adherent, dense compact 

layer covering the entire substrate surface was 

obtained within 90 min. (Figure 3c), during which the 

first signs of change in particle shape appeared. 

Distinguishing of the particle boundaries and 

determination of particle size are difficult considering 

the film compactness. Increasing the deposition time 

further to 120 min. (Figure 3d), led to complete 

transition to faceted cubic particles with typical size of 

500 nm. The boundaries of particles are quite 
distinguished, which can be attributed to the 

dominance of columnar growth (vs. layer by layer 

growth) at this stage. Further increase in deposition 

time to 150 min. did not significantly change the film 
morphology. 

 Figure 3f shows the film thickness as a function of the 

deposition time. The change in the growth rate with 

the reaction time is illustrated by this curve. The 
different slopes of the graph represent the different 

stages of the reaction. The initial slope can be 

attributed to the nucleation stage or incubation time, at 
which the thickness slightly increases as the time 

increases because the primary nuclei are forming. The 

formation of these nuclei provides the fast growth rate 

of the film during the next stage. In the third stage, due 
to the depletion of the reaction solution from the 

reactants, the deposition rate is less than that in the 

second stage. 

 It is known that the characteristic growth rate, grain 
size and shape, which directly influence the nature and 

properties of the films, are associated with each 

deposition mechanism [29]. Hence, it can be 

concluded that the changes in the deposition rate and 

particle shape are due to the transition in the deposition 

mechanism. On the other hand, it is well understood 

that cluster mechanism is associated with a higher 

growth rate. Therefore, the high rate of deposition in 

the second stage (60-90 min.) can be attributed to the 

dominance of cluster mechanism. 

 

Figure 3: Field Emission Scanning Electron Microscopy (FE-SEM) 

Images of PbS films deposited on glass at room temperature for (a) 

30 min., (b) 60 min., (c) 90 min., (d) 120 min.  (e) 150 min., (f) 

film thickness as a function of deposition time. 

 The reduction in the deposition rate together with 

tendency to form larger particles and columnar growth 
in the third stage of deposition are evidence for the 

transition from the cluster growth mechanism in the 

initial growth stages to ion-by-ion growth. This time 

dependent transition from cluster to ion-by-ion 
mechanism is in fact expected considering the 

depletion of lead ions in the solution (i.e. increased 

complex-to-metal ion concentration ratio) as the 
reaction progresses. This observation is consistent with 

the AFM results obtained by increasing the deposition 

time from 90 to 120 min. The roughness of the 

samples increases sharply from about 20 to about 65 

nm, which can be attributed to the columnar growth, 

whereas the columnar growth is characteristic of the 

ion-by-ion mechanism. It is proposed that the active 

mechanism has altered to ion-by-ion after 90 min. 
from the beginning of the reaction. The deposition 

mechanism depends on the reaction conditions and 

specifies the product characteristics. Previous studies 
on the PbS films deposited via CBD, revealed that the 

texture development observed with increasing 
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thickness is also related to the change of the dominant 

mechanism [32].  

 

4 Conclusions 
 

 Thin films of lead sulfide were deposited on a glass 

substrate using CBD method at different deposition 
times. It was observed that the morphology of the 

samples was dependent on the deposition time. As the 

deposition time increases, the shape of the particles 
changes from round to cubic and the texture (200) 

develops. The roughness of the film also changes 

during the deposition. These changes are attributed to 

the change in the dominant deposition mechanism. 
This study showed that deposition time is an important 

parameter in the determination of the dominant 

mechanism of deposition and consequently the 

characteristics of the film. 
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