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Introduction

A nitrito group is known to be an ion or molecule that is able 
to donates a pair of electrons to the central metal atom or ion to 
form a coordination complex [1]. Nitrito groups can be anions, 
cations, and neutral molecules as long as it is capable of acting as 
a Lewis bases (it can donate pairs of electrons) and cause a central 
metal atom to act as Lewis acid (it can acceptor pairs of electron). 
During this pair of donor-acceptor interactions, the nature of 
bonding between central metal atoms to the nitrito-group ligand 
may vary from being an ionic bond to a covalent bond. In this  

 
regard, a nitrito-group can be cations (NO+, OH-, NH2

– and N2H5
+), 

anionic nitrito group (electron-pair acceptors like CN-, NCS-,) or  
neutral nitrito-group (like H2O, CO and NH3) [2]. It all depends 
on the number of binding sites present within the central metal 
atom which also varies with its resulting charge and particle size. 
Several chalcogenide compounds [3] with unique properties have 
attracted great attention for solid state device applications. They 
have shown potential multipurpose applications especially for 
devices that require a perovkite structure that couple well with 
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either gas-solid interface or heterogeneous catalytic nature. These 
chalcogenide compounds are easy synthesizing [4], easily to vary 
their chemical and physical properties for specific ad unique 
applications.

Lead sulphide is a chalcogenide semiconductor material 
[5]. It has attracted a great research interest in the recent past 
for various reasons. It has unique properties, readily available 
in abundance, has excellent structural, optical and electrical 
properties that can be manipulated for specific technological 
applications [6]. Therefore, lead chalcogenide materials have 
excellent absorption coefficients and appropriate suitable band 
gaps capable to absorb photons from natural sun light. They have 
attracted particular interest in large area fabrication of solar 
selective coatings, photodiode arrays, photoconductors, sensors 
and solar cell [7]. Several deposition techniques have been used 
to growth binary chalcogenide [8] among them being CBD which 
was used PbS in this study and whose results is presented for 
which its optical properties are reported within UV, Visible, and 
near infrared region (NIR) of radiation. Mathematical approaches 
were also used analyze its optical properties in order compare the 
experimental and theoretical analysis in related studies elsewhere 
[5,9-13]. This study examined the influence of a pair of electrons 
from a nitrito-group ligand on the optical properties of binary PbS 
thin films grown by solution technique. 

Theory

Lead sulfide also known as galena is a binary chalcogenide 
with PbS as its chemical formula with a molecular weight of 239.30 
[11]. It has a Fm3m symmetry with a lattice constant of 5.936 Å, 
a very narrow band gap of 0.37eV, a magnetic susceptibility of - 
0.0000836 that influence an electron and hole mobility of 600 
cm2/Vs in each particle. Lead sulfide exhibits very attractive 
thermal properties that include heats of fusion and formation of 
72J/g, and 435kJ/mole respectively with a thermal conductivity 
of 2.30 W/mK [14]. It also exhibits a density of 7.61 g/cm3 with a 
Mohs hardness of 2.5 at a refractive index is 3.91. Lead (II) sulfide 
has a cubic crystal structure with unit cells formed by one anion 
surrounded by some 6 cations as shown in figure 1.

[ ( ) .3 2 ] ( ) 2 ( ) 3                   (2.1)3 2 2 2 3 2Pb CH COO H O NaOH Pb OH Na CH COO H O+ → + +

2 ( ) 2[ ] 2[ ( ) 2                         (2.2)2 6 15 3 2 2Pb OH C H NO Pb TEA H O On n+ → + +

2[ ( ) ] ( )                   (2.3)Pb TEA Pb n TEAn
+→ +

2 2                    (2.4)Pb S PbS+ − →

Lead sulfide can be formed by reacting a cation of Pb+2 from 
a solution and the anion of S-2 from another aqueous solution as 
illustrated below using lead acetate [15].

Lead sulfide has been under investigation as a semiconductor 
for many years. It is a toxic semiconductor only if it gets decomposed 
by heat to generate lead oxide and sulfur oxide products. Lead 
sulfide has found itself as a potential material for applications in 

infrared detectors [10], many photo-optic applications and even 
as a slip-property modifier commonly used in the friction industry 
to enhance heat conduction and regulate friction coefficients [16] 
in moving parts that are in contact in most automobile industrial 
applications.

Methodology

Reagents and chemicals

The following reagents were used: a soap solution, acetone, 
methanol, de-ionized water, distilled water, sodium hydroxide, 
lead acetate trihydrate, thiourea, and tri-ethanolamine among 
others.

Apparatus and materials

The following materials: cotton wool, glass slide substrates, 
digital PH meter, furnace, digital stop clock, magnetic stirrer, retort 
stand and clip, beaker and aluminum foil among others.

Cleaning of substrates

Glass slide substrates were first scrubbed thoroughly with 
a wet cleaned cotton wool in soap solution from a few second. 
I was then rinsed with running distilled water. They were again 
ultrasonicate in a bath of acetone, followed by methanol and finally 
rinsed again in distilled water at room temperature for few hours. 
After drying, they were rinsed with de-ionized water and dried in 
an open furnace at moderate temperature for a few minutes. They 
were then stored.

Experimental procedures

Solution technique was employed in this study. A 2.5ml of 0.5 
Mole of lead acetate trihydrate, about 2.5ml of 2.0 mole of sodium 
hydroxide were mixed and thoroughly stirred. Some 3.0ml of 1.0 
mole of thiourea was added. Three different concentrations of 
tri-ethanolamine (Nitrito-group ligand) was prepared at 25.6oC 
(room temperature in the laboratory at the experimental time) 
as to varied from 0.2 moles labeled X, 0.4 moles labeled Y to 0.6 
moles labeled Z. To obtain a volume to submerge the glass slide 
(substrate), some distilled water was added to make the total 
volume of 80ml in a 100ml beaker and covered with an aluminum 
foil to prevent unwanted particles land in the bath. A digital PH 
meter was used to determine the PH of the solution which was 
maintained at 11. A magnetic stirrer was used for 10 minutes to 
ensure homogeneity in the bath solution. The glass substrate was 
vertically clamped using retort stand and clip over the beaker and 
gently lowered into the reaction bath and allowed to stand still for 
18 hours separately as X, Y and Z samples in TEA concentration 
of 0.2M, 0.4M and 0.6M respectively. After 18 hours according to 
Abbass et al. (2022), the three samples were gently and slowly 
pulled out of the bath, rinsed in distilled water before drying them 
slowly in an open furnace at 30oC.
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Figure 1: Cubic crystal structure of lead (ll) sulphide [19].

Solid state properties were characterized using UV-VIS 
Spectrophotometer over a spectra ranging between (200 - 
1000nm) to determine transmittance, absorbance, extinction and 
absorption coefficients, skin depth, band gap and Urbach energies, 
refractive and dielectric constant. 

Results and Discussion

The process of drying the thin films in an open furnace at 
room temperature was to remove the residual water and any 
other adsorbed surface impurities that may have been present. 
The thin films obtained were observed to be well adhered to 

the glass substrates and were very homogeneous over the 
coated surfaces. The deposited films were characterized using 
various characterization techniques that included using the UV-
VIS spectrophotometer to determine the optical and solid-state 
properties.

Skin depth

Figure 2 shows the variation of penetration depth of the 
incident photon energy on the X, Y and Z samples where it can 
be observed that the depth decreases as incident photon energy 
increases. 

Figure 2: Variation of penetration depth with incident photon energy for PbS thick films.

Film characterization
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Further, penetration depth of sample X increases with the 
photon energy until it reaches a point of about 1.800eV where it 
loses absorption power. Its light wave amplitude reduces to a point 
where it can be regarded as it’s called cut-off wavelength [11] 
where transmittance for X is lower than that of Y (at 2.42eV) and 
that of Z (at 4.21eV). Here, transmittance for Z is the highest. Since 
a Nitrito group ligand donates a pair of electrons, these electrons 
then increase the skin depth of PbS thin films. Similarly, the skin 
depth increases as we increase the concentration of Nitrito group 
ligand or as the number of donated pair of electrons increases. 
Therefore, penetration depth can be attributed to the decrease 
observed in the film thickness as the Nitrito-group concentration 
increases. Thus, skin depth in PbS thin films can be determined 

by the mount of electron pair donated by a Nitrito-group ligand. 
According to literature [12] the skin depth of any material is a 
measure of the maximum distance for a certain electromagnetic 
radiation is able penetrate before it is complete absorption by the 
atoms of the material [7]. This implies that penetration depth is 
absorption coefficient dependent.

Transmittance and absorbance 

Transmittance was measured within the spectra range of 200 
- 1000nm and the spectra data was used to plot transmittance 
against wavelength as shown in figure 3 while figure 4 shows the 
calculated absorbance spectra of the PbS thin films. 

Figure 3: Transmission against spectral wavelength for PbS thick film.

As shown in figure 3, it can be deduced that there was zero 
radiation transmission between 200 - 620nm wavelengths for 
both samples X and Y. After 620nm, it increased exponentially 
with wavelength due to the lower amounts of pair of electrons 
donated in each instant. The consequence was an increased film 
thickness. Due to the donated pair of electrons, sample Z has an 
excellent transmittance of about 50% that can be attributed to the 
large number of electron pairs available in the precursor solution 
in the bath. A similar transmittance spectrum for PbS thin films 
that attributed to the thickness of the films was obtained by Abbas 
et al. 2011 where it was concluded that a ligand donates a pair 
of electrons that influence an increase in optical transmission in 
thin films. This was an amazing property that makes PbS films 
with dimensions of sample Z suitable for antireflection coatings 
and even solar flat-plat collector applications [4]. The curve in 

figure 4 is a graph of the absorbance plotted against the spectra 
wavelength and it can be deduced that sample X had a higher 
absorption as compared to sample Y. in fact, there was zero 
absorption for both sample Y within the spectra range of 200 - 
550nm and for sample X in the range of 200 - 700nm. This was 
attributed to the donated electron pair concentration as this has 
been deduced to influence thickness of PbS films elsewhere [15]. 
It can also be deduced from figure 4 that absorption for samples X 
and Y increase with decreases in wavelength while sample Z has 
the lowest absorption because it had the highest concentration 
of pairs of donated electrons and that caused Bathocromic effect 
[17]. Its absorption edge Red- shifted (towards longer wavelength) 
which was attributed to decrease in the direct band gap. Similar 
observations were made by [2]. 
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Figure 4:  Calculated absorbance spectral for PbS thick films.
 

Refractive index (n)

Figure 5 shows a plot of refractive index as a function of 
photon energy for PbS thick films. As deduced from figure 5, 
samples X and Y had a refractive index of about 1.810 within the 
visible spectra that was attributed to the number of electron-pair 
donated by the Nitroto-group ligand. This pair of electrons is 
responsible for the increase the thickness of PbS films. Similarly, 
sample Z, exhibited the lowest refractive index far below 0.821 
in the UV region which was attributed to narrower thickness as 
compared to X and Y. Equally, the pair of donated electrons from 

the Nitroto-group played a key role. It was concluded that the 
scattering of photons within this small or narrow thickness can 
be ascribed to the smaller and uniform grain distribution present 
in sample Z and therefore, it can be deduced that, increasing the 
concentration of Nitrito group ligand during film deposition of 
PbS thick films influences a decrease in refractive index within 
the ultraviolet spectrum. Therefore, refractive index is the rate 
at which photons are slowed down as they propagate through an 
optical active material [18] and therefore, form one of the most 
significant optical properties to be considered whenever any 
optical material is to be chosen for any optoelectronic application. 

Figure 5: Variation of refractive index with the photon energy.
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Frequency response

Figure 6 shows the frequency response of PbS thick films 
against the photon energy. From figure 6, these thick films 
exhibited higher frequency in which it can be deduced that sample 
X had the highest frequency response as compared to sample Y 
that was slightly lower. However, sample Z exhibited the lowest 
frequency response. It can be deduced that the frequency response 
of these thick films exhibited a similar trend as compared to its 
refractive index. Since frequency response is a measure of optical 
conductivity of a material on irradiation with electromagnetic 
radiation, it was noted that it was strictly dependent only on 

absorption coefficient and refractive index. However, the values 
of optical conductivity seemed to decrease sequentially as the 
number of donated pair of electrons form the Nitrito group ligand 
increases. Sample X with the lowest concentration of pair of 
donated electrons responded quickly and sharply to the frequency 
of the incident photon as compared to sample Y and sample 
Z respectively. It was concluded from the sight of the pair of 
donated electrons from the Nitrito group ligand that the number 
of donated pair of electrons decreases the optical conductivity of 
PbS thin films. 

Figure 6: Plot of frequency response against photon energy for of PbS thick films.

Molar absorptivity and absorption edge 

Figure 7 shows a variation of optical absorption coefficient 
while figure 8 shows a plot of extinction coefficient as a function 
of wavelength within the 200 - 1000nm solar spectra range. From 
figure 7, it can be observed that the films in sample X and sample 
Y which were with lower number of donated pair of electrons 
were thicker compared to sample Z which was thinner. Similarly, 
sample X and sample Y showed zero photon absorption within 
200 – 520nm wavelength spectra and exhibited absorption edges 
at 542nm and 653nm wavelength for sample X and sample Y 
respectively. However, sample Z had the highest optical absorption 
coefficient in the UV-VIS region which was attributed to the 
number of pairs of electrons donated by the Nitrito-group ligand. 
Equally, the exhibited absorption coefficient increases as incident 
radiation shifted towards longer wavelength with higher values in 

the band absorption region. Therefore, an increase in absorption 
coefficient leads to an increase in electron transition in the energy 
bands which influences a reduction in the band gap energy of 
the thick films [12,13]. According to Priyanka, and Naik, (2022), 
absorption coefficient of PbS films corresponds to the transition 
of electrons or the excitation of electrons from a valence band to 
the conduction band of the crystals. This is a component that is 
employed to determine the nature of the optical band gap. From 
figure 8 shows, it can be observed that within the UV region, the 
extinction coefficient increased with increase wavelength.

The notable increase occurs at wavelengths below 706nm, 
551nm and 353nm for samples X, Y and Z respectively. This 
increase was attributed to the high photon absorption due to 
the smoothness of the surface of the films. It can be deduced 
that an increase in the number of donated pair of electrons from 
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the Nitrito-group ligand decreased the extinction coefficient 
right from the absorption edge towards and within the visible 
region. Therefore, absorption coefficient in PbS thick films was 
significantly slightly constant within the visible range especially 
in the wavelengths above 910nm though all the samples exhibited 
a dominant peak around 800nm wavelength. It therefore true 
that, extinction coefficient is a characteristic material property 

that may determine how a material absorbs, transmits or reflects 
light or photons at a particular wavelength [8,14]. It is therefore 
an intrinsic material property that can isolate an atomic, chemical, 
and protein structural composition. Molar absorptivity [9] is 
true a measure of photon or light loss takes place due to photon 
scattering and absorption per unit volume of a material. 

Figure 7: Variation of molar absorptivity against wavelength for PbS thick films.

Figure 8: Variation of extinction coefficient against wavelength for PbS thick films.
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Band gap energy

Figure 9 shows the variation of estimated using Tauc plot 
against the photon energy while figure 10 shows the variation 

band energy gap as a function of nitroto-group for sample X, Y and 
Z of PbS thin films estimated by extrapolation of the linear portion 
of each Tauc plot to the photon energy axis at a point where the 
term is arbitral zero.

Figure 9: A Tauc plot for PbS thin films as a function of photon energy.

Figure 10: Variation of band gap energy against nitroto-group concentration.

From figures 9 & 10 respectively, it is observed that band 
gap energy reduces linearly with the photon energy. Band gap 
also narrows down as Nitrito-group ligand that donates pairs 
of electron increases. This implies that after a certain limiting 
size of particle size which is associated with the excition radius 

determines the space between the band levels of the material 
changed. The Nitrito-group ligand reduces the band gap energy 
and for samples X, Y and Z, it was reduced to a range of 0.4 - 
0.6eV respectively which resulted into values close to Abbas et 
al. [15] and this may be due to the nanocrystalline nature of PbS 
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as a material. This trend was attributed to the effect of quantum 
confinement [4]. Sample X was then recommended as a good 
material for solar cell fabrication and in accordance with theory 
[3], samples had a direct band gap by estimation.

Urbach energy 

A plot of as a function of the photon energy was determined 
by taking the reciprocal of the slope and is presented in figure 12. 

From figure 11, it was observed that the values of Urbach 
energy increased as the of Nitrito group ligand concentration 
increase. The increase was attributed to an increase of the defects 
in the thick film. It also implies that there exists a localized state in 
the energy band gap [9]. Urbach energy therefore represents the 
degree of disorder and defects [12] and it corresponds to the band 
tail width of the localized states in the energy gap [7]. 

Figure 11: Variation of ln as a function of photon energy of PbS thin film.

Figure 12: Variation of real dielectric constant with wavelength for PbS thick films.
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Dielectric constant (ε)

Both the real and imaginary dielectric constants were plotted 
in figures 12 & 13 for wavelength between 300nm - 900nm.

As compared to the refractive index curve, all samples 
exhibited a similar trend. This suggested that square of their 
respective absorption coefficient values were much smaller 
compared to the square of their corresponding refractive indexes 
showing that dielectric constant depend on refractive index though 
the average value of the real dielectric constant is considerably 
greater than that of the imaginary part. It was also deduced that 
both the real and imaginary dielectric constant decreases as the 
concentration of Nitrito group ligand concentration increased. 

Similarly, dielectric constants increased with decrease in incident 
radiation wavelength and this implied that both dielectric 
constants decrease with a decrease in the amount of electron 
pairs donated. As seen in figure 13, the oscillatory behavior of the 
imaginary dielectric constant appears mainly in the transparent 
region. However, at the absorption edge, a sharp increase in the 
imaginary dielectric constant is noted with increase in photon 
energy. The permittivity of a material represents the ability of 
a material to concentrate electrostatic lines of flux due to static 
charges. It actually represents the ability of a material to store 
electrical energy whenever there is an electric field [8]. Therefore, 
the real and imaginary part of dielectric constant purely depends 
on refractive index and absorption coefficient [19,20].

Figure 13: Variation of imaginary dielectric constant with wavelength for PbS thick films.

Conclusion

The influence of a pair of donated electrons from nitrito-
group ligand was investigated using grown by solution technique. 
It was observed that the pair of donated electrons caused a slight 
variation in some of the optical properties PbS thick films. The 
following optical properties were noted to influence by the pair of 
donated electrons: refractive index, real and imaginary dielectric 
constant, band gap energy and Urbach energy. Specifically, the 
band gap slightly widened which was a clear indication of a 
variation of grain sizes and defect levels in the samples analyzed. 
The films were recommended for wider band application as 
compared to the theoretical PbS thick film band gap.
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