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Abstract - Lead sulphide-polyvinyl alcohol (PbS-PVA) nanocomposites have been grown by a chemical bath deposition 
process at different growth temperature. The plane view transmission electron micrographs clearly indicate the formation of 
PbS nanoparticles encapsulated in PVA matrix. Selected area electron diffraction (SAED) patterns show that the formation 
of polycrystalline nature of PbS nanoparticles. The enhancement of energy band gap is attributed to the quantum 
confinement effect in PbS nanocrystals. The current-voltage characteristics of PbS-PVA nanocomposite films on patterned  
indium tin oxide (ITO) coated flexible  polyethylene terephthalate (PET) substrates with Aluminium (Al) and Silver (Ag) as 
top contact electrodes  have been studied at different growth temperature 60, 80 and 1000C. The flexibility studies of 
ITO/PbS-PVA/Al and ITO/PbS-PVA/Ag devices have been performed at different bending angles for possible applications 
in flexible electronic devices. 
 
Index Terms - PbS-PVA nanocomposite, Schottky diode, Curren-Voltage,  Fexible electronic Device. 

 
I. INTRODUCTION 
 
Semiconductor nanoparticles in insulating polymer 
matrix have been attracted much attention due to their 
potential applications in electronic and optoelectronic 
devices [1], [2]. Lead sulfide (PbS) is an important 
binary IV-VI semiconductors due to their large 
exciton Bohr radius (∼18 nm), strong photoabsorption 
in infrared (IR) region and direct band gap (bulk band 
gap ∼ 0.42 eV, at 300K). As PbS has large excitonic 
Bhor radius, the optical energy band gap can be easily 
tuned and blue shifted from near infrared (IR) to 
visible region by reducing the dimension of 
nanocrystal. PbS nanocrystals have exhibited 
excellent optical and electrical properties due to their 
useful applications in IR detectors [3], IR quantum 
dot light-emitting diodes [4] and multi-exciton 
generation solar cell [5]. The growth of PbS 
nanoparticles in PVA matrix is useful to avoid 
oxidation and coalescence of nanoparticles and tuned 
the optical properties of nanoparticles, instead of 
using high cost and toxic capping agent. Polyvinyl 
alcohol (PVA) plays an important role of storing of 
charges, which is attractive for paper capacitors and 
high dielectric thin film applications. Although 
several reports are available on the growth and 
characteristics of PbS-PVA composites, the 
application of nanocomposite films in flexible 
electronics have not been investigated earlier in 
details.  A detail study    is necessary for PbS-PVA 
nanocomposite thin films for possible applications in 
flexible devices.  In this report, we have grown PbS 
nanoparticles encapsulated in PVA matrix using a 
chemical bath deposition process. The optical and 
electrical properties of PbS-PVA nanocomposites 
have been investigated at different growth 
temperature. Current-voltage (J-V) characteristics 

have been studied by depositing a thin layer of PbS-
PVA film on patterned ITO coated flexible 
polyethylene terephthalate (PET) substrates at various 
growth temperatures. To demonstrate the possible 
application of PbS-PVA nanocomposites in flexible 
electronics, current-voltage measurements have been 
performed at different bending angle of the devices. 
 
II. EXPERIMENTAL 
 
The chemical bath used for the preparation of 
nanocrystalline  PbS thin films in PVA matrix.  First 
of all,  a transparent  PVA solution was prepared by 
adding 4gm of solid PVA (C2H4O)n  (where n = 1700) 
in 150 ml of de-ionized (DI) water, followed by 
heating and stirring at ∼95 °C for  2 hours. After 
aging the solution for 1h, when the temperature was 
dropped to 400C, an aqueous solution, containing 4.98 
mmol of lead acetate (99%, Nice) and 0.02 mol of 
NaOH (97%, Merck) was added to the previous 
solution. After 10 mins, 11.82 mmol of CH4N2S 
(thiourea) was also added to the solution for 30 mins. 
PbS-PVA  nanocomposite films were deposited on 
cleaned glass and patterned ITO coated flexible 
polyethylene terephthalate (PET) substrates by 
dipping into the solutions. PbS-PVA nanocomposites 
were grown at 60°C, 80°C and 100°C bath 
temperature. Microstructural studies were performed 
using a JEOL JEM-2100F transmission electron 
microscope (TEM) with an accelerating voltage 200 
kV. X-ray diffraction (XRD) spectra were recorded by 
a Philips X-Pert PRO-MRD diffractometer with CuKα 
(λ=0.15418 nm) radiation operated at 45 kV and 40 
mA.  The optical band gaps of the nanocomposites 
were measured at room temperature by using a double 
beam Perkin-Elmer Ultraviolet-Visible-Near infrared 
(UV-VIS-NIR) Lambda 950 spectrometer. The 
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current-voltage characteristics of PbS-PVA 
nanocomposites were carried out with an Agilent 
B2912A source measuring unit. 
 
III. RESULTS AND DISCUSSIONS 
 
Fig. 1(a) represents the plane view TEM micrographs 
of PbS-PVA nanocomposites grown at bath 
temperature 800C. The TEM micrographs revealed the 
formation of PbS nanoparticles in PVA matrix. The 
SAED pattern (upper inset of fig. 1) of PbS 
nanoparticles shows distinct circular rings, indicating 
the formation of polycrystalline nature of PbS 
nanoparticles. The dominant diffraction patterns in the 
micrograph are indexed as (200),(220) and (311) 
planes of face centre cubic (fcc) rocksalt  PbS 
structure 

 
Fig. 1: Plane view transmission electron micrographs (TEM) of 

PbS nanoparticles embedded in PVA matrix of growth 
temperature 800C. Inset at top right shows the selected area 
electron diffraction pattern (SAED) of PbS nanoparticles. 

HRTEM image of PbS nanoparticles (inset at bottom right). 
 
The optical band gap (E ) has been determined using 
Tauc’s formula [6],  
(αhν) = A hν− E                                                     
(1)                        
Where α  is the absorption coefficient, hν is the 
incident photon energy, A is a constant related to the 
refractive index and electron/hole masses, and the 
exponent  n  depends on the nature of transition. As 
PbS is a direct band gap semiconductor, n =   for 
direct allowed transition.  
 

Fig. 2: (αhν)2 versus hν plot of PbS-PVA nanocomposites of 
growth temperature 60, 80 and 1000C for determining the band 

gap 

The optical band gap has been determined by 
extrapolating the linear portion of the plot (αhν)  vs 
(hν) on the energy axis (hν), as shown in Fig2. The 
calculated band gap for the  PbS-PVA samples grown 
at 60°C, 80°C and 100°C temperature are obtained as 
1.45 eV, 1.15 eV and 0.67 eV, respectively. In all 
growth temperature, the band gap increases from the 
bulk band gap value (∼ 0.42 eV) of PbS , which is 
attributed to the quantum confinement effect in PbS 
nanocrystals in PVA matrix. When the crystallite size 
increases, the band gap decreases. This minimizes the 
density of localized states or defects in the forbidden 
band. The larger grains at higher temperature may 
also induce the localized energy states from defects in 
grains and grain boundaries, resulting in a lowered 
band gap. 
 

 
Fig. 3: X-ray diffraction patterns of PbS nanoparticles in PVA 

matrix at different growth temperatures. 
 
X-ray diffraction crystalline behavior of PbS-PVA 
nanocomposites were carried out using x-ray 
diffraction spectra of the samples deposited on glass 
substrates using CuKα radiation. Fig. 3 shows the 
XRD spectra of PbS-PVA nanocomposites of growth 
temperature 60, 80 and 1000C. PbS nanoparticles are 
highly crystalline and the intensity of diffraction 
peaks increases with growth temperature due to 
increase of crystallinity. The major diffraction peaks 
at (111), (2 0 0), (2 2 0), (311) and (2 2 2) planes are 
attributed to the formation of face-centered-cubic 
(fcc) rock-salt structure of  PbS with lattice 
parameters a=b=c= 5.931Å (JCPDS File Card 78-
1901).The average crystallite size was calculated 
using the Scherrer equation from the full width at half 
maximum (FWHM) of the three main (200), (111) 
and (220) peaks. The crystallite size of the films 
deposited at 60, 80 and 1000C were found to be 12.3, 
16.8 and 18.4 nm, respectively. For electrical 
measurements, PbS-PVA nanocomposites were 
deposited on patterned ITO coated flexible PET 
substrates. Aluminium (Al) and silver (Ag) film were 
deposited on the surface of PbS-PVA nanocomposite 
films as top electrodes by thermal evaporation 
process. The active device area is equal to 6×10-6 m2 
for both ITO/PbS-PVA/Al and ITO/PbS-PVA/Ag 
devices. For ITO/PbS-PVA/Al device, bottom ITO 
electrodes were connected to (+) ve and top Al 
electrodes were connected to (-) ve terminal.  Also for 
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ITO/PbS-PVA/Ag device, bottom ITO electrodes 
were also connected to (+) ve and top Ag electrodes 
were connected to (-) ve terminal.  
 

 
Fig. 4: Schematic diagram of (a) ITO/PbS-PVA/Al and (b) 

ITO/PbS-PVA/Ag flexible devices. 
 
The schematic diagram of flexible ITO/PbS-PVA/Al 
and ITO/PbS-PVA/Ag devices structure as shown in 
Fig. 4(a) and (b). 
 

Fig 5: Current-Voltage characteristics of (a) ITO/PbS-PVA/Al 
device and (b) ITO/PbS-PVA/Ag device at different growth 

temperature 60°C, 80°C and 100°C. 
 
Fig. 5(a) shows J-V characteristics of devices made 
from the various diameters of PbS nanoparticle 
embedded in PVA matrix deposited on patterned 
flexible ITO coated PET substrates, with Al (Fig. 
5(a)) and Ag (Fig. 5(b)) as the top contact electrode. 
In Fig. 5(a), the J-V characteristics show nonlinear 
symmetrical rectifying behavior in both forward and 
reverse directions.  The rectifying behavior in forward 
and reverse directions is attributed to the formation of 
back to back Schottky diode between the metal and 
PbS semiconductor. It has been observed that, the 
current density value increases with bias voltage 

beyond ±4 V. It increases with increase in growth 
temperature at a constant bias voltage. As for 
example, at 8 V bias voltages the current density 
value for the growth temperature 60, 80 and 1000C are 
29μA, 93μA and 163μA respectively. Such increase 
in current density is due to the change in band 
alignment at different growth temperature. The 
diameter of PbS nanoparticle increase with increase in 
growth temperature. Moreover, the current density is 
low for smaller size of PbS nanoparticle with larger 
band gap, because the barrier height between the PbS 
layer and Al is large enough to block hole-injection, 
therefore, holes accumulate at the interface, causing 
small current density. The current density is high for 
larger diameter of PbS nanoparticle with smaller band 
gap, the barrier is reduced allowing for some hole 
injection, which occurs via thermionic emission. The 
barrier height can be reduced if the top electrode 
aluminium (Al) metal with a work function ∼ 4 eV is 
replaced by silver (Ag) metal with a work function ∼ 
4.2 eV as shown in Fig. 5(b), and therefore the J-V 
curves of ITO/PbS-PVA/Ag devices exhibit higher 
current density as compared to ITO/PbS-PVA/Al 
devices. As for example, at 8 V bias voltages the 
current density value of ITO/PbS-PVA/Ag device for 
the growth temperature 600C, 800C and 1000C are 18 
mA, 35 mA and 51 mA, respectively. 
 

Fig. 6:  J-V measurements of ITO/PbS-PVA/Ag device were 
carried out at 1800 (without bending), 1000, 700 and 400 bending 

angles 
 
We have also measured the current-voltage 
characteristics during bending of the ITO/PbS-
PVA/Al and ITO/PbS-PVA/Ag devices for their 
possible application in flexible electronics. Fig. 6 
represents the plot of current density vs voltage at 
various bending angles. Interestingly, there is no 
detectable change in current density after bending the 
devices with angles 400, 700 and 1000. 
 
CONCLUSION 
 
We have grown PbS-PVA nanocomposite thin films 
at different growth temperature 60, 80 and 100oC 
using a chemical bath deposition process. The TEM 
micrographs revealed the formation of PbS 
nanoparticles in PVA matrix. SAED and XRD study 
confirms that PbS nanoparticles are polycrystalline 
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with fcc rock-salt structure of lattice parameters 
a=b=c= 5.931Å. Using Tauc’s formula, the optical 
band gap has been calculated at growth temperature 
600C, 800C and 1000C  and found to 1.45 eV, 1.15 eV 
and 0.67 eV, respectively. In all growth temperature, 
the enhancement of band gap increases from bulk PbS 
value due to the quantum confinement effect. J-V 
characteristics of nanocomposites deposited on ITO 
coated flexible PET substrates shows a rectifying 
behavior due to the formation of Schottky contact 
with PbS layer and metal electrodes. The Schottky 
barrier height is a function of the PbS band gap 
energy and top contact metal work function. We find 
that the Fermi levels are pinned at the 
metal/semiconductor junction. The current density 
increase with increase particle size and decrease 
energy band gap. Higher current density with Ag as 
top contact electrode compared to Al due higher work 
function and smaller barrier height. The present study 
demonstrates the potential use of PbS-PVA 
nanocomposites for flexible electronic and 
optoelectronic device applications.  
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