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Abstract— Thin film crystals of walnut doped-lead sulfide (walnut/PbS) have been successfully grown using the Sol-gel method
and characterized for device applications in this report. Lead nitrate (Pb(NOs),), thiourea, sodium silicate, tartaric acid
[HOOC(CHOH),COOH] and locally prepared grinded walnut back cover/shell were the precursors used for the synthesis of the
crystal films. The structural and optical properties of the films were investigated via x-ray diffraction (XRD) and
spectrophotometry techniques respectively while the FT-IR technique was used to determine the functional group compositions
of the films. The results of the characterisations indicated that the optical properties of the films like the absorbance, reflectance
and refractive are quite high and are influenced by walnut doping. The bandgap energy of the films is in the range of 1.51 eV to
1.92 eV., which is strategic for many electronic and optoelectronic device applications. The XRD analysis showed that the
grown crystals are crystalline in nature and crystal parameters such as grain size are11.87 nm, 13.08 nm, 14.75 nm and 36.77 nm
for un-doped, 1 drop, 2 drops, 3 drops walnut-doped PbS films respectively. The dislocation density of the films decreased as
the number of walnut dopants drops increased which suggest improvement in the structure of the films. The FT-IR results
indicated that the grown crystals composed mostly the N-H, O-H (alcohol stretching) and C-H (alkane stretching bond)
functional groups. These properties exhibited by the grown films position them for many opto-electronics applications including
infrared detectors, solar cells, photodetectors devices, waveguide and optical fiber device applications.
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1. Introduction

Materials that have narrow bandgap energy values have been
found to be of great interests for many technological
applications due to their peculiar characteristics. These
characteristics stemmed from their small bandgap energy
values, fast carrier mobility, high absorption capability and
easy tunability of their structures. Basically, semiconductor
materials that have bandgap energy of at most 2.3 eV can be
described as narrow bandgap semiconductors (NBGs) and
typical examples are group IV, 111-V, IV-VI, and some 1I1B-
VIA compounds, [1]. Most semiconductor materials
obtainable from these groups of semiconductor compounds
are Ge, InAs, InSh, GaSh, PbS, PbTe, and some ternary
compounds such as InGaAs, HgCdTe from the groups, [2].
These materials have found good applications in fabrications
of devices such as; Infrared detectors, laser, flash memory
devices, thermal imaging cameras, photo-electromagnetic
detectors, photodiodes, transistors, High speed electronics
and solar cell, LEDs, Ohmic contact, electro-optic and host of
other optoelectronic device applications, [3, 4]. The
semiconductor chalcogenides of I1V-VI materials/ thin films
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such as PbS, PbTe, PbSe etc., have been identified to exhibit
unique properties for tunable device applications.
Specifically, PbS materials have been known to have bandgap
energy in the range of 0.37-0.41 eV and large excitonic Bohr
radius of about 18 nm at room temperature, [5, 6]. The
relatively large exciton Bohr radius of PbS is strategic in the
sense that comparable size reduction to the nano-meter scale
regime can be easily achieved in the crystal structures of PbS
thin films and this phenomenon known as “quantum
confinement effect” has been one of the keys to exploring the
various applications of PbS materials in nano or thin film
forms, [7, 8]. Basically, PbS has been found very useful in
fabrications of devices for photodetectors, solar cells, infra-
red (IR) detector, solid state lasers, biosensors, deep tissue
imaging, etc., [9]. In solar energy application in particular, it
has been reported that PbS-based solar cells combined with
silicon solar cells can improve performance due to the
additional absorption in the infrared range coming from the
PbS base, [10, 11]. Doping of PbS thin film semiconductors
with different materials and fabricate using several deposition
methods at different conditions have been found to alter the
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various properties of the PbS materials for different device
applications, [12, 14].

2. Related Work

In this respect, the influence of Cu-doping on the
morphological and electrical properties of PbS thin films have
been reported by, [15]. The authors reported that there is
decrease in the surface roughness and grain size of the films
as the concentration of Cu** increased from 0.5 to 2.0 at%
while the electrical conductivity was found to increase with
Cu* doping as from 1.0 to 1.5 at%. The authors inferred that
Cu doping can be an effective strategy to tuning the electrical
properties of PbS thin films for development of suitable
optically active materials for photovoltaics applications. The
structural and electrical properties of PbS thin films doped
with Cr®" ions using chemical deposition method has also
been reported by, [16]. The authors observed high variations
in the structural properties of the films such as lattice
parameters, strains, and degree of texturing and the band gap
energy of doped PbS. The photoelectric and electrical
properties showed an extremum and the most profound
changes were observed for the film deposited with 0.016 M
chromium source. Study on the optical, electrical, structural
and morphological properties of lead manganese sulphide
(PbMnS) thin film semiconductors for possible device
applications has been reported by, [17]. The band gap energy
of the PbS film was found to be tuned to the order of 1.9 eV
to 2.0 eV as a result of Mn doping and tends to remain
constant as concentration of Mn?" increased. The electrical
resistivity and conductivity of the films were found to be
dependent on the concentration of Mn** and film thickness.
The authors concluded that the observed properties exhibited
by the films of PobMnS made them good materials for many
optoelectronic and electronic applications such as solar cell,
light emitting diode (LED), photodetector etc. A
comprehensive study of the effects of Mn doping on the
electronic density of states of PbS quantum dots (QDs) has
also been reported by, [18]. It was found that the Mn doping
caused variations in broadening of the electronic bandgap in
the PbS QDs and sp-d hybridization between the PbS host
material and Mn dopants was believed to be responsible for
the bandgap broadening in the deposited material. The study
on the effect of deposition voltage variation on the optical
properties of PbMnS thin films deposited by
electrodeposition method to determine the optimum voltage
for device application has been reported by, [19]. The authors
reported that the optical bandgap energy of the deposited
PbMnS thin films is in the range of 1.5 eV to 1.9 eV and
Urbach energy showed increasing trend as the deposition
voltage increased. They concluded that the bandgap energy of
the films is blue-shifted and based on the Urbach energy
variation, the optimum deposition voltage for the films is at
lower voltage in the order of 1.80-2.20 V. The properties of
Ag-doped PbS nanoparticles for optoelectronic applications
have been reported by, [20]. It was discovered that Ag doping
improved the electrical and dielectric properties of PbS
nanoparticles and there exist enhanced photodetector figures
of merit compared to the un-doped PbS nanoparticles. The
optical band gap energy was found to increase to the range of
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1.95-2.51eV as Ag doping concentration increased. However,
there was quenching in photoluminescence (PL) intensity
with increase in Ag doping concentration and that was
attributed to the charge transfer between Ag and PbS. The
physicochemical and electrical characteristics of lead
sulphide (PbS) nanoparticles (NPs) doped with manganese
(Mn) for electronic device applications has been studied and
reported by, [21]. The bandgap energy of the doped samples
was found to decreased from 1.48 to 1.42 eV by increasing
the concentration of Mn ion source compared to the pure PbS
nanoparticles. The electrical properties such as electrical
resistivity and conductivity were found to be enhanced
without any structural distortions. The authors concluded that
pure PbS and Mn-doped PbS nanoparticles are suitable for
electronic devices operated at low temperatures. The structure
and photoelectrochemical activity of Cr-doped PbS thin films
grown by chemical bath deposition have been studied and
reported by, [22]. The study showed that Cr incorporation
decreased the average crystallite size of PbS from 59.97 to
37.59 nm, average sizes of nanoclusters decreased from 73 to
41 nm while the micro-strain and dislocation density of the
doped samples were found to increase. The study also showed
that the optimum values for incident photon-to-current
efficiency and applied bias photon-to-current efficiency were
13.5% and 1.44% at 0.68 V and 390 nm wavelength
respectively. The properties of Ba-doped PbS thin films
prepared by the SILAR method have also been reported by,
[23]. The author stated that Ba-doping influenced the structural and
optical properties of the PbS thin films. The crystallite size, optical
bandgap energy and transmittance of the doped films were found to
increase with increase in Ba doping. Al doped PbS thin films for
heterostructure solar cell device fabrication using nebulizer
spray pyrolysis technique is been reported by, [24]. It was
reported that bandgap values of PbS was shifted from 1.54 eV
to 1.66 eV on increasing Al doping concentration while the
electrical resistivity was found decreased from 3.08x10° to
1.63x10° Qcm as Al doping increased. The solar cell
efficiency of the film fabricated with 6% of Al doping was
found to be about 0.44%. In this paper, we report the
properties of PbS thin film crystals doped with local material
(grinded walnut shells) for the first time using the sol-gel
method to determine the influenced of walnut dopant on the
properties of the material for device applications. The choice
of the walnut shell as the dopant is attributable to the
remarkable characteristics of the material for different uses
and applications, [25]

3. Theory/Calculations

The various properties of the un-doped and walnut doped PbS
thin films studied include the following:

Transmittance: this property is calculated based on the
measured absorbance values of the thin films using Beer-
Lambert relation as given by [26, 27].

T =104 (1)
Where A is the absorbance.

Reflectance: this was evaluated using the relation given by
[28].

R=1- ()" @)
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Extinction coefficient: this property determines the degree a
material can with stand light intensity before actual extinction
from the material. It can be calculated using the equation as
given by [29].

k=2 3)
Where a is the absorption coefficient given by [30].
a=1% )

Refractive index: the refractive index of the grown thin film
crystals was calculated using the relation given by, [31].

1+R®
n = e ©

Bandgap energy: this other property is a very important
property of thin film material and can be estimated in this
work using Tauc formula by plotting (ahv)? as a function of
photon energy [32, 33].

(ahv)? = A(hv — Ej) (6)

Crystallite size and dislocation density and micro-strain:
these properties of the grown material were estimated using
the Williamson-Hall (W-H) plots and Wilson relations. In the
W-H scatter plot, PnqCosO is plotted as a function of 4Sin6
and a linear fitting gives intercept (z) on the PpqCos6 axis as
kA/Dyy while the slope represents the micro-strain (g) of the
material. The W-H and Wilson relations are as provided by
[34, 35].

B CosO = <2 + 4eSing @
) Dhki
§=—3 ®)

4. Experimental Method/Procedure

Materials used in this work were 5 ml measuring cylinder,
magnetic stirrer with hot plate and magnetic bead, electric
oven and Whatman filter paper (110 mm) thick, digital
weighing balance and 100 ml glass beakers. The reagents
used include; lead nitrate (Pb(NOs),), thiourea, sodium
silicate, tartaric acid [HOOC (CHOH),COOH] and locally
prepared grinded walnut back cover (walnut shell).

Sol-gel method was utilized in the preparation of the thin film
crystal samples.

4.1 Experimental details

The crystals of lead sulphide (PbS) thin films were grown by
titrating different quantities of sodium silicate solution (pH -
11.0) in 100 ml beakers, with appropriate quantities of 1 M
tartaric acid [HOOC (CHOH),COOQH], until gel was formed.
The set gels were added with 20 ml, of 1 M lead nitrate
Pb(NOs), solution to form lead tartanate as shown in the
reaction,

Pb(NO3), + H,C,0¢ — PbH,C,05 + 2HNO4

The precipitation of lead-tartanate was allowed for two weeks
to be completed. Thereafter, 20 ml, 25 ml, 30 ml and 35 ml of
1 M thiourea were added to obtain lead sulfide according to
the reaction;

PbH,C,04 + CH,N,S — PbS + HsC,04 + CH,N,

Finally, different pipette drops of locally produced impurity
(solution of grinded walnut shells), were added as dopant to
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dope the PbS films as shown in Table 1 to obtain the walnut
doped PbS (walnut/PbS) thin film crystals.

Table 1: The concentration of the precursors used for the growth of un-
doped and walnut/PbS crystals

Samples | Quantity | Quantity | Quantity | Quantity. Quantity.

of of of of of walnut

Na,SiO; | tartaric | Pb(NOs), | thiourea solution

(ml) acid (ml) (ml) (ml)

El 20.0 12 20 20.0 0 pipette
drop

E2 25.0 14 20 25.0 1 pipette
drop

E3 30.0 16 20 30.0 2 pipettes
drop

E4 35.0 18 20 35.0 3pipettes
drop

4.2 Sample characterizations

The grown thin film crystals of PbS and walnut doped PbS
were characterized using x-ray diffraction (XRD), UV-VIS
spectrophotometry and  Fourier transformed infrared
spectroscopy (FT-IR) techniques to determine their structural,
optical and compositional properties for suitable device
applications. The analysis of the results of these
characterisations are displayed in figures 1 to 9.

5. Results and Discussion

5.1 Optical properties of the grown crystals

2.8 -

2.6-l

” —e— 1 drop walnut/PhS
' —&— 2 drops walnut/PbS

221 —v— 3 drops walnut/PbS
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Wavelength A (nm)

Figure 1: Graph of Absorbance against wavelength for the undoped and
walnut/PbsS crystals.
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Figure 2: Graph of Percentage Transmittance against wavelength for the

undoped and walnut/PbS crystals.
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Figure 3: Graph of Percentage Reflectance against wavelength for the
un-doped and walnut/PbS crystals.
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Figure 4: Graph of Extinction coefficient against wavelength for the

undoped and walnut/PbsS crystals.
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Figure 5: Graph of Refractive index against wavelength for the undoped
and walnut/PbsS crystals
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Figure 6: Plots of (ahv)? against photon energy for undoped and
walnut/PbsS crystals.

5.2 Structural Properties
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Figure 8: W-H plots of the deposited thin films of undoped and
walnut/Pbs crystals

5.3 Fourier transform infrared spectroscopy analysis
results.
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Figure 9: Plot of FTIR profiles of the grown undoped and walnut/PbS
crystals.

Discussion

Figure 1 is the graph of the absorbance property of the
undoped and walnut/PbS thin film crystals against
wavelength. The figure showed that the grown crystals have
high absorbance values in the near visible (VIS) region and
decreased with increase in wavelength, towards the infrared
region. The absorbance of the grinded walnut followed the
same path. These results indicate that grinded walnut used as
dopant can increased the absorbance of PbS materials and the
obtained results are good for optoelectronic applications such
as solar cell devices for solar energy harnessing. In figure 2,
the graph of transmittance against wavelength for the grown
crystals is displayed. The figure indicated that the
transmittance of the grown crystals increased with an increase
in wavelength which suggest higher percentage transmittance
in the infra-red (IR) region. This made the samples good
materials for photovoltaic cells and poultry house coating
applications, [36]. Figure 3 is the graph of percentage
reflectance of the un-doped and walnut/PbS films. The grown
crystal films exhibited high reflectance of the order 70-80 %
for the crystal doped with 3 drops of walnut solution, 60-65
% for un-doped and 2 drops walnut/PbS, and decreased
towards the infrared region. The sample 1 drop walnut/PbS
has reflectance of 40 % in the near visible region, decreased a
bit at the visible region and remained steady towards the
infrared region. The grinded walnut sample has a percentage
reflectance in the range 70-75% in the VIS region and
decreased towards the infrared region. The high percentage
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reflectance exhibited by the grown crystals of the undoped
and walnut/PbS make them good materials for eye glass
coatings. The graph of extinction coefficient of the grown
crystals as a function of wavelength is displayed in figure 4.
This property indicates how strongly a material absorb light
at a given wavelength and the graph showed that the
extinction coefficient is higher at the VIS and decreased
towards the infrared region; except for the film 1 drop
walnut/PbS that remained steady towards the infrared. The
crystal doped with 3 drops of walnut solution has the highest
extinction coefficient. The graph of refractive index against
wavelength is shown in figure 5 to determine the refractive
index behaviors of the films at different wavelength range.
From the figure, it was observed that the grown film crystals
exhibit high refractive index values in the VIS region. The
film grown with 2 drops walnut has the highest value in the
range 8-19 while the film grown with 1 drop walnut dopant
has the lowest value of 4.0 throughout the VIS and NIR
regions. The figure also showed that the walnut dopant has
influence on the refractive index of the films and the obtained
results are favorable for waveguide and optical fiber device
applications. Figure 6 showed the plots of (ahv)? as a function
of photon energy for determination of the optical bandgap
energy of the grown crystals of undoped and walnut/PbS.
From the plots, the bandgap energies of the samples were
extrapolated on the photon energy axes at absorption edge at
which (ahv)? equals to zero. The values obtained are 1.86 eV
for undoped PbS, 1.66 eV for 1 drop walnut/PbS, 1.92 eV for
2 drops walnut/PbS, 1.51 eV for 3 drops walnut/PbS and 1.70
eV for the grinded walnut sample. These results showed that
grinded walnut dopant has effect on the bandgap energy of
PbS crystals. The bandgap energy values ranged from 1.51
eV-1.92 eV., implying that the grown crystals have wide
bandgap and can be used in solar energy technology, high
temperature and power devices, high frequency and
optoelectronic devices, [37]. Figure 7 is the plots of XRD
patterns of the results of XRD analysis done on the grown
crystal films of un-doped and walnut/PbS. From the figure,
there exist sharp peaks in the XRD profiles which indicated
that the grown crystals are crystalline. These peaks that
occurred at various 2-theta positions are indexed to different
crystal planes as depicted in the figure. The data from data-
base of Qual X Software were used to match the XRD results
of the grown crystals and the data for all the samples matched
almost well with the standard JCPDS card no. 00-901-4778
for PbS (Anglesite) with Space Group - Pnma and
Orthorhombic crystal structure. The Williamson-Hall (W-H)
plots of the deposited thin film crystals are presented in figure
8. The figure showed negative slopes for undoped PbS, 1
drop, 2 drops and 3 drops doped PbS which suggest that the
micro-strain is due to compression/shrinkage of lattice
parameters of the deposited films, while the sample 3 drops
walnut/PbS has a positive slope indicating strain may be due
to expansion of lattice parameter at higher concentration of
the dopant. The crystallite sizes of the films estimated from
the W-H plots are 11.87 nm, 13.08 nm, 14.75 nm and 36.77
nm for un-doped, 1 drop, 2 drops, 3 drops doped PbS films
respectively. The calculated values of dislocation densities of
the films using Wilson relation based on the estimated values
of crystallite sizes are 7.09x10° nm? 5.84x10° nm?
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4.59x10°% nm? and 7.39x10™* nm? respectively. The FT-IR
spectra of the grown crystals of un-doped and walnut/PbS are
presented in figure 9. The functional groups exhibited by the
grown crystals were determined in the wavenumber range
1500 cm® — 4000 cm™. The crystals exhibit various
absorption sharp peaks within the functional group region as
depicted in the figure. The sharp peaks around 3423 cm™ and
3192 cm™ signal the presence of N-H and O-H stretching
while weak absorption peak at 2561 cm™ indicated S-H
stretching for undoped PbS crystal. The 1 drop walnut/pbS
crystal showed sharp absorption peaks around 3802 cm™ and
3587 cm™ each corresponding to O-H (alcohol stretching),
3417 cm™ correspond to N-H stretching while the peak at
2877 cm™ indicates C-H (alkane stretching bond). There exist
also absorption peaks 2537 cm™ and 2082 cm™ which signal
S-H and N=C=S alkene double stretching in the crystal. The
sample 3 drops walnut/PbS showed sharp peaks at 3751 cm™,
3500 cm™ and 3208 cm™ which were attributed to O-H
(alcohol stretching). The C-H and S-H bonds are identified at
wavenumbers 2873 cm™ and 2538 cm® while O=C=0
stretching occurred at 2287 cm™. The grinded walnut showed
O-H at 3783 cm™, N-H stretching at 3427 cm™ and C-H
alkane stretching at 3190 cm™.

6. Conclusion and Future Scope

The properties of the deposited thin film crystals of un-doped
and walnut/PbS studied in this work showed that the
absorbance of the films is generally high and the obtained
values are influenced by doping concentration. The film
grown with 3 drops of walnut solution (3 drops walnut/PbS)
has the highest value of absorbance in the range of 1.6-2.6 in
the VIS and NIR regions. The film grown with 1 drop walnut
solution has the lowest value of 0.75 throughout the VIS and
NIR regions. The transmittance of the films is however low
but increased with wavelength thus suggesting higher values
in the infrared region of electromagnetic spectrum. The films
exhibited high percentage reflectance as well as very high
values of refractive index throughout the VIS and NIR
regions and greatly influenced by doping of walnut solutions.
The deposited thin films of PbS and walnut/PbS also have
high extinction coefficient with the highest value in the range
1.25-2.00 exhibited by the sample 3 drops walnut/PbS. The
bandgap energy of the films ranged from 1.51 eV to 1.92 eV.,
indicating that the grown crystals have range of bandgap
values that can be used in solar energy technology, high
temperature and power devices, high frequency and many
other optoelectronic devices. The XRD analysis showed that
the grown thin films have crystal structure and the crystallite
sizes were found to be 11.87 nm, 13.08 nm, 14.75 nm and
36.77 nm for un-doped, 1 drop, 2 drops, 3 drops doped PbS
films respectively while the dislocation densities are 7.09x10°
* nm?, 5.84x10° nm?, 4.59x10° nm? and 7.39x10™* nm™
respectively. The FT-IR results indicated that the grown
crystals composed mostly of N-H, O-H (alcohol stretching)
and C-H (alkane stretching bond) functional groups. The
grinded walnut was specifically found to show absorption
peaks at 3783 cm®, 3427 cm® and 3190 cm® which
corresponded to O-H, N-H stretching and C-H alkane groups
stretching. Following these properties exhibited by the grown
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thin films of this nature, it can be asserted that the films are
good candidates for many opto-electronics applications
including infrared detectors, solar cells, photodetectors etc.
The challenge to this research remains lack of grants from
government agency and it is thus recommended that more
properties of materials such as electrical, magnetic properties
etc. be investigated to determine other potential areas of
applications of the grown films of this nature.
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