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Abstract
In the present study, the highly recommended lead iodide (PbI2) nanoparticles and thin films based on PbI2 
nanoparticles have been prepared for optoelectronics and solar cell applications. PbI2 is an anisotropic p-type 
semiconductor with a band gap of 2.57 eV at room temperature. PbI2 material has large potential applications 
in optical detector, digital X-ray imaging, gamma ray detector, etc. PbI2 layered semiconductor nanoparticles 
were stabilized using thioglycerol and investigated by Ultraviolet-Visible (UV-Vis) absorption spectroscopy, 
X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), transmission electron microscopy 
(TEM) and photoluminescence (PL) spectroscopy. The chemical bath deposition (CBD) method was used 
to deposit PbI2 thin films on fluorine-doped tin oxide (FTO) glass substrates. These films were characterized 
by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), mapping and atomic 
force microscopy (AFM). The thicknesses of the PbI2 thin films were estimated using a laser profilometer. The 
blue shift was observed in UV-Vis absorption and PL spectra of PbI2 nanoparticles. TEM was used to obtain 
quantitative information on the PbI2 particle size distribution. Due to the low solubility of PbI2 in acetonitrile, 
approximately 20-30 nm sized circular particles are obtained. The variation of 18 Å was observed in the 
lateral dimensions of PbI2 nanoparticles. Pb4fXPS core level appeared at 138.5 eV corresponding to PbI2. 
There is no report published wherein the PbI2 nanoparticles and the PbI2 thin films were prepared by the 
aqueous chemical method and the CBD method respectively. In this study, the characterization results of 
PbI2 nanoparticles and PbI2 thin films were better than many other materials.
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INTRODUCTION
The size quantization effect observed in case 

of semiconductor nanoparticles [1-6] has led 
to numerous efforts to populate the particles of 
certain sizes. A number of methods have been 
used to synthesize nanoparticles with narrow 
size distribution. There are many examples of 
IV group, I-VI group, II-VI group and III-IV group 
semiconductors where this has been possible 
to a more or less good extent. Although in many 
cases colloidal particles suspended in liquids 
were investigated for their optical properties, 
the applications require the particles in the form 
of powder or thin films. However, in the case of 

PbI2, colloids are often synthesized or mixtures of 
various sizes have been produced. For obtaining 
the aforementioned forms of PbI2 particles, some 
of the routinely used methods are chemical 
capping, use of zeolites, glass matrix, polymer 
coating etc.

There is a lot of interest in synthesizing 
nanoparticles of narrow size distribution so as 
to exploit their size dependent properties. In 
semiconductor nanoparticles, when the size of the 
particles is similar to or less than the size of the Bohr 
diameter for the exciton, the energy gap begins to 
widen and a greater excitonic peak becomes visible 
even at room temperature [7, 8]. The particle size 
decreases and the energy gap increases with an 
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increase in the concentration of the capping agent 
in case of semiconductor nanoparticles [4-6]. 
This provides an opportunity to fabricate novel 
optoelectronic devices. Interestingly, a variety 
of methods of synthesis can be utilized to obtain 
nanoparticles in different media like glasses, 
zeolites, polymers etc. and avoid expensive routes 
of bottom down technology. Synthesis of layered 
semiconductor nanoparticles like PbI2, HgI2, CdI2, 
BiI3 has been carried out in the past [9-11].

PbI2 is a IV-VII group p-type semiconductor 
having a band gap of 2.57 eV [12, 13] at room 
temperature. In the PbI2 layered semiconductor 
with its band structure, the layer of lead ions is 
sandwiched between two layers of iodine ions 
that are packed closely and hexagonally [10, 
14-17]. The layers of lead and iodine atoms are 
perpendicular to the c-axis and they are held 
together by van der Waals forces [10, 13, 16, 18]. 
For PbI2 semiconductor nanoparticles to exhibit 
the quantum size effect, the particle size should 
be comparable to or smaller than 3.8 nm because 
the Bohr radius of exciton for PbI2 is 1.9 nm [10]. 
PbI2 is an anisotropic [10, 13] semiconductor 
which crystallizes in the CdI2 type of layer 
structure [18]. PbI2 shows interesting optical [18, 
19], photoconductive and electronic properties 
[10, 12, 13]. The other properties of PbI2 are 
thermal stability, lower vapor pressure [12], two-
dimensional layered structure, band-gap in the 
visible range (2.30 eV) and high molar mass [15]. 
Transport properties of PbI2 layered semiconductor 
at high electric fields along the c-axis were 
determined by R. Minder et al. [20]. PbI2 material 
has potential applications like solar cells, optical 
detectors, X-ray radiation detectors, γ-ray detector 
(due to high atomic number of Pb – 82, and I – 53), 
digital X-ray imaging, photo-optical devices etc. 
at room temperature with high efficiency due to 
wide band gap [12-15, 21-23]. The size dependent 
optical and electrical properties are observed in 
PbI2 nanoparticles due to the quantum size effect. 
Due to the size dependent physical characteristics 
[12], PbI2 semiconductor nanoparticles have 
large commercial applications in X-ray digital 
radiography detectors, co-precipitation sensors, 
photo detectors, sensors, photo-catalysis, 
lubrication, nonlinear optics, biological labeling 
and diagnostics, photo-electrochemistry [24] 
and light emitting diodes (LED) including photo-
electro-co-precipitation solar cells [13, 16, 22, 24]. 
PbI2 has been the subject of much attention lately 

because of its capacity to react with amine iodides, 
including methyl ammonium iodide (CH3NH3I–
MAI). These reactions produce materials with 
extraordinary optoelectronic properties, halide 
perovskites like CH3NH3PbI3 (MAPI), which are 
used in high efficiency perovskite solar cells (PSC). 
PSCs have used atomic layer deposition (ALD) to 
deposit metal oxides that act as charge carrier 
blocking, junction creating, or encapsulating 
layers. On the other hand, because halide 
perovskites and metal iodides lack ALD processes, 
ALD is still poorly understood in the context of 
halide perovskites [15]. ALD can coat structures 
with a high aspect ratio (HAR), it works well with 
roll-to-roll manufacturing, and makes composition 
control in multicomponent films simple. Regarding 
halide perovskite devices, these characteristics 
are important. Though roll-to-roll production 
has promise for flexible halide perovskite 
photovoltaics and light emitting diodes, covering 
HAR structures can be helpful for producing halide 
perovskite films for transistors. The ability to tune 
the electrical and optical characteristics of the 
perovskites makes composition control essential 
for all halide perovskite applications [15]. PbI2 
is used as a precursor of the hybrid organic/
inorganic active material in perovskite solar cells, 
MAPbI3, where MA is the methyl-amide group 
[13]. This has led to a recent resurgence of interest 
in PbI2 due to the developing field of organometal 
trihalide perovskite photographic solar cells.

In case of PbI2, most of the attempts have been 
made to synthesize them as colloids suspended 
in liquids (acetonitrile) where they can remain 
separated due to electrostatic interaction. The 
PbI2 particles should be stabilized using some 
surface-active agent or encapsulated in some 
stable matrix like polymer, zeolite or glass to avoid 
the coalescence of nanoparticles and maintain 
their size dependent properties. In the past, the 
PbI2 nanoparticles embedded in zeolite [25] and 
silica glass [10] have been synthesized. We have 
demonstrated that it is indeed possible to use 
organic molecules like thioglycerol to passivate 
the PbI2 particles. This method has an advantage 
of producing dry powder of PbI2 to make pellets 
or solution containing PbI2 in thioglycerol, and may 
be utilized for preparing thin film by spin coating, 
dip coating or chemical bath deposition methods.

Previously, various methods like chemical 
method [14], sol-gel method [10], co-precipitation 
method, microwave irradiation method, 
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hydrothermal method [26, 27] etc. were used 
to synthesize PbI2 nanoparticles. However, in 
majority of the attempts, PbI2 nanoparticles were 
synthesized as colloids in some organic liquids. 
The electrostatic interaction between the particles 
controls the particle growth in solutions. However, 
the surfaces of the particles must be passivated to 
employ them as dry powders or thin films. As the 
chemical method is simple, less expensive, easily 
available and easily accessible, it is widely used to 
synthesize the nanoparticles as compared to any 
other method. Using chemical synthesis methods, 
nanoparticles can be produced as colloids and 
then stabilized with some procedural modification. 
It is also possible to form thin films of stabilized 
nanoparticles without altering their particle size. 

Various techniques like chemical vapour 
deposition [28], vacuum evaporation [29], pulsed 
laser deposition [30], electro-chemical deposition 
[31], vacuum sublimation [32], spin coating [33], 
spray pyrolysis [34], thermal evaporation method 
[13, 24] and atomic layer deposition (ALD) [15] 
were used for deposition of PbI2 thin films. CBD 
technique depends on the immersion of the FTO 
glass slide into the precursor solution containing 
cations and anions [35]. CBD is a very simple, 
non-polluting, inexpensive [36] and convenient 
method used for making good quality, uniform, 
homogeneous and large area thin films [37] 
for industrial scale [38]. Thin film deposition is 
performed by precipitation using a controlled 
chemical reaction in CBD method [39]. The best 
photoconductivity and morphological properties 
such as surface roughness and pinhole density 
are obtained in CBD deposited thin films [40, 41]. 
It is not necessary to have a high temperature, 
high pressure or vacuum system [42] in CBD 
process which makes it a preferable method in 
comparison with the other methods [43]. Eco-
friendly procedure is used in CBD technique 
[44]. Only the precursor solution, containers and 
substrate mounting devices are needed for the 
CBD method, which makes it better than other 
methods. There is nucleation and particle growth 
in the CBD process which forms a solid from the 
solution [45]. The optical, structural and electrical 
properties of the CBD deposited thin films are 
affected by the deposition temperature, pH of 
solution, deposition time, molarities and chemical 
reagents [38, 42, 45]. The economical CBD method 
produces stable, adherent, uniform and hard films 
with good reproducibility. The growth conditions 

such as deposition time, composition, solution 
temperature, topographical, and chemical nature 
of the slide are dependent on the film thickness 
[45]. 

In this study, the aqueous chemical method 
was used to stabilize thioglycerol capped PbI2 
layered semiconductor nanoparticles at room 
temperature. It was possible to obtain the nano-
sized, mono-dispersed PbI2 particles by increasing 
the concentration of the stabilizer. Use of different 
stabilizing chemicals and their concentrations have 
profound effect on the morphology of the resulting 
aggregates. UV-Vis absorption, XPS and TEM were 
performed to investigate PbI2 nanoparticles. The 
CBD method was used to deposit the PbI2 thin films 
on FTO glass slides. These films were analysed by 
XRD, SEM, EDAX, mapping and AFM. 

Previously, several characterization techniques 
were used extensively to characterize the PbI2 
nanoparticles, the results of which indicate that 
the physical properties of these nanoparticles 
have changed drastically compared with the 
bulk PbI2 material and such nanoparticles were 
utilized in different technological applications. 
We have obtained similar results with pure PbI2 
nanoparticles. 

We have demonstrated that PbI2 particles 
can be passivated using short chain organic or 
inorganic molecules. Synthesis of the particles can 
be carried out in a solution but stable dry powders 
can be obtained with particles in the narrow 
size regions. We have compared our results 
with the PbI2 nanoparticles synthesized by other 
researchers. Thermal stability of the passivation is 
also discussed. 

The aim of the present work is to discuss 
about the synthesis of the PbI2 nanoparticles 
using the aqueous chemical method, preparation 
of PbI2 thin films by the CBD method, and 
their characterization results. Synthesis and 
investigation of nanoparticles is considered to be 
a difficult task as compared to the bulk material. 
Such nanoparticles embedded in solid matrix are 
useful for a variety of applications. The optical, 
structural and electrical properties of PbI2 
nanoparticles have also been discussed in more 
detail.

MATERIALS AND METHODS
Based on the science of low dimensional 

materials, nanotechnology has been considered 
to be the leading technology of the twenty 
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first century. It is expected that electronics, 
optoelectronics, automobiles, medicines, sports 
goods etc. are using nanomaterials invading all 
walks of our lives. Therefore, there is a lot of 
enthusiasm amongst the scientists to synthesize, 
organize and characterize low dimensional 
materials.

When one, two or all three dimensions of 
a material reduce below ~ 100 nm size, it is 
known as a thin film, a wire or a dot respectively. 
At such a size, the scale properties of metals, 
semiconductors or insulators are predominantly 
size dependent. Due to this, it is possible to tailor 
the properties making it colourful or colourless, 
transparent or opaque, magnetic or nonmagnetic, 
and so on, without altering the chemical formula 
(or stoichiometry of the constituents) of the 
nanomaterials. However, it is quite important at 
this stage to understand the properties of novel 
nanomaterials.  

As nanoparticles are characterized by size 
dependent properties, it is necessary to obtain 
the narrow size distribution. The undoped PbI2 
nanoparticles with a size less than or comparable 
to Bohr diameter of exciton have been synthesized 
by the chemical method. Especially, the chemical 
method works extremely well for the synthesis of 
IV-VII group semiconductors because of several 
advantages. Chemical method is a relatively 
simple and inexpensive approach to synthesize 
the nanoparticles and has been adopted even in 
the past. There are many examples of IV group, 
I-VI group, II-VI group semiconductors wherein the 
particles with narrow size distribution are obtained 
[1-6, 46]. Different capping agents and media 
may be used for the synthesis of nanoparticles. 
However, in this work, thioglycerol [SHCH2CH(OH)
CH2OH] has been used to passivate the particle 
surface [4- 6]. 

There are different characterization techniques 
which can be used to analyze the nanoparticles. 
UV-Vis absorption is the simplest method to 
understand the formation of nanoparticles 
with quantum confinement. The electronic 
properties can be studied and also the surface 
and bulk defects can be determined by using the 
photoluminescence technique [4-6]. Structural 
analysis of nanoparticles is a challenging job 
because nanoparticles are often very small (~ 1 
nm diameter) containing only few tens of atoms. 
Therefore, periodicity of bulk solids is not well 
developed. The XRD technique is widely used 

to determine the size measurements of the 
nanoparticles and also their phase [4-6]. The 
XPS method checks the presence of impurity in 
nanoparticles. The SEM technique determines 
the size distribution of the nanoparticles. The 
presence of the elements in nanoparticles is given 
in atomic percentages by EDX. The quantitative 
information on the distribution of crystallites, the 
particle sizes and the growth pattern are obtained 
by analysing the nanoparticles by TEM. The surface 
morphology of the PbI2 thin films was analyzed by 
the AFM study [4-6].  

Experimental Procedure for The Synthesis of PbI2 
Nanoparticles

The synthesis of PbI2 nanoparticles of different 
sizes was done by the aqueous chemical method 
at room temperature at varying concentrations of 
thioglycerol. The flow chart for the preparation 
of PbI2 particles (sample A) is shown in Fig. 1. 
The aqueous solution of the starting material 
Pb(NO3)2 (0.01 M in 25 ml DDW) was stirred in 
the reaction vessel using a magnetic stirrer. Then 
the aqueous solution of thioglycerol (0.8 M in 25 
ml DDW) was added drop wise to Pb(NO3)2 by 
an equalizer. Finally, the aqueous solution of the 
starting material KI (0.05 M in 25 ml DDW) was 
added into the reaction vessel and the whole 
solution was stirred under nitrogen atmosphere. 
Double distilled or deionised water was used as 
the solvent in solution preparations. In reaction 
process, it makes no difference either to start 
with Pb(NO3)2 or KI. The only important factor is 
the addition of the capping agent which should be 
in between the additions of the starting materials 
Pb(NO3)2 and KI. The experiments were carried 
out at room temperature (30 °C) under nitrogen 
atmosphere. The final colloidal solution was 
centrifuged and the precipitate was washed 3-4 
times with double distilled water. The precipitate 
was transferred to Petri dish and air dried to get 
the PbI2 nanoparticles (sample A). The similar 
procedure was followed to synthesize the PbI2 
nanoparticles (sample B) by using the thioglycerol 
concentration of 0.001 M.

The nucleation is rapid when the chemical 
reaction between the lead nitrate and potassium 
iodide is rapid. The growth process depends on 
the rate of nuclei production. The autocatalytic 
growth increases rapidly with increased 
nucleation, and with increased nucleation, a large 
number of small sized particles are formed. Slow 
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chemical reaction forms large sized particles and 
growth occurs by ripening. Nucleation and growth 
occur simultaneously in slow reactions. There is an 
inverse relationship between the rate of reaction 
and particle size where one increases and the 
other decreases, but the rate of reaction increases 
with an increase in the molarities of the reactant 
solution. When the absorption edge shifts to the 
higher energy, the particle size decreases and 
the quantum confinement effect is observed in 
semiconductor nanoparticles [47].

The role of thioglycerol acting as the capping 
agent in isolating the nanoparticles is extremely 
important. If a capping molecule binds in some 
way to a growing particle, it sticks there, arrests 
the growth and isolates it from the other growing 
particles in the reaction. Thus, an ideal capping 
molecule must reside on the surface of a particle. 
It forms a strong enough bond with the particle 
surface so that it remains there permanently, but 
should not take part in any other process occurring 

inside the particle. In other words, it should be 
able to avoid the coalescence of nanoparticles.

PbI2 nanoparticles were stabilized using 
thioglycerol. By altering the concentration of the 
stabilizer, it was possible to populate the particles 
of certain sizes and energy gaps. The molarities 
of Pb(NO3)2 and KI were kept constant in the 
synthesis of PbI2 nanoparticles (samples A and 
B). An accuracy of 10-5 gm and an accuracy up to 
10-1 ml were maintained in the measurements of 
chemicals and solutions respectively [4-6]. PbI2 is 
a hexagonal crystal with bulk properties as given 
in Table 1.

PbI2 Thin Film Deposition
The PbI2 thin film was deposited on the pre-

cleaned FTO glass substrate by the CBD method 
using the precursor solution prepared by 
suspending the PbI2 nanoparticle powder in double 
distilled water. The chemical bath deposited 
PbI2 thin film (sample A) with approximately 12 

 

 

Fig. 1. Flow chart for the preparation of PbI2 particles (sample A). 

 

  

Fig. 1. Flow chart for the preparation of PbI2 particles (sample A).
 

Table 1. Bulk properties of hexagonal PbI2 crystal. 

 

 

 

 

  

Molecular Weight 461.01 gm 

Crystal Structure Hexagonal 

Lattice Constant 1.54 Å 

Melting Point 402 ºC 

Boiling Point 954 ºC 

Density (Specific Gravity) 6.16  gm/ml 
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µm thickness was created on the pre-cleaned 
FTO glass substrate. 2100 deposition times were 
required to prepare PbI2 thin film (sample A). 
Similarly, PbI2 thin film (sample B) approximately 
27 µm in thickness was prepared with 4700 
deposition times. The laser profilometer was used 
to measure the thicknesses of PbI2 thin films. The 
structural, electrical, and optical properties of PbI2 
thin films (samples A and B) were improved by 
their heat treatment in air at 390°C for 30 minutes. 
The crystallinity of PbI2 thin films increases and the 
resistivities, crystal defects and band gaps of thin 
films reduce by the heat treatment in air.  There 
is an increase in the thickness of the film and the 
crystallite size and a decrease in the band gap and 
the thioglycerol concentration with an increase in 
the deposition time [4-6]. Mohammed et al. had 
similar observations [20]. 

RESULTS AND DISCUSSION
Ultraviolet-Visible Absorption Spectroscopy

This characterization technique was used to 
study the optical properties of PbI2 nanoparticles 
[4-6]. The solubility of an ionic compound like 
PbI2 increases by changing the solvent from 
acetonitrile to methanol, and the maximum 
solubility is provided by water. With acetonitrile 
as solvent, largest particles are obtained, as PbI2 
is least soluble in acetonitrile. When the solvent 
is methanol, the intermediate sized particles are 
formed, as PbI2 is more soluble in methanol. As 
water is a better solvent for PbI2 than methanol, 
smallest crystallites are obtained [9]. Acetonitrile 
is a better solvent for sample A having higher 
concentration of thioglycerol (0.8 M). Therefore, 
the largest-energy gap is obtained in the UV-
Vis absorption spectrum of sample A which 
corresponds to the smallest colloidal crystallites. 
Sample B having low thioglycerol concentration 
(0.001 M) is least soluble in acetonitrile. Therefore, 
the large sized particles are obtained in sample B. 
Monodispersed particles were obtained in samples 
A and B. Lead iodide particles were dispersed in 
acetonitrile. Therefore, acetonitrile was used as 
the reference solution for PbI2 nanoparticles.

The size dependence in semiconductor 
nanoparticles was determined from the UV-Vis 
absorption spectrum of the material [4-6]. UV-
Vis absorption spectra were recorded at room 
temperature using Schimadzu UV-300 double 
beam spectrometer. The spectral range used in 
this case was 200 to 700 nm. The PbI2 nanoparticle 

powders were dissolved in acetonitrile for UV 
absorption studies. It was confirmed that neither 
mercaptoethanol nor other chemicals used in the 
synthesis produce any absorption feature in this 
range.

Pb atoms arranged on hexagonal sheets are 
separated by iodine sheets by 7Å. PbI2 is a IV-VII 
group layered semiconductor having alternate 
sheets of lead and iodine atoms. PbI2 nanoparticles 
can be used for making the X-ray detectors. Their 
structures are anisotropic. The size confinement 
effects have been observed in the absorption and 
fluorescence spectra of the PbI2 nanoparticles. 
This effect reflects the quantized motion of the 
small particles in a confined space which increases 
the effective band gap of the semiconductor. 
Other properties, and characteristics of these 
small colloidal particles, include enhanced redox 
activity and a tendency to grow in specific so-
called magic numbers. There is a variation of 12 
to 90 Å in the lateral dimensions of PbI2 layered 
semiconductor. This variation depends on the 
nature of the growing cluster interface and also 
on the solvent [11]. The hexagonal symmetry 
determines the size of the PbI2 cluster which 
increases by the symmetrical placement of lead 
atoms around a smaller cluster. The PbI2 clusters 
having a single layer of ≈ 7Å thickness grow only 
to special sizes 12, 18 and 29 Å in the plane of the 
layer. The orientation of the PbI2 crystallites (12, 18 
and 29 Å) within the plane of the layer is similar 
to the symmetry of close-packed crystallites as 
that of bulk PbI2 [9]. The existence of varying sizes 
of the PbI2 crystallites can be understood by the 
hexagonal symmetry of PbI2 clusters. The effective-
mass approximation has been used to estimate 
the sizes of the PbI2 anisotropic crystallites [1, 4, 
48, 49]. 

The UV-Vis absorption spectra of PbI2 
nanoparticles (samples A and B) recorded from 
200 to 700 nm at room temperature are shown 
in Fig. 2(a, b). The bulk band gap of lead iodide 
material is 2.57 eV at room temperature [9]. The 
UV-Vis absorption peak has appeared at 482 nm in 
the case of bulk lead iodide material

In PbI2 nanoparticles (sample A), the UV-Vis 
absorption peaks have appeared at 360 nm (energy 
gap ~ 3.43 eV), 285 nm (energy gap ~ 4.35 eV) and 
242 nm (energy gap ~ 5.14 eV) out of which the 
peaks at 285 nm and 360 nm are suppressed due 
to an increase in the molarity of thioglycerol (0.8 
M) and the sharp excitonic peak has appeared 
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at 242 nm. In PbI2 nanoparticles (sample B), the 
UV absorption peaks have appeared at 360 nm 
(energy gap ~ 3.43 eV), 285 nm (energy gap ~ 
4.35 eV), 242 nm (energy gap ~ 5.14 eV) and 215 
nm (energy gap ~ 5.78 eV). An intense peak has 
appeared at 285 nm due to a decrease in the 
thioglycerol concentration. A change is observed 
in the colour of the materials due to the change in 
their absorption values. The colour of sample B is 
dark yellow while that of sample A is light yellow. 
In sample B, as the concentration of thioglycerol 
(0.001 M) is very less, the UV absorption peaks 
of samples A and B are obtained nearly at the 
same wavelengths but with different intensities. 
In sample A, the UV-Vis absorption peaks are blue 
shifted - 0.86 eV, 1.78 eV, 2.57 eV and in sample 
B, the peaks are blue shifted - 0.86 eV, 1.78 eV, 
2.57 eV, 3.21 eV from the bulk PbI2 band gap (2.57 
eV). This indicates that there is an energy gap 
variation of 2.57 eV in sample A and that of 3.21 
eV in sample B. From Fig. 2(a, b), it can be noticed 
that the sharpness of the excitonic peak reduces 
with a decrease in thioglycerol concentration. The 
effective mass approximation-based calculations 
[1, 4, 48, 49] were used to calculate the size of the 

PbI2 particles. The equation of the exciton energy 
∆E is given as  

 ∆E = 
  

.                  (1)                                                                                                    

The total size dependent energy gap is given as
 E = Eg + ∆E                                                           (2)                                           
Where Eg is the energy gap of the bulk 

semiconductor material and ∆E is the excited 
state energy. According to the effective mass 
approximation [1, 4, 48, 49], the sizes of the PbI2 
nanoparticles in samples A and B are estimated 
which are given in Table 2.

In samples A and B, it was possible to decrease 
the lead iodide particle size and correspondingly 
increase the energy gap by increasing the amount 
of thioglycerol. Change in the particle size can 
be correlated to the change in energy gap of the 
particles. According to Planck’s quantum theory 
of radiation, the energy gap of the PbI2 crystallites 
has been estimated using the equation of the 
energy of a photon E = hv [4-6, 50]. As illustrated 
in Fig. 2(a, b) and Table 2, it was possible to adjust 
the thioglycerol concentration and the energy 
gap varied from 2.57 eV to 5.78 eV. As the energy 

 
 

Fig. 2(a, b). UV-Visible absorption spectra of PbI2 nanoparticles: a) sample A, and b) sample B. 

 

  

Fig. 2(a, b). UV-Visible absorption spectra of PbI2 nanoparticles: 
a) sample A, and b) sample B.
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gap for bulk PbI2 crystal at room temperature is 
2.57 eV, the energy gap variation of ~ 3.21 eV is 
achieved.  

Thus, in our study, the PbI2 nanoparticles 
were prepared in double distilled water at room 
temperature and the UV-Vis absorption spectra 
of these PbI2 nanoparticles dispersed only in 
acetonitrile have been investigated. The particles 
having 3-4 sizes have been obtained in samples A 
and B, but the sharp excitonic peak is observed at 
smaller wavelength (242 nm) in sample A due to 
the higher thioglycerol concentration (0.8 M) and 
the intense peak is observed at higher wavelength 
(285 nm) in sample B due to the lower thioglycerol 
concentration (0.001 M). Thus, it is clear that the 
capping effect of thioglycerol is perfect in sample 
A and that it is not adequate in sample B. 

The lateral dimensions of PbI2 nanoclusters in 
samples A and B vary from 9 Å to 27 Å. The lateral 
dimension (Lxy) can be found out by using the band 
gap shift equation in anisotropic semiconductors 
[11] which is given by

 ∆ Eg (eV) =
  +

                      (3)                              

Where μxy is the reduced effective mass of 
electron-hole pairs within the layer planes and μz is 
the reduced effective mass of electron-hole pairs 
perpendicular to the layer planes. Lxy and Lz are the 
corresponding lateral dimensions of the clusters in 
angstroms. The first and second terms on the right 
side of equation 3 are the ground state energies 
of electrons and holes within the layer planes and 
perpendicular to the layer planes respectively. 
The value of μxy is 0.32 electron mass and that of 
μz is 1.4 electron mass for PbI2 nanoclusters. The 
thickness of a single PbI2 layer is Lz = 7 Å [11]. The 
equation 4 becomes

∆ Eg (eV) = + 0.55.                                         (4)                  

Considering the planer growth of sandwiched 
layers, it has been concluded that the growth is 
laminar with three particle sizes viz 12 Å, 16 Å and 
24 Å consistent with UV-Vis absorption results. 
These dimensions of PbI2 nanoclusters prepared 
in acetonitrile have been reported which are 
12Å, 16 Å and 24 Å. The PbI2 clusters having 12 
Å diameter were analysed by TEM [11]. The PbI2 
cluster with lateral dimension of ~ 12 Å grows 
from a seed nucleus which contains the closed 
packed hexagonal array of iodine atoms. The next 
PbI2 cluster with lateral dimension of ~ 16 Å grows 
from the 12 Å nucleus. This process is repeated 
producing a 24 Å crystallite [11]. The hexagonal 
symmetry is shown by the PbI2 cluster in the 
metal plane. The 16 Å is a special, magic size of 
the PbI2 cluster in which the hexagonal arrays of 
metal atoms appeared on the edges of the micro 
crystallites. This is because the PbI2 cluster size 
of 16 Å is common in both PbI2 and BiI3 systems 
which grows from the 12 Å nucleus. At 16 Å size, a 
slight difference was observed in the structure of 
PbI2 and BiI3. PbI2 showed the hexagonal symmetry 
while BiI3 showed the honeycombed symmetry in 
the metal plane. 16 Å is the largest size of both the 
PbI2 and BiI3 clusters which have similar interfacial 
energies. The hexagonal and honeycombed 
symmetries of PbI2 and BiI3 clusters grow from the 
lateral dimension of 16 Å and the microcrystalline 
interfaces are obtained with different structures 
and reactivities [11]. This is shown in the 
structure of PbI2 and BiI3 clusters having the lateral 
dimensions greater than 16 Å (Fig. 3).

The lateral dimensions of PbI2 nanoparticles in 
samples A and B are comparable to that of lead 
iodide particles prepared by Sandroff group [11]. 
The standard and observed values of Lxy are given 
in Table 3.

Fig. 4 shows the variation of quantization 
energy or band gap shift ∆Eg (eV) with lateral 

 

Table 2. Values of UV-Vis absorption wavelength, energy gap and particle size of PbI2 nanoparticles (samples A and B). 

 

 

  

Sample Molarity 
of lead 
nitrate 

Molarity of 
thioglycerol 

Molarity of 
potassium 

iodide 

Reference UV-Vis absorption 
wavelength  (nm) 

Energy 
Gap 
(eV) 

Particle 
Size (nm) 

Sample A 0.01 M 0.8 M 0.05 M Acetonitrile 360 
285 
242 

3.43 
4.35 
5.14 

6.05 
4.95 
4.39 

Sample B 0.01 M 0.001 M 0.05 M Acetonitrile 360 
285 
242 
215 

3.43 
4.35 
5.14 
5.78 

6.05 
4.95 
4.39 
4.06 
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dimension Lxy (Å). The values of the energy gap of 
PbI2 nanoparticles prepared by Sheng et al. [13] are 
lower than those of PbI2 nanoparticles obtained 
in our study. Thus, the absorption wavelengths 
observed in the UV-Vis absorption spectra of PbI2 
nanoparticles synthesized in our study are lower 
than those of PbI2 nanoparticles prepared by 
Sheng et al. [13].

Sandroff et al. [11] prepared the PbI2 clusters in 
colloidal form at room temperature in the absence 
of stabilizing agent using the aqueous chemical 
method. Sandroff et al. [11] observed the UV-Vis 
absorption spectra of colloidal PbI2 prepared in 
a variety of polar solvents. Significant variations 
are seen in the relative intensities of absorption 
peaks as well as the commencement of absorption 
when the solvent is changed from acetonitrile to 
methanol to water. PbI2 in acetonitrile exhibits 
prominent excitonic peaks, which become less 
sharp at the smallest particles size. As water is a 
better solvent for PbI2 than methanol, smallest 
crystallites are formed in water, whereas, PbI2 being 
least soluble in acetonitrile, largest particles are 
created [11]. We obtained the PbI2 nanoparticles at 
room temperature in the presence of the capping 
agent using the aqueous chemical method. Since 
acetonitrile is a better solvent, we were able to 
achieve the smallest particles in samples A and B 
when we recorded the optical absorption spectra 
of PbI2 nanoparticles.

Sengupta et al. [51] prepared the PbI2 
nanoparticles at room temperature in the absence 
of surfactants using the method followed by 

Sandroff et al. [9]. From the UV-Vis absorption 
spectra of PbI2 nanoparticles recorded by 
Sengupta et al. [51], it can be seen that the optical 
absorption bands are observed at the peaks 
similar to those observed in our samples. The 
quantum confinement effect can be observed due 
to a decrease in the average particle size caused by 
photodecomposition of larger particles [49, 52]. 
The particle size decreases by aging under light.   

X-ray Diffraction
The XRD analysis of dry PbI2 nanoparticle 

powders has been done using a Philips PW 1840 
powder X-ray diffractometer. CuKα (λ = 1.542 Å) has 
been used as the source of incident radiation. The 
spectral range 5° to 80°was used to record the XRD 
patterns of PbI2 nanoparticles [4-6]. The structural 
properties of the PbI2 nanoparticles (samples A and 
B) have been studied by using the XRD patterns. 
The XRD diffraction has been used to determine 
the phase of the nanoparticles and also their size 
measurements. When the observed and standard 
values of PbI2 (standard ASTM) data are compared, 
they match with each other. The hexagonal 
structure was observed in PbI2 nanoparticles. The 
XRD patterns of PbI2 nanoparticles (samples A and 
B) having various molarities of thioglycerol are 
shown in Fig. 5(a, b). The Debye-Scherrer formula 
was used to estimate the average size of the PbI2 

nanoparticles, dXRD =  [4, 6, 24, 43, 53]. In 

sample A, the XRD peaks are not visible, the size 
of the PbI2 particles cannot be found out because 

 

 

Fig. 3. The hexagonal structure of PbI2 clusters and the honeycombed structure of BiI3 clusters [11]. 

 

  

Fig. 3. The hexagonal structure of PbI2 clusters and the honey-
combed structure of BiI3 clusters [11].
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very small sized particles were obtained due to 
higher concentration of thioglycerol (0.8 M). In 
sample B, the calculated value of the interplanar 
spacing ‘d’ by using the Bragg’s condition is 3.435 
A°. The cluster size ‘dXRD’ is 20.39 nm. The size of 
the cluster ‘d’ is found out by using the Debye-
Scherrer formula. The XRD peaks of small widths 
are observed in sample B. The large sized PbI2 
particles were obtained in sample B due to lower 
concentration of thioglycerol (0.001 M). Additional 
evidence for the capping effect is provided by 
the XRD data, which show that it is perfect at 
higher thioglycerol concentrations and imperfect 
at lower concentrations. The value of δ of PbI2 
nanoparticles in sample B is 2.405 × 1015 lines/
m2  which was calculated by using the formula of 

dislocation density (δ), δ = [9, 10, 41]. The 

first peak, second peak, third peak, …..eighteenth 

peak correspond to the reflection of crystal planes 
(001), (101), (102), (003), (110), (111), (103), (210), 
(004), (200), (113), (104), (203), (211), (114), 
(212), (105), (300) respectively. The intensity of 
peaks for these planes is found to be noticeably 
enhanced in sample B. The maximum intensity 
of the diffraction peak which was observed along 
(101) and (102) planes indicate the growth of PbI2 
nanoparticles along these two planes. 

The hexagonal structure is suggested by the 
diffraction peaks at their (102), (101), as well as 
other planes. The investigation of the powder 
X-ray diffraction by Debye function analysis [54] 
confirms that the PbI2 particles having a hexagonal 
structure are polycrystalline in nature. Similar 
observations were found in the case of PbI2 thin 
films prepared by Mohammed et al. [24]. The 
average crystallite size dXRD of PbI2 nanoparticles 

             Table 3. Standard and observed values of lateral dimension (Lxy), energy gap (Eg) and band gap shift (∆Eg). 

 

 

 

 

  

Observed Values Standard Values [10] 

UV 

Absorption 

(λ) nm 

Energy 

Gap (Eg) 

eV 

Band Gap 

Shift 

(∆Eg) eV 

Lateral 

dimension of 

Cluster (Lxy) Å 

UV 

Absorption 

(λ) nm 

Energy 

Gap (Eg) 

eV 

Band Gap 

Shift 

(∆Eg) eV 

Lateral 

dimension of 

Cluster (Lxy) Å 

360 3.43 0.86 27.53 363 3.42 0.85 27.98 

285 4.35 1.78 13.04 314 3.95 1.38 16.82 

242 5.14 5.14 10.78 258 4.8 2.23 11.82 

215 5.78 5.78 9.39     

 

Fig. 4. Variation of quantization energy or band gap shift ∆Eg (eV) with lateral dimension Lxy (Å) in PbI2 nanoparticles. 

 

  

Fig. 4. Variation of quantization energy or band gap shift ∆Eg (eV) with lateral dimension Lxy (Å) in PbI2 nanoparticles.
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prepared in our study is smaller than that of PbI2 
nanoparticles deposited on glass substrate by 
Mohammed et al. using the thermal evaporation 
method [24].

Dag et al. [10] have synthesized PbI2 
nanocrystals by the method utilised by Sandroff 
et al. [11]. In these cases, the nanocrystals were 
grown in colloidal solutions, in zeolite cages, or 
in copolymer films. Dag et al. [10] described the 
study of PbI2 nanocrystals embedded in silica glass, 
prepared by the sol-gel technique. This technique 
enables the growth of stable nanocrystals with a 
controlled size, within the solid and transparent 
medium. The layered structure consisting of 
corresponding bulk PbI2 crystallites possesses a 
strong intra-layer bonding yet only weak, so called 
van der Walls inter-layer interactions. This layered 
structure creates a strong anisotropy in the 
physical and electronic properties. The bulk layers 
can be stacked in a variety of ways to form different 
polytypes. In this work, the investigation of PbI2 
nanocrystals shows that these nanocrystals have a 
2H polytype with a D3d space group, confirmed by 
the XRD measurements.

X-ray Photoelectron Spectroscopy
In order to check the presence of impurity, 

XPS analysis of dry PbI2 powders was performed 

using a commercial model ESCALAB MK II of VG 
Scientific, U.K. MgKα (hʋ = 1253.6 eV) has served 
as the source of radiation and photoelectrons 
were analyzed using a concentric hemispherical 
analyzer at a 50 eV pass energy. 

Table 4 shows the elements present, their 
atomic concentration, binding energies and 
concentration ratios of different elements. The 
presence of carbon and oxygen elements has 
been observed in PbI2 nanoparticles (samples A 
and B) because of the organic capping agent like 
thioglycerol. The Pb 4f7/2 core level appears at the 
binding energy (138.5 eV) which corresponds to 
PbI2 (sample A) and the Pb 4f7/2 core level appears 
at the binding energy (138 eV) which corresponds 
to PbI2 (sample B). The I 3d5/2 core level appears at 
the binding energy (617.7 eV) which corresponds 
to PbI2 (sample A) and the I 3d5/2 core level 
appears at the binding energy (617 eV) which 
corresponds to PbI2 (sample B). The results of XPS 
characterization have not been reported in the 
previous literature. 

Fig. 6(a, b) shows the XPS scans of Pb (Lead) 
element in PbI2 nanoparticles (samples A and 
B). Fig. 7(a, b) shows the XPS scans of I (Iodine) 
element in PbI2 nanoparticles (samples A and B) 
and Fig. 8(a, b) shows the XPS survey scans of PbI2 
nanoparticles (samples A and B).

 

Fig. 5(a, b). X-ray diffraction patterns of PbI2 nanoparticles: a) sample A, and b) sample B. 

 

  

Fig. 5(a, b). X-ray diffraction patterns of PbI2 nanoparticles: a) sample A, and b) sample B.
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Fig. 6(a, b). XPS scans of Pb (Lead) element in PbI2 nanoparticles: a) sample A, and b) sample B. 

 

  

Fig. 6(a, b). XPS scans of Pb (Lead) element in PbI2 nanoparti-
cles: a) sample A, and b) sample B.

 

Fig. 7(a, b). XPS scans of I (Iodine) element in PbI2 nanoparticles: a) sample A, and b) sample B. 

 

  

Fig. 7(a, b). XPS scans of I (Iodine) element in PbI2 nanoparti-
cles: a) sample A, and b) sample B.

 

 

Fig. 8(a, b). XPS survey scans of PbI2 nanoparticles: a) sample A, and b) sample B. 

 

  

Fig. 8(a, b). XPS survey scans of PbI2 nanoparticles: a) sample A, and b) sample B.
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Surface Morphological Analysis
Scanning Electron Microscopy

The SEM images of CBD deposited PbI2 thin 
films (samples A and B) with uniform distribution 
of PbI2 nanoparticles are shown in Fig. 9(a, b). The 
aggregation of particles has been observed in both 
the samples. The enhancement in deposition time 
decreases the film uniformity and increases the 
number of material grains [4-6]. The morphology 
and structure of PbI2 nanoparticles are presented 
by the SEM micrographs of samples A and B. In 
sample A, the cylindrical PbI2 clusters are produced 
and in sample B, the platelets like PbI2 grains are 
obtained. Thioglycerol controls the growth of lead 
iodide nanoparticles.  

Lifshitz et al. [55] recorded a typical SEM 
micrograph of the Q-size PbI2 particles embedded 
in SiO2 films. These particles were prepared 
by a sol-gel technique. The size distribution of 
these particles was determined using a scanning 
electron microscope. Lifshitz et al. [55] observed 
a rugged structure with cracks 5-10 μm in width. 

As the deposited films exhibit a flat surface, most 
of the physical measurements were performed on 
the deposited films [55]. We recorded the SEM 
micrographs of samples A and B (CBD deposited 
PbI2 thin films) prepared without using silica. A 
scanning electron microscope determines the size 
distribution of these nanoparticles.

Transmission Electron Microscopy
The TEM micrographs of PbI2 nanoparticles 

(samples A and B) are shown in Fig. 10(a, b). The 
size of the PbI2 nanoparticles i.e. sample B which 
were dissolved in acetonitrile was measured by 
TEM. In sample B, approximately 20 to 30 nm sized 
PbI2 particles are obtained as the concentration 
of thioglycerol is very less which is 0.001 M. The 
sample B is least soluble in acetonitrile. The large 
sized spherical PbI2 grains are observed in sample 
B. As acetonitrile is a better solvent for sample A, 
the small sized spherical PbI2 clusters are obtained 
in sample A.

Sandroff et al. [11] recorded the transmission 

 

Fig. 9(a, b). SEM images of PbI2 thin films: a) sample A, and b) sample B; with magnification of 50,000 in both the samples. Scale bar: 2 µm. 

 

 

  

Fig. 9(a, b). SEM images of PbI2 thin films: a) sample A, and b) 
sample B; with magnification of 50,000 in both the samples. 
Scale bar: 2 µm.

 

Fig. 10(a, b). TEM images of PbI2 nanoparticles: a) sample A, and b) sample B; with magnification of 200 nm in both samples. 

 

 

  

Fig. 10(a, b). TEM images of PbI2 nanoparticles: a) sample A, 
and b) sample B; with magnification of 200 nm in both samples.
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electron micrographs of PbI2 clusters. TEM was 
used to determine the sizes of these clusters. The 
PbI2 clusters were circular in shape with the largest 
cluster displaying hexagonal facets. Sandroff et 
al. [11] was not able to measure the size of the 
particles smaller than ~ 1.6 nm in acetonitrile 
colloids. The sizes of these particles were confirmed 
by TEM for aqueous colloids of PbI2. As the particle 
density on the grid was quite uniform and low in 
acetonitrile, it is difficult to confidently distinguish 
the particles smaller than ~ 1.2 nm from the grainy 
structure of the supporting film. In case of water, 
it was possible to measure the size of the particles 
less than or greater than 1.2 nm [11]. In our case, 
the size of the PbI2 particles in sample B is ~ 20 to 
30 nm. The large sized particles are obtained due 
to lower concentration of thioglycerol. Thus, it 
was possible for us to measure the size of these 
particles in acetonitrile colloids by TEM. Only in 
case of sample B, we could not measure the size of 
the particles by TEM for aqueous colloids of PbI2.

Lifshitz et al. [55] recorded the TEM 
micrographs of PbI2 nanocrystals embedded 
in SiO2 films.  PbI2 nanocrystals having mean 
particle diameter ranging from 5 nm to 20 nm 
have been prepared. The TEM micrographs could 
not determine the mean particle diameter of 
specimens whose particles are smaller than 8 nm. 
This is because small particles are unstable under 
the high-energy electron beam. The nanocrystals 
prepared by Lifshitz et al. [55] exhibited polyhedron 
morphology. We recorded the TEM micrograph 
of PbI2 nanoparticles (sample B) with diameter 
ranging from 20 to 30 nm. Therefore, the size of 
such larger particles can be found out accurately 
from the TEM micrograph as the large particles are 
stable under the high energy electron beam.  

Atomic Force Microscopy
The AFM characterization was used to 

investigate the surface morphology of CBD 
deposited PbI2 thin films (sample A and sample B). 
The 2D-AFM images (a) and the 3D-AFM images 
(b) of sample A and sample B deposited at different 
times are illustrated in Fig. 11(a, b) and Fig. 12(a, 
b) respectively. The 

material clusters consisting of nanoparticles 
of various sizes are demonstrated by the surface 
topology [4]. The average size of the PbI2 grains 
observed in sample A varies from 21.15 nm to 
75.03 nm and the average size of the PbI2 grains 
observed in sample B varies from 48.73 nm to 

168.3 nm with different magnifications [4, 5, 
6]. The size of the PbI2 grains present in sample 
A shown in Fig. 11(a, b) is 33.55 nm and that in 
sample B shown in Fig. 12(a, b) is 83.06 nm. 
With increasing deposition time, the particle size 
increases and the film uniformity decreases [5, 6]. 
The 2D-AFM images (a) show the presence of the 
highly dense cylindrical PbI2 grains in samples A 
and B. The 3D-AFM images (b) show the presence 
of the hills and valleys in samples A and B. The 
size and height of the PbI2 grains are dependent 
on the discontinuity observed in the 2D-AFM and 
3D-AFM images of samples A and B. The height of 
the hills observed in the 3D-AFM image of sample 
B is higher than that observed in the 3D-AFM 
image of sample A due to the variation in the PbI2 
film thickness with the deposition time [5, 6]. 

Liu et al. [14], have synthesized and optically 
characterized 2D few-layer PbI2 flakes at both 
room and cryogenic temperatures. On a plasma 
treated Si/SiO2 substrate, they had dropped 
a solution of saturated PbI2 powder, followed 
by heating to 180°C within 5 minutes for the 
nucleation of PbI2 flakes and nanoparticles in 
ambient environment. In the SEM image their PbI2 
particles were hexagonal or triangular in shape, 
while their thicknesses were between several to 
hundreds of nanometers as evident from AFM 
[14]. We recorded the AFM images of samples A 
and B (CBD deposited PbI2 thin films) prepared 
without using silica.

Elemental composition analysis
Energy-dispersive X-ray spectroscopy (EDX)

The EDX spectrum of CBD deposited PbI2 thin 
film (sample A) is shown in Fig. 13 and that of CBD 
deposited PbI2 thin film (sample B) is shown in 
Fig. 14. The composition of the elements present 
in PbI2 nanoparticles was given in stoichiometeric 
atomic percentages by EDX method [4-6]. The 
large depth profile in EDX was ≈ 1 micron. Due 
to this substantial depth profiling, it was easy to 
detect the elements like lead, iodine, sulphur, 
carbon, oxygen and potassium present in samples 
A and B in stoichiometric atomic percentages.

From Table 4, Table 5, and Table 6, we can 
observe the difference in the atomic concentration 
of the elements. The reason for this difference 
may be the large depth profile in EDX which is ≈ 
1 micron. This extensive depth profiling is not 
possible in XPS. In XPS, one can get the information 
only from the surface. The detection of Sulphur 
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element in samples A and B is possible in EDX 
analysis, but it is not possible in XPS analysis. This 
can be explained by the same reason as above.  

The presence of the elements like carbon (C), 
oxygen (O), sulphur (S), lead (Pb), potassium (K) 
and iodine (I) in atomic percentages in PbI2 thin 
film (sample A) is shown in Table 5 and that in PbI2 
thin film (sample B) is shown in Table 6.

The value of Pb:I ratio for both the samples A 
and B is 0.49. From this value of lead to iodine ratio, 
it can be clearly seen that the stoichiometry of PbI2 

thin films (samples A and B) is nearly perfect.
Similar studies have been published 

like TOF-ERDA (Time-of-flight-elastic recoil 
detection analysis) [15], AAS (Atomic Absorption 
Spectroscopy) [56], TGA (Thermogravimeteric 
Analysis), LEIS (Low-Energy Ion Scattering) etc. 
which can also indicate the presence of the sulphur 
element in PbI2 thin films due to their thioglycerol 
capping [57].

It was not possible by the EDX analysis to 
detect the presence of the hydrogen element (H) 

 

Fig. 11(a, b). 2D-AFM image (a) and 3D-AFM image, (b) of PbI2 thin film (sample A). 

 

 

  

Fig. 11(a, b). 2D-AFM image (a) and 3D-AFM image, (b) of PbI2 thin film (sample A).
 

 

Fig. 12(a, b). 2D-AFM image (a) and 3D-AFM image, (b) of PbI2 thin film (sample B). 

 

  

Fig. 12(a, b). 2D-AFM image (a) and 3D-AFM image, (b) of PbI2 thin film (sample B).
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in PbI2 thin films deposited on silicon (Si) and FTO 
glass substrates using the ALD method by Popov 
et al. [15]. The EDX study was capable of detecting 
the carbon (C) and nitrogen (N) elements but 
these elements could not be evaluated accurately. 
Only the tin (Sn) and silicon (Si) elements could be 
evaluated by the EDX analysis [15]. In our study, 
the carbon (C), oxygen (O), sulphur (S), lead (Pb), 
potassium (K) and iodine (I) elements could be 
detected and also evaluated accurately by the EDX 
study. 

Photoluminescence Analysis
The photoluminescence emission spectra 

recorded for PbI2 nanoparticles (samples A and B) 

at room temperature are shown in Fig. 15(a, b).
The excitation wavelength range of 292 to 317 

nm and the emission wavelength range of 317 to 
700 nm were used to record the PL spectra of PbI2 
nanoparticles (sample A) at room temperature. 
In sample A, the PbI2 particles were excited at 
302 nm and three emission peaks at about 331 
nm (energy gap ~ 3.75 eV), 416 nm (energy gap 
~ 2.98 eV) and 528 nm (energy gap ~ 2.35 eV) 
were observed. The photoluminescence intensity 
of the peak observed at 416 nm is maximum. 
The excitation wavelength range 291 to 316 nm 
and the emission wavelength range 316 to 700 
nm were used to record the PL spectra of PbI2 
nanoparticles (sample B) at room temperature. 

 

Fig. 13. EDX spectrum of PbI2 thin film (sample A). 

 

  

Fig. 13. EDX spectrum of PbI2 thin film (sample A).

 

 

Fig. 14. EDX spectrum of PbI2 thin film (sample B). 

 

 

  

Fig. 14. EDX spectrum of PbI2 thin film (sample B).
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Table 5. EDX data of PbI2 thin film (sample A). 

 

 

 

  

Element At. No. Netto Mass [%] Mass Norm [%] Atom [%] abs. error [%] 

(1 sigma) 

rel. error [%] 

(1 sigma) 

Carbon 6 625 1.27 1.29 30.87 0.36 27.96 

Oxygen 8 2687 6.98 7.10 12.49 0.31 4.43 

Sulphur 16 0 0.00 0.00 0.00 0.00 10.00 

Lead 82 21390 61.95 63.00 17.13 2.14 3.45 

Potassium 19 3111 11.22 11.41 4.80 0.47 4.23 

Iodine 53 6473 16.91 17.20 34.71 2.56 15.12 

Sum:             98.33           100.00           100.00 

 

Table 6. EDX data of PbI2 thin film (sample B). 

Element At. No. Netto Mass [%] Mass Norm [%] Atom [%] abs. error [%] 

(1 sigma) 

rel. error [%] 

(1 sigma) 

Lead 82 3792 31.37 32.06 20.16 1.32 4.21 

Sulphur 16 635 7.60 7.77 1.28 0.46 6.10 

Oxygen 8 309 1.50 1.54 9.92 0.52 34.42 

Carbon 6 450 2.57 2.63 25.57 0.77 29.84 

Iodine 53 3663 46.74 47.76 40.95 1.87 4.00 

Potassium 19 522 8.07 8.25 2.12 0.53 6.55 

Sum:            97.85             100.00            100.00 

 

Fig. 15(a, b). Photoluminescence spectra of PbI2 nanoparticles: a) sample A, and b) sample B. 

 

Fig. 15(a, b). Photoluminescence spectra of PbI2 nanoparticles: a) sample A, and b) sample B.
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In sample B, the PbI2 particles were excited at 
301 nm and three emission peaks at about 329 
nm (energy gap ~ 3.77 eV), 414 nm (energy gap 
~ 3.00 eV) and 526 nm (energy gap ~ 2.36 eV) 
were observed. The photoluminescence intensity 
of the peak observed at 414 nm is maximum. The 
luminescence peaks were observed at smaller 
wavelengths in the PL spectrum of sample B as 
compared to the emission peaks observed in the 
PL spectrum of sample A [4, 5, 6]. 

The shift was observed in the emission 
wavelengths at smaller values in the PL spectra 
of PbI2 nanoparticles synthesized by using 
the aqueous chemical method in our study as 
compared to the PL spectra of PbI2 films prepared 
by Sheng et al. [13].

The shift was observed at higher emission 
wavelengths in the PL spectra of PbI2 nanoparticles 
embedded in porous silica films [10] in comparison 
with the PL spectra of PbI2 nanoparticles obtained 
in the present study. The shift was also observed 
at higher luminescence wavelengths in the PL 
spectra of 2D few-layer PbI2 flakes prepared by Liu 
et al. [14] as compared to the PL spectra of PbI2 
nanoparticles prepared in this study.

The shift was observed at higher emission 
wavelengths in the PL spectra of PbI2 nanoparticles 
embedded in porous silica films [10] in comparison 
with the PL spectra of PbI2 nanoparticles obtained 
in the present study. The shift was also observed 
at higher luminescence wavelengths in the PL 
spectra of 2D few-layer PbI2 flakes prepared by Liu 
et al. [14] as compared to the PL spectra of PbI2 
nanoparticles prepared in this study.

The continuous wave PL (CW-PL) spectra 
were recorded at various temperatures and with 
various excitation powers by Dag et al. [10]. The 
PL spectra of specimens with mean particle radii 
of 4.7 and 6.0 nm were recorded at 77 K with an 
excitation intensity of 1.4 W/cm2 by Dag et al. [10]. 
Qualitatively, the spectra are similar, consisting of 
three bands, a sharp exciton peak and two deeper 
L and G bands. However, they differ in a number of 
ways from one another. The exciton energy in the 
sample with diameter of 4.7 nm is blue shifted in 
comparison with the 6.0 nm sized specimen. Thus, 
it is clear that the quantum size effect is observed. 
In addition, the 6.0 nm sized specimen’s L band is 
dominant, while its G band is weak. In the 4.7 nm 
sized specimen, the integrated intensity of the G 
band is larger than the integrated intensity of its L 
band [10]. In our case, the blue shift was observed 

in the luminescence wavelengths in the PL spectra 
of PbI2 nanoparticles (samples A and B).

Due to a drastic change in the physical properties 
of PbI2 nanoparticles as compared to the bulk PbI2 
material shown by the characterization results, 
these nanoparticles are used in various industrial 
applications. Attempts were made to determine 
the potential of PbI2 nanoparticles in applied area. 
After a detailed discussion, we discovered that the 
layered PbI2 semiconductor nanoparticles and also 
PbI2 thin films are widely used in optoelectronic 
and photovoltaic device applications, radiation 
detection and several other applications [12, 15, 
22]. Electroluminescent devices, single electron 
transistors etc. have been devised which enabled 
us to obtain compact, energy saving, high 
efficiency devices using PbI2 nanoparticles in the 
present study [12].

The experimental part of the preparation of 
PbI2 nanoparticles was carried out in the absence 
of nitrogen atmosphere. The oxidation of PbI2 
nanoparticles could be prevented in the presence 
of nitrogen atmosphere due to which the sharp 
excitonic absorption peaks and the broad XRD 
peaks would have appeared in the UV-Vis 
absorption spectra and the XRD spectra of samples 
A and B respectively. In our previous work, the 
cadmium sulphide (CdS) nanoparticles, the copper 
sulphide (Cu2S), nanoparticles and the manganese 
doped cadmium sulphide (CdS:Mn) nanoparticles 
were synthesized under nitrogen atmosphere 
to avoid the oxidation of nanoparticles [4-7]. 
However, it may be worthwhile to investigate the 
effect of temperature on the synthesis.

CONCLUSION
It was possible to synthesize the PbI2 layered 

semiconductor nanoparticles by using the organic 
capping agent like thioglycerol in aqueous medium. 
The small sized, monodispersed PbI2 particles 
were obtained by increasing the concentration of 
stabilizer. Particles exhibited absorption peaks at 
360 nm, 285 nm, 242 nm and 215 nm indicating 
the occurrence of magic numbers. The band gap of 
PbI2 semiconductor is 2.57 eV at room temperature. 
The energy gap variation between 2.57 eV to 5.78 
eV was observed in PbI2 nanoparticles. The XRD 
analysis showed the hexagonal structure of PbI2 
nanoparticles. 

The quantum size effect was observed in 
undoped PbI2 nanoparticles. The shift was 
observed at smaller absorption wavelengths in 
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the UV-Vis absorption spectra and at smaller 
luminescence wavelengths in the PL spectra of 
PbI2 nanoparticles. TEM analysis showed that 
approximately 20-30 nm sized, circular PbI2 
particles were obtained in sample B, as these 
PbI2 particles are least soluble in acetonitrile. As 
the PbI2 particles in sample A are more soluble in 
acetonitrile, a smaller sized spherical PbI2 particles 
were produced in sample A.

The CBD deposited PbI2 thin films were 
investigated by SEM and EDX. The shape and 
size distribution of the lead iodide particles 
were determined using the scanning electron 
microscopy. The small sized PbI2 particles have 
cylindrical form and the large sized particles (~ 20 
nm diameter) have platelet form. The PbI2 particles 
are of hexagonal phase. The atomic percentage 
ratio of lead and iodine elements present in PbI2 
thin films (samples A and B) was 0.49. Both PbI2 
samples had nearly perfect stoichiometry. The 
highly dense cylindrical PbI2 grains are observed in 
the 2D-AFM images and the hills and valleys are 
visible in the 3D-AFM images of PbI2 thin films. The 
PbI2 thin films have large commercial applications 
like optoelectronic and solar cell applications.
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