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Herein, we report a successful development of nano-scale pure and Al and Mn co-doped PbI2 using facile microwave-
assisted route. Structural study was done through X-ray diffraction analysis of grain size, dislocation density and lattice strain.
The crystallite size was found to vary from 28 nm to 40 nm due to Al:Mn co-doping in PbI2. The presence of various vibrational
modes was confirmed by FT-IR spectroscopy and red shifting was observed in peak positions compared to the bulk. Surface
morphology, examined using a scanning electron microscope, confirmed the formation of single crystal nanosheets of a thick-
ness in the range of 10 nm to 30 nm. The single crystal nanosheets were found to be transformed to large area nanosheets due to
the doping. Enhancement in dielectric constant from ∼7.5 to 11 was observed with increasing Al doping concentration. Linear
attenuation coefficient was calculated and showed the enhancement of blocking gamma rays with increasing doping concentra-
tion. Its value was found to increase from 7.5 to 12.8 with the doping. The results suggest that the synthesized nanostructures
can be used for detection and absorption of gamma rays emitted by 137Cs and 241Am sources.
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1. Introduction

Lead iodide PbI2 is an environmentally sta-
ble material able to absorb the radiation such as
X- and γ-ray. It belongs to the wide band gap
semiconductor family possessing the energy gap
of 2.27 eV to 2.3 eV [1, 2], which makes it
promising for low noise radiation detectors oper-
ating at room temperature [3, 4]. Besides, being
used in radiation detectors, it has excellent photo-
luminescence [5], electrical and optical character-
istics [6, 7]. It is also a promising material to be
used in perovskite solar cells for advances energy
conversion devices [8, 9]. Various techniques have
been applied for the nanosynthesis of PbI2 [10–13].
The structure, surface morphology and the applica-
tion of the PbI2 strongly depend on the way of its
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preparation [14–17]. Nano-materials have a great
potential in various advanced applications [18–21].

In this research, we have synthesized pure
and co-doped Al:Mn:PbI2 nanostructures through
microwave-assisted route at various percentages
of Al doping. We have studied various proper-
ties of the prepared nanostructures, such as struc-
ture, morphology, dielectric and AC electrical con-
ductivity. Moreover, to test some potential appli-
cations, we have examined the prepared nanos-
tructures for gamma radiation and calculated the
related parameters.

2. Experimental
2.1. Materials and synthesis

For the synthesis of the title nanostructures,
lead acetate trihydrate, sodium iodide, poly(vinyl
alcohol), cetyltrimethyl ammonium bromide,
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sodium iodide, aluminum nitrate nonahydrate
and manganese nitrate hydrate were bought from
Sigma-Aldrich and used without any further
purification. Similar method has been used for
the synthesis of the title materials as reported in
our previous work [22]. The doping concentration
of Mn was kept constant (i.e. 10 %) and for Al
it was varied from 1 % to 10 % in subsequent
synthesis processes.

2.2. Characterization techniques

The structural analysis of the prepared pure
and Al:Mn co-doped PbI2 nanostructures was
performed through X-ray diffraction (XRD)
(LabX-XRD-6000 Shimadzu). FT-Raman spec-
troscopy from Thermo Fisher Scientific, DXR
FT-Raman spectrometer was used to study vi-
brational modes of PbI2 nanostructures co-doped
with Al and Mn. The surface morphological
analysis was performed using a scanning electron
microscope (SEM-6360-JSM) operated at 20 kV.
Semiconductor characterization system 4200-SCS
from Keithley was used to measure impedance,
capacitance and dissipation factor of nanostruc-
tured PbI2 co-doped with Al and Mn. From the
above data, we were able to calculate the dielectric
constant, dielectric loss and AC electrical conduc-
tivity of the studied materials. Thermo Scientific,
DXR FT-Raman spectrometer was used to record
the Raman analysis. The spectra were acquired
from 1200 cm−1 to 50 cm−1. The laser power
of 0.2 mW (532 nm) was used. The dielectric
and electric characteristics were measured with
Keithley 4200-SCS in the frequency range from
3 kHz to 10 MHz. The radiation intensity before
and after attenuation was detected through NaI
detector 1.5 PX 1.5/2.0 IV (Rexon, Components,
Inc., USA). The lead shield was used to protect
the surroundings from radiation. To irradiate the
sample, gamma ray sources Cs-137 of energy
662 keV and Am-241 of energy 59.5 keV were
used at room temperature. Then, the linear absorp-
tion coefficient µ, half value thickness X1/2, tenth
value thickness X1/10 and mean free path (MFP)
were obtained for all the tested samples.

3. Results and discussion
3.1. Structural analysis

Fig. 1. (a) XRD diffraction patterns and (b) variation
of intensity of (0 0 1) and (1 0 1) peaks and (c)
change in peak position for pure and co-doped
PbI2 nanosheets.

The X-ray diffraction patterns of pure and co-
doped with aluminum and manganese lead iodide
are shown in Fig. 1a. The sharp diffraction peaks
of the pure and co-doped samples indicate highly
crystalline nature of the prepared samples. The pre-
pared samples were found to be well agreed with
the JCDPS Card No. 7-0235 indicating their hexag-
onal nature. The diffraction patterns of the studied
materials were observed along the (0 0 1), (1 0 0),
(0 0 2), (1 0 1), (1 0 2), (0 0 3), (1 1 0), (1 1 1),
(1 0 3), (2 0 1), (0 0 4), (2 0 2), (1 1 3), (2 0 3),
(2 1 1), (1 1 4), (2 1 2), (1 0 5), and (2 1 3)
planes. The observed planes are consistent with
previous reports on pure and doped PbI2 nanostruc-
tures [10, 11]. We have noticed that the co-doping
affected the diffraction patterns of lead iodide.
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The prominent diffraction peaks occurred from 10°
to 30°. Fig. 1b shows the diffraction planes of
(0 0 1) and (0 0 2) for pure and Al:Mn co-doped
lead iodide nanostructures for comparative study.
It is clear that by varying the Al doping concen-
tration, the intensity of planes (0 0 1) and (0 0 2)
is varying. The change in the intensity and varia-
tion in the diffraction angle was observed and docu-
mented in Table 1. Also the change in peak position
of higher intensity peaks due to doping is presented
in Fig. 1c. The grain size of the as-prepared mate-
rial was estimated by applying the Scherer equation
as follows [23, 24]:

D =
0.9Λ

β cosθ
(1)

The mean value of grain size of the pure PbI2
was found to be 28.39 nm, while the doping
of 10 % Mn has increased the grain size from
28.39 nm to 32.89 nm. We have noticed that co-
doping of Al and Mn has a random effect on the
grain size of pure PbI2. The dislocation density
for the prepared samples has been studied by the
following relation [25]:

δ =
1

D2 (2)

The change in the dislocation density has been
concisely documented in Table 1. The lattice
strain for each prepared samples was calculated
by the equation:

ε = β cosθ/4 (3)

The complete structural analysis for pure and
co-doped PbI2 has been listed in Table 1, while the
change in the intensity of the major planes of Al-
doped 10 % Mn:PbI2 has been described concisely
in Table 2. The variation in the grain size, dislo-
cation density and lattice strain was observed with
respect to pure PbI2.

3.2. FT-Raman spectroscopy analysis
The recorded FT-Raman spectra for the pre-

pared nanostructures of pure and Al:Mn co-doped
PbI2 are shown in Fig. 2. The Raman spectra
show the variation in the intensity for pure and

Fig. 2. Raman spectra of pure and Al:Mn co-doped
PbI2 nanosheets.

co-doped PbI2. The intensity variation attributed to
the change in crystallinity and defects present in
the nanostructures, could also be observed in the
XRD patterns of the samples. The peak positions
were observed at about 33.87 cm−1, 72.40 cm−1,
95.45 cm−1, 109.04 cm−1, 165.93 cm−1 and
212.22 cm−1 with minute variation of the peaks
position assigned as E1

2, A1
1, A2

1, 2Eu, A2u, 2E1
2

and 2E1
1, respectively. The vibration band around

33 cm−1 may be assigned to breathing motion of
PbI2 layers [10, 26]. These bands are attributed
to 2H-PbI2 nanoparticles and more details can be
found in the literature [10, 16].

3.3. Surface morphology and EDX
analysis

The surface morphology of the nanostructured
material plays a crucial role in various applications
such as photovoltaics [27]. The surface morphol-
ogy of the pure and co-doped with Al and Mn PbI2
has been shown in Fig. 3I. The doping concentra-
tion for Mn was constant (i.e. 10 %) and for Al it
was varied from 1 % to 10 %. The overall struc-
ture is a combination of nano- and microparticles
having no well defined pattern. From the figure, it
can be seen that the pure PbI2 contains hexagonal-
shape nanocrystals which were found to be turned
into sheets when doped with Mn and Al both. At
higher concentration doping of Al, we have ob-
served very fine nanoparticles (Fig. 3I), which may
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Table 1. The calculated structural parameters of pure and Al:Mn co-doped PbI2 nanosheets.

Samples Crystallite size
[nm]

Dislocation
density [nm−2] Lattice strain

Pure 28.39 1.37E-03 1.26E-03
10 wt.% Mn:PbI2 32.89 1.23E-03 1.14E-03
1 wt.% Al:Mn:PbI2 39.32 9.03E-04 1.03E-03
2.5 wt.% Al:Mn:PbI2 30.58 1.20E-03 1.09E-03
5 wt.% Al:Mn:PbI2 36.77 8.78E-04 9.66E-04
7.5 wt.% Al:Mn:PbI2 39.69 8.84E-04 9.51E-04
10 wt.% Al:Mn:PbI2 31.88 1.12E-03 1.08E-03

Table 2. The changes in the growth plane of pure and Al:Mn co-doped PbI2 nanosheets.

Materials 2θ° Intensity [a.u.] (h k l) planes

Pure-PbI2 12.7723 72 0 0 1
25.56 10 0 0 2

26.0277 100 1 0 1

10 % Mn doped PbI2 12.8352 74 0 0 1
25.6 9 0 0 2

26.0982 100 1 0 1

1 % Al co-doped Mn:PbI2 12.577 60 0 0 1
25.8509 100 0 0 2

26.2 12 1 0 1

2.5 % Al co-doped Mn:PbI2 12.6764 87 0 0 1
25.5819 19 0 0 2
25.9563 100 1 0 1

5 % Al co-doped Mn:PbI2 12.8355 100 0 0 1
25.74 21 0 0 2

26.1005 93 1 0 1

7.5 % Al co-doped Mn:PbI2 12.903 99 0 0 1
25.66 7 0 0 2

26.1703 100 1 0 1

10 % Al co-doped Mn:PbI2 12.7574 49 0 0 1
25.42 6 0 0 2

26.0175 100 1 0 1

be related to Al. The nanosheets formation was also
reported previously for PbI2 doped with Gd3+, pre-
pared by hydrothermal technique [11, 21]. Quan-
titative analysis was also carried out through the
energy dispersive X-ray spectroscopy (EDS). The
EDS graphical representation of the prepared ma-
terial is shown in Fig. 3II.

3.4. Dielectric and AC electrical conduc-
tivity analyses

Dielectric characteristics of the nanoscale ma-
terial play an important role in various ad-
vanced applications, such as optics and photo-
voltaics [28]. Moreover, the dielectric constants



324 I.S. YAHIA et al.

Fig. 3. (I) SEM micrograph and (II) EDX spectra of
pure and Al:Mn co-doped PbI2 nanosheets.

of the materials suggest its suitability for opto-
electronics application [29]. The dielectric con-
stants for pure and Al:Mn co-doped nanostruc-
tured PbI2 can be characterized by the following
equations [30]:

ε1 =C
t

εoA
(4)

ε2 = tanδ x ε1 (5)

In the above equations, t is thickness and A
is the area of the electrode. Fig. 4a and Fig. 4b
show the dielectric constant and loss as a function
of frequency, respectively. We have observed that
the doping and further co-doping of the PbI2 al-
tered the dielectric constants. Generally, the dielec-
tric constants were found to be stable in the entire
tested range. The value of dielectric constant was

Fig. 4. (a) dielectric constant, (b) dielectric loss, (c)
AC electrical conductivity and (d) frequency
exponent of pure and Al:Mn co-doped PbI2
nanosheets.

found to be enhanced with doping [22]. On com-
paring the dielectric results with previous reports
on pure and doped nanosynthesized PbI2, the di-
electric constant value for pure PbI2 obtained in
this study was found to be about 7.5 and reached
11, when doped with Al, however, these values in
our previous report on Ag:Mn:PbI2 system were
found to be nearly 8.5 and 10.5, respectively [22].
The currently calculated values were found to be
lower and higher than the nano and bulk value
for pure and doped PbI2 [1, 10]. Possible reasons
for low dielectric constant values are such param-
eters as shape, size, orientation etc. The advan-
tage of low values of dielectric constant is that
the fabricated nanosheets consume lower electrical
power which is a critical factor in various device
fabrications [31].

Fig. 4c shows the AC electrical conductivity σac
as a function of frequency for pure and co-doped
PbI2 nanostructures. Both the total AC electrical
conductivity σtot .ac and AC electrical conductivity
σac were calculated from the measured values of
impedance Z using the following relations [32]:

σ tot.ac =
t

ZA
(6a)

σac.tot. = σdc +σac (6b)
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σac.tot. = σdc +Bω
s (6c)

where t is the thicknesses and A is the area of
the sample. Fig. 4c shows an increase in σac
of the pure and co-doped PbI2 with applied fre-
quency. The direct relation of σac and frequency
confirms that they obey the Jonscher relation (i.e.
σac = Bωs) [33]. The frequency exponent, s as
a function of doping concentration is shown in
Fig. 4d. The change in the frequency exponent
might be due to the change in the ionic concentra-
tion of co-doped PbI2 [34]. The value of s is found
to be around 1 with a standard error ±0.06 for
all the nanostructures.

3.5. Linear absorption coefficient analysis
The extra exposure to ionizing radiation is very

dangerous to human beings; hence, it is necessary
to detect such radiation present in the environment.
We have applied the prepared nanoscale materials
for the detection of both Cs-137 and Am-241. The
linear absorption was estimated by the following
equation [35]:

I = Ioe−µx (7)

Fig. 5. (a) linear absorption coefficient, (b) HVL and
(c) TVL plots of pure and Al:Mn co-doped PbI2
nanosheets.

In equation 7, Io is the initial intensity of ra-
diation source, x is a thickness of the sample and
µ is the linear absorption coefficient of the ma-
terial. Fig. 5a shows the variation of calculated

value of µ with doping concentrations of Al:Mn.
It can be observed from the figure that the value
of µ is enriched by doping compared to pure ma-
terial which indicates that the doped nanostruc-
tures can work better as a shield material. The cal-
culated values are found to be comparable with
pure and Gd3+ doped PbI2 as well as other pre-
viously reported materials [21, 35–37]. This value
is also found to be higher than that in our previ-
ous system Ag:Mn:PbI2 tested with Am-241 and
published recently [22]. Furthermore, we have also
calculated the values of half value layer (HVL)
(x1/2) and tenth value layer (TVL) (x1/10), from the
following equations [23, 38, 39]:

x 1
2
=

ln2
µl

and x 1
10
=

ln10
µl

(8)

The variation of the above mentioned values
with doping concentration is presented in Fig. 5
from which it can be seen that the value of x1/2
is decreasing up to some extent of doping and be-
comes stable for both radiation sources; the x1/10
shows similar behavior. Such results indicate that
the prepared nanostructures of Al:Mn co-doped
PbI2 can be used in radiation shielding materials at
room temperature.

4. Conclusions

As a conclusion, PbI2 has been proven as a radi-
ation detector as the co-doping of Al:Mn-enhanced
its radiation detection efficiency. The increment
in grain size of the prepared nanostructure mate-
rial was found from 28.39 nm to 39.69 nm. The
existence of nanoparticles along with sheets of
micro and nanometer size was observed through
scanning electron microscope. The Raman spec-
troscopic observation confirmed the presence of
2H polytypes of PbI2 and were in accordance
with XRD results. The dielectric constant was in-
creased from 7.5 to 11 with increasing the dopant
concentration. The conduction behavior was con-
firmed by AC electrical conductivity analysis. The
linear absorption coefficient was found to be en-
riched from 7.5 to 12.8 with doping. We ob-
served that the co-doped PbI2 can be a good choice
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as nuclear radiation detector compared to the pure
one. The current research may be helpful to build
the efficient radiation detectors.
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