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This study is an attempt to provide a simple solution processed synthesis route 

for Lead Selenide (PbSe) nanostructure thin films using the chemical bath 

deposition (CBD) method which is commercially available in inexpensive 

precursors. In the CBD method, the preparation parameters play a considerable 

role to determine the nature of the final product formed. Known as two main 

factors, the effects of complex agent (PH) and time of reaction regarding the 

evolution of the configuration and the optical band gap of PbSe nanostructures 

with self-assemble arrays are investigated in this study. These preparation 

parameters were tuned to affect the nanostructured semiconductors with band 

gaps of around 1.4 eV where they could be used for the quantum dot solar 

cell.  The films were characterized by X-ray diffraction (XRD), UV-visible 

spectroscopy for energy band gap estimation, and scanning electron 

microscopy (SEM) for morphology investigation as well as size distribution. 

The change in the pH alters the optical band gap from 3.56 to 1.4 eV. The 

exceptional photo-catalytic behavior from the increased visible light absorption 

supports the separation of photo-generated electrons and holes, where it also 

improves the photo-catalytic oxidizing species with PbSe nanostructured thin 

films. 

1 Introduction 
 

 Over the recent decades, nanostructured 

semiconductors have gained much recognition due to 

their unique optical and electrical properties in 

comparison to the bulk materials [1]. Their electrical 

and optical properties are directly related to the 

quantum confinement of charge carriers leading to the 

blue shift of the band gap with a decrease in their 

size[2]. 

 Several investigators have prepared PbSe thin   films 

using different chemical methods such as spray 

pyrolysis [3], chemical bath deposition (CBD) [4], 

photochemical deposition method [5] successive ionic 

layer adsorption and reaction method [6], electro 

deposition [7], dip and dry method [8], and vacuum 

evaporation [9]. The chemical bath deposition for the 

formation of thin films from aqueous solution is a 

favorable technique because of its simplicity and 

economically. The starting chemicals are generally 

available and inexpensive. This method can be used to 

deposit films at a low temperature which prevents 

oxidation of the deposited material. The deposition 

conditions are easily controlled to get improved 

orientation and grain structure of the film [10].  

 Moreover, the chemical bath deposition method’s main 

advantage over the other methods is that the films on 
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different kinds of substrate shapes and sizes can be 

deposited [11]. By this method, nanostructured thin 

films of various semiconductors having an optical band 

gap controlling property have successfully been 

synthesized over the past years. 

 In the CBD method, the deposition procedure of the 

nanostructured materials obviously involves the 

procedure of deposition of a nanoparticle from the 

solution phase. A good comprehension of the process 

and preparation parameters controlling the deposition 

helps tailor the growth of the nanostructured thin films 

to the desired size and shape [2]. Then, the 

nanostructured semiconductor can be grown over a 

range of sizes, allowing them to express a variety of 

band gaps without changing the underlying materials or 

construction techniques. 

 The nanostructured Lead Selenide (PbSe) is an 

important semiconductor which has applications in  

optoelectronic devices [1, 2, 4], especially in quantum 

dot solar cell due to its enhanced photocurrent which is 

the result of multiple exciton generations and the ability 

to have the right band gap together with large exciton 

Bohr radius (i.e. 46 nm) [8, 12-15].  

 The PbSe quantum dot has the band gap that can be 

tuned into the infrared frequencies for the best usability 

in the solar cell. This range of the band gap is typically 

difficult to achieve with the traditional organic-

inorganic solar cell. In fact, half of the solar energy 

reaching the earth is in the infrared spectrum. Moreover, 

the numerical analysis shows that the 31% efficiency of 

solar cell is achieved with a band gap of ~1.4 eV which 

corresponds to light in the nearby 

infrared spectrum [16-18].  

 The characteristics of the chemically deposited PbSe 

thin films by CBD strongly depend on the growth 

conditions. By changing the deposition key parameters 

such as concentration, pH, and temperature, one can 

control the thickness, size of nanoparticles, and the 

energy band gap of the obtained thin films [10].  In fact, 

the nano scale systems are known to show such 

interesting physical properties as increasing the 

semiconductor band gap due to electron confinement.  

 In this research study, we investigate the effect of the 

concentration of the complex agent (PH) as one of the 

main parameters of the CBD method on the nano-

semiconductor size and shape to shed much light on the 

band gap of the PbSe nano-semiconductor. What 

follows is a discussion of how we attempted to tune the 

band gap around 1.4 eV which is appropriate for making 

PbSe quantum dot solar cell by finding the suitable 

value of the pH.  

 The increase in pH level and the solution effect on the 

growth of bigger aggregates is because of the stable 

nuclei shaped on the substrate during the reaction 

leading to the formation of a contacting crystal at which 

two or more crystals are associated at a higher pH level. 

This is because the smaller crystals, which are greater 

in the number of high pH values, do not have sufficient 

amount of energy to generate coalescence, but the 

phenomenon of the aggregation is predictable. 

On the other hand, the small crystals cannot grow large 

like single crystals because the process is being 

followed by a terminating step resulting in the 

formation of the aggregates. 

 It is well- known that nanomaterial properties depend 

on particles size. Brus proposed a relation between the 

energy band gap (
RE ) and particle size (R)  that yields 

an expression for the band gap of the quantum dot [19]: 

�� = �� + � 1
�	∗ + 1

��∗ � ℏ���
2�� − 1.8��

Ɛ�   ,                   (1) 

                                                                                       

where gE  is the bulk band gap, R is the radius of the 

quantum dot, and ε is the dielectric constant. The 

second term is the kinetic energy term containing the 

effective masses of the electron and the hole ( �	∗ , and 

��∗   respectively). The third term arises due to the 

Coulomb attraction. 

 What follows is a summary of photo catalytic 

degradation activities on the famous photocatalytic. It is 

known that the photo catalytic degradation of pollutants 

over ���� only proceeds under UV irradiation. Also the 

solar spectrum consists of only 5–7% of UV light, the 

other 46% and 47% of the spectrum are visible light 

with the wavelength between 400 and 700 nm and 

infrared radiation, respectively [19-21]. 

 For practical reasons, it is necessary to develop new 

catalysts that are able to operate effectively under the 

natural sunlight. In order to utilize the sunlight, the band 

gap of ���� has to be narrowed or splitted into several 

sub-gaps, which can be achieved by doping the 

transitional metal ions, e.g., Fe, Cu, Co, Ni or V, or by 
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doping N [22, 23]. PbSe nanostructured thin films 

present the outstanding photocatalytic behavior due to 

the role of the increased visible light absorption, 

promoted separation of photo-generated electrons and 

holes as well as enhanced photo-catalytic oxidizing. 

These samples are composed of nanoparticles with 

different nano grain sizes, and they have different 

optical band gaps. Adjust yourself to the interaction 

with sunlight, so the PbSe nanostructured thin films are 

the best material for photocatalytic applications.   

2 Experimental procedures 

 A good understanding of the deposition procedure 

helps control the growth of the nanoparticles to the 

desirable nanostructured thin film. The PbSe thin films 

were grown on ordinary glass slides (26 mm×7.6 mm×

2 mm). The substrate cleaning plays an important role 

in the deposition of thin films. Therefore, before 

deposition, the substrates were washed in the detergent, 

rinsed in the acetone, ultrasonically cleaned and finally 

rinsed again with a mixture of the double distilled water 

and methanol. The substrates were kept in vacuum. To 

provide +2
Pb ions, 50 ml of ��( !" ##)� (Lead 

Acetate) according to Tables 1 and 2 was taken in a 

glass beaker with 100 ml capacity under constant 

stirring, before 25% ammonia was gradually added to 

the solution. At first, the solution became milky where 

further addition of excessive ammonia made the 

solution white and transparent. The 50 ml of freshly 

prepared Sodium Selenite ($%�&�&#") was gradually 

added to the solution. The glass substrates were 

vertically immersed into the deposition solution. In 

order to control the rate of the film’s growth, the bath 

temperature was kept constant at the desired value. To 

control the complex agent, the ammonia was added to 

the solution which contained +2
Pb ions. At the end of the 

deposition process, all of the deposited substrates were 

removed from the chemical bath at suitable intervals 

before washed with the deionized water and methanol 

to remove the loosely adhered PbSe nanoparticles off 

the films. The coating on one side of each substrate was 

removed by a cotton swab moistened with dilute HCl 

before the films were dried in air and finally placed in 

the desiccators. 

 The formation of the PbSe thin film was based on the 

slow release of ���'and &��(ions in the aqueous 

medium before subsequent condensation on the 

substrate. The reaction mechanism involved in the 

deposition of the PbSe film is proposed as below [21]: 

$%�&�&#" + �!( ↔ Na�So. + !&�( ,                    (2)     

!&��( + �!( ↔ !�� + &��(.                                   (3)               

When the ammonia solution is added to the ���' salt 

solution, ��(�!)� starts precipitating when the 

solubility product (SP) of ��(�!)� is exceeded, i.e.: 

���' + 2 OH( ↔ ��(�!)�.                                         (4)                                                                       

The ��(�!)� precipitate dissolves in the excessive 

ammonia solution to form the complex lead tetra-amine 

ions ��($!").�'
(���'+ 4 NH"⇔[��($!3)4]�'  ). 

Finally, the PbSe thin film formation takes place: 

 

��($!").�' + &��( ↔ ��&� + 4 NH".                    (5) 

The thickness of the deposited film was measured with     

the help of sensitive microbalance using the relation,  

7 = 8
 9:, where m is the mass of the deposited film, A is 

the area of the deposited film, and ; is the density of the    

deposited material (PbSe= 8.10 g/<�") in the bulk 

form.                                                                                                      

3 Results and discussions 

3.1 Optical absorption 
 

 The optical properties of PbSe thin films were 

investigated in room temperature using UV-Vis 

spectrometry (Perkin-Elmer, UV/VIS Spectrometer 

Lambda25-USA) in a wavelength range of 190-1100 

nm to show the variation of the optical band gap with 

different concentration rates of the complex agent (PH). 

The absorbance data were analyzed using the following 

well-known equation for near the edge optical 

absorption of semiconductors [24]: 

α = B ?hν − BC
DEFG ,                                                          (6)  

where α is the absorption coefficient defined by the 

Beer-Lambert’s law ( α(λ) = �."J"×L(M)
N  , where d and 

A are respectively the film thickness and absorbance), 

)( υh is the photon energy, B is a constant, gE  is the 

optical band gap, n is a constant respectively equal to 

1/2 and 2 for the allowed direct and indirect gap 

semiconductors [22]. 
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 In previous studies [24, 25], it has been shown that “an 

absorbance data for any sample has a unique optical 

band gap” where the supposedly different thickness 

doesn't change the optical band gap. In fact, the optical 

band gap can be determined without thickness 

measurement or absorption coefficient, which only 

requires the absorbance spectrum. On the other hand, 

this ineffective thickness method (ITM) used to 

determine the optical band gap doesn’t need any 

presumptions and additional measurements. 

 The optical absorption spectroscopy is the most 

commonly used method for exploring quantum effects 

in the nanostructured semiconductor. In light of the ITM 

method, the optical band gap and the plot of 2)( υAh  

versus )( υh  were estimated as shown in Fig 1. Also, 

the specifications of the CBD method are shown in 

Table 1. For PbSe thin films with various pH values, the 

best linear fit was obtained for n =1/2.  Moreover, Table 

1 vividly indicates the calculated band gaps for distinct 

samples with different values of pH.  

 The films show a red shift in their optical band gap 

from 3.56eV to 1.44eV. It is obvious that the optical 

band gap decreases by increasing the concentration of 

the complex agent value. These nanocrystalline films 

were shown to have very strong confinement effects, as 

the reduction of grain size increases its energy band gap 

[19]. The pH of the reaction helps tailor the thin film 

configuration and has a basic role in the preparation of 

nanostructured materials. 

Table 1. The energy band gap of PbSe nanoparticle films (the S 

series) with different pH values. 

 

No. Lead Acetate (mol) Sodium Selenite (mol) pH 

S-1 0.13 0.13 12.37 

S-2 0.13 0.13 12.00 

S-3 0.13 0.13 11.60 

S-4 0.13 0.13 10.00 

S-5 0.13 0.13 9.6 
 

No. Deposition 

Temperature (°C) 

Deposition 

Time (hour) 

Optical band 

gap(eV) 

S-1 40 24 1.44 

S-2 40 24 1.47 

S-3 40 24 3.46 

S-4 40 24 3.48 

S-5 40 24 3.56 

 

 It is evident from Table 2 that calcium ions in 

neodymium sites and antimony ions in arsenic sites are 

substituted completely. The XRD patterns of the 

synthesized samples that are refined by the MAUD 

software are presented in Figs. 2(a-c).  

 

 

Figure 1.  The plot of 2
)( υAh versus )( υh for the samples 

introduced in Table 1 (the S series samples). 

 By tuning the pH of the CBD method, the appropriate 

band gap of the nanostructured semiconductor with 

usability in the quantum dot solar cells can be achieved. 

The samples with the band gap around 1.4 eV (when the 

pH is around 12) are appropriate for use in the quantum 

dot solar cell.  

 To investigate the effect of the deposition time on the 

band gap when the pH is around 12, we changed the 

deposition time from 1h to 16 h. The specifications of 

the CBD method and the calculated band gaps are also 

shown in Table 2 for the A series samples. For some of 

the A series samples, the optical band gaps which are 

near 1.4 eV, the variation of the optical band gap as a 

function of the deposition times from 1h to 16 h is 

presented in Fig 2. It can be noticed from Fig 2 and 

Table 2 that the optical band gap is time dependent and  

slowly increases at lower deposition times from 1h to 

3h, and is almost the same after 3h, i.e., the growth rate 

is very slow at higher deposition times after 3 h. It is 

manifest that as the deposition time increases, the 

optical band gaps of thin films also decreases. Lead 

Selenide is an important semiconductor which is an 

inspiring material due to its small band gap (0.27 eV) 

and large bulk exciton Bohr radius (46 nm). 

Additionally, it is revealed that the optical band gap 

values change from 3.65 to 1.34 as preparation 

parameters are controlled, see Tables 1 and 2. 
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Figure 2. The plot of 2
)( υAh versus )( υh for some samples of 

the A series. 

Table 2. The Energy band gap of  the PbSe nanoparticle films at 

different deposition times (the A series samples). 

 

No. Lead Acetate (mol) PQRSTSUV (mol) pH 

A-1 0.17 0.1 12.41 

A-2 0.17 0.1 12.41 

A-3 0.17 0.1 12.41 

A-4 0.17 0.1 12.41 

A-5 0.17 0.1 12.41 

A-6 0.17 0.1 12.41 

A-7 0.17 0.1 12.87 

A-8 0.17 0.1 12.87 

A-9 0.17 0.1 12.87 

A-10 0.2 0.13 12.39 

A-11 0.2 0.13 12.39 

A-12 0.2 0.13 12.39 
 

No. Deposition 

Temperature (°C) 

Deposition 

Time (hour) 

Optical band 

gap(eV) 

A-1 RT* 1 2.45 

A-2 RT 3 1.90 

A-3 RT 16 1.80 

A-4 40 1 1.86 

A-5 40 3 1.49 

A-6 40 16 1.37 

A-7 RT 1 1.5 

A-8 RT 3 1.49 

A-9 RT 16 1.37 

A-10 RT 1 1.97 

A-11 RT 3 1.56 

A-12 RT 16 1.34 

* Room Temperature (RT) 

3.2 Microstructural and XRD Studies  
 

 As shown by Fig 3, the XRD pattern of the PbSe 

nanostructured thin films (some of the S series 

samples) indicates that these samples are pure-

phase compounds. The product has peaks 

corresponding to the hexagonal PbSe (space 

group: P63/mmc) phase with cell constants a = b 

= 0.363, c =0.530 nm, which are in agreement 

with JCPDS 00-015-0464. The intense and sharp 

diffraction peaks suggest that the obtained 

product is well crystallized. Furthermore, the 

overall observed intensity of the peaks is quite 

low like that of the standard intensity indicating 

that the deposited material is nanocrystalline in 

nature. The XRD pattern of some of the S and A 

series samples are shown in Figs 4 and 5, 

respectively. 

 

 

 

 

 

 

 

 

 

Figure 3. Representative XRD patterns of some samples of the S 

series. 

 

 

 

 

 

 

 

 

Figure 4. Representative XRD patterns of some samples of the A 

series. 
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3.3 Scanning Electron Microscopy (SEM)  
 

 The SEM images (as indicated by Fig 5) show 

evolution in size of the particle and the morphology of 

the nanostructured thin films by the concentration of the 

changing complex agent (the S series samples). The pH 

plays a crucial role in the deposition process. The grain 

growth of the PbSe thin film along with an increase in 

the pH of the chemical bath is observed to be due to the 

aggregation phenomenon. It is seen that bigger particles 

are formed by increasing the pH rate. The S-5 Sample 

has a pH equal to 9.6 and is composed of the 

nanoparticle that
 

is much smaller than the other 

samples. The energy band gap of this sample is 3.56 eV 

showing that there exists a very strong confinement 

effect, as the
 
reduction of the grain size increases its 

energy band gap.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. SEM images of some samples of the S series. 

 

The increase in the pH rate of the solution results in the 

formation of the bigger aggregates because of the stable 

nuclei formed on the substrate during the reaction 

leading to the formation of a contacting crystal with 

which two or more crystals are associated at the higher 

pH value of the solution. This is because of the smaller 

crystals, which are greater than the number of the high 

pH values. Moreover, the size distribution of the 

nanostructured-semiconductor for the S1 sample is 

much wider than the other samples. Because of the 

different range size of the nanostructured-

semiconductor, there are different band gaps.  Hence in 

the absorption spectrum, the slope of the curve of these 

kinds of samples has a milder slope than the others. 

3.4 Photo-Catalytic Activity Measurement 

The photo-catalytic reaction of Lead Selenide 

nanostructured thin films was estimated by aqueous 

Congo red solution under visible light. The visible 

irradiation was provided by a 30 W LED lamp. The petri 

dish filled with Congo red solution (2×10-6 M, 30ml) 

and (4 Cm×2.5 Cm) PbSe nanostructured thin films 

were placed about 5 Cm from the lamp. At a given 

irradiation time (15 min), the samples were taken out 

and analyzed by UV-Visible spectrophotometer 

(PerkinElmer, Lambda 25), using DI water as the 

reference. 

 The intensity of the Congo red characteristic band at 

500 nm (I500: the main absorption band of Congo red) 

in the obtained UV–Vis spectrum was, as shown by Fig 

7, used to determine the absorption of the Congo red in 

the solution ((WX). The degradation efficiency of the 

Congo red, which represents the photo-catalytic 

efficiency of the nanoparticles, can be determined by 

Eq. (5) 

 Y(%) = (WJ − WX)/WJ × 100,                                      (7) 

where η is the degradation efficiency,(WX is absorption 

after radiation, and(WJ is absorption before radiation 

[26].  

 After 165 minutes of LED irradiation, η reaches 6.8%. 

The mechanism of photocatalytic activity of the PbSe 

thin film is illustrated in Fig 6.  
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Figure 6. Schematic diagram of photocatalytic activity. 

 

Figure 7.  Photo-catalytic decomposition profile of Congo red for 

sample S1 after 165 minutes LED irradiation 

Also, Fig 8 shows the degradation of the Congo red 

during UV illumination (λ=356 nm). All of the 

parameters of the investigation were similar to the 

previous photo-catalytic degradation of the Congo red 

under Vis light irradiation. As can be seen, the 

degradation efficiency of the Congo red increased along 

with the UV irradiation and after 150 minutes reaches 

67.7%. 

 

Figure 8. The Photo-catalytic decomposition profile of Congo red 

for sample S1 after 150 minutes UV irradiation 

 

4 Conclusions  
 

 PbSe nanostructured thin films were, in this study, 

prepared using the chemical solution deposition 

method. To obtain the appropriate band gap (i.e., the 

band gap around 1.4 eV with a high level of usability in 

the quantum dot solar cells), the effects of the pH and 

time of reaction were studied. 

 From the present study aimed at producing the 

appropriate PbSe thin films, which can be used in the 

quantum dot solar cell, the following conclusions can 

safely be drawn: 

(1) The homogenous films made up of nanoparticle 

structures have a hexagonal structure.  

(2) The films obtained from this study are rather 

adherent and uniform, as observed by the naked 

eye and SEM images. 

(3) We investigated the concentration of the 

complex agent effect (pH) that governs the 

evolution of the thin film configurations in Pb 

Senanstructured arrays. The concentration of 

the complex agent (pH) effect has a critical role 

in the fabrication of the thin layers of high 

quality with desired features. The increase of 

the concentration of complex agent of the 

reaction solution results in the formation of 

bigger and wider aggregates as well as a more 

widely- sized distribution. 
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(4) The increase of the semiconductor band gap 

due to the decrease in the size and products 

vividly shows strong electron confinement 

inside the nanoparticle boundaries. The direct 

band gap of the resulting nanoparticles can be 

tuned especially for use in the quantum dot 

solar cell by altering the nanocrystal size. 

(5) The photo-catalytic experiment revealed that 

PbSe nanostructured thin films were evaluated 

by the photocatalytic degradation kinetics of 

the aqueous Congo red under ultraviolet and 

visible radiation. The results yielded from this 

study show that the photocatalytic activity 

under visible radiation nanostructured thin 

films has a 36.8% degradation efficiency. 

Under ultraviolet radiation, it enjoys a 67.7% 

degradation efficiency. 
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