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Abstract:

In this work, lead oxide (PbO) thin films were deposited using D.C. sputtering
method on a surface of glass substrates and then thermally annealed at a temperature
of 473K with annealing times of (1,2 and 3) hours. The structural, morphological, and
optical properties of films were determined using X-ray diffraction (XRD), atomic
force microscopy (AFM), FT-IR, and UV-Visible spectroscopy. The structure studies
confirmed that PbO films are polycrystalline structures in an orthorhombic phase with
average grain size (24.51, 29.64, 46.49, 16) nm with increasing annealing time. From
AFM, the roughness of the film surface (3.26, 1.76, 1.61, 1.79) nm as the film
annealing time increases. The optical band gap values of the PbO thin films are (3.9,
2.8, 3.7, 2.4) eV as the annealing time increases.
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1. Introduction

Lead oxides find numerous applications in modern technology in different fields ranging
from imaging devices to electrophotography and laser technology. On the other hand, PbO has
been considered one of the interesting metal-oxide electrode materials for oxygen evolution
reactions in applications such as fuel cells, hydrometallurgy, metal-air batteries, and solar-
driven water splitting [1-3].
Therefore, several reports describe the properties and applications of lead oxides, including the
electronic structure and bonding, the dielectric constant, electrophotography, oxygen gas
sensing properties, and the photo conducting behavior of different lead oxides[4 -6]. Noticeable
studies also denoted the characterization of PbO films produced by several methods, including
chemical vapor deposition,[7] electrodeposition[8], Plasma magnetron sputtering[9], and
reactive Rf sputtering [10]. However, to our knowledge, a few reports are available on the
formation of PbO films produced by reactive DC sputtering. Reactive DC sputtering is an
important industrial process for the deposition of metal—oxide films from elemental targets [11].
It has become the most widely used technique for the deposition metallic and compound thin
films[12].

The present work reports a systematic investigation of the effect of annealing times on
different PbO films by studying structural and optical properties. It is essential to understand
the dependence of film properties upon different annealing times, as high-temperature
applications of metal oxides have recently received considerable attention[13, 14]. At a varying
annealing time, the optical and structural properties of the films may change, possibly also
changing the film roughness, crystallite size, and relativity absorption. In addition, grain growth
is possible for crystallite films, which could decrease surface roughness [15]. Furthermore,
stoichiometric variations upon annealing are also possible. The efficiency and behavior of a
material can be affected by its surface properties. It is possible to modify and tune these surface
properties to meet a demand for improved performance [16]. Therefore, it is vital to determine
and understand the annealing time dependence of film properties [17].

2. Experimental part

The experimental schematic setup of the DC sputtering system is shown in Figure (1). The
system includes a vacuum chamber, made of glass, with a diameter of 29 cm and a height of 60
cm; this chamber contains a target (set as the cathode) and anode. The target was made of lead
(supplied from Aldrich company with high purity (99.99) with diameters of 5 cm fixed at 2.5
cm from the anode. It was electrically connected to a variable high voltage DC power supply.

Lead oxide films were prepared by reactive D.C sputtering from a metallic lead target.
Initially, the sputter chamber was pumped down to 8x10°2 mbar by a rotary vacuum pump. In
our study, sputtering was performed at a pressure of 1x10 mbar, measured by an ion gauge, a
constant cathode current of 40 mA, and a potential difference of 750 V. The lead target was
sputtered by argon gas with a low rate of oxygen, where the oxygen partial pressure was
controlled by regulating the oxygen flow rate. Thin films were deposited on glass substrates for
20 min. at 473K, the samples were annealed for different periods of (1, 2 and 3) hours in an
oven (MEMMERT, made in Germany).

The structural investigations were done using XRD, AFM, and FT-IR techniques, which
helped to determine the type of the morphplogy and microstructure of PbO. Thin films were
examined by the XRD technique using a diffractometer (SHIMADZU made in Japan) of a
power diffraction system with a Cu-Ka X-ray tube (A=1.54060 A, V=40kV, I=30mA, step 0.05,
speed=>5 deg/min). The X-ray diffraction was recorded with the diffraction angle 26 in the range
14-45 degrees.
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AFM (model TT-2), FT-IR (model spectrum TWO Perkin Elimer) with specteum rang
(4000- 450) cm™ and a double beam UV-Vis-NIR Metertech spectrophotometer(at varied
(200-1100 nm) settings) were employed to study the prepared lead xide thin films.
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Figure 1: A sketch of a DC sputtering system.

3. Results
3.1. X-Ray Diffraction

Figure (2) illustrates the XRD patterns of PbO films for the as-deposited thin films and those
annealed for three different annealing times. The diffraction pattern of PbO matched with that
of the International Centre for Diffraction Data (ICDD) card number [98-900-7711],
confirming the type of film to be PbO and has an orthorhombic crystal system [18]. The
Crystallites size has been estimated using Scherrer's relation [19]:

- Bcos6 (1)

Where: D is the Crystallites size, k is a constant that depends on the relative orientation of
the scattering vector to the external shape of the crystallite[20], A is the wavelength, B is the
width of the XRD line, and 6 is diffracting angle from the Bragg's angle position. Upon
annealing the pristine PbO films at 473K for 1, 2, and 3 hours, it becomes a polycrystalline's
structure. The XRD pattern for annealed PbO film confirms the presence of the PbO phase
within the orthorhombic crystal system. This result is similar to the findings of Zeyada and
Makhlouf [21] and Alagar et al. [22]. It can be observed from the figure that the pristine film
has seven distinct peaks at (20 =20.2°,21.24°24.9° 27.4°29.3° 30.6°, 34.4°) with the
orientations (020, 110,110 111, 111 200, 002), respectively. After 1 hour of annealing, five
peaks disappeared while the peaks at (26=29.3° and 30.6°) became more intense, and new peaks
appeared at (20=32.9°,38.1°) with orientations (111, 200), respectively. These additional peaks
which appeared in the one-hour annealed sample corresponding to PbzO4 are identical with
standard card No. 96-901- 2703. This is similar to the findings of Hamid and Mohammed [23].
The samples annealed for 2 hours showed many peaks located at 26 = 15.3,20.2°,21.24°,24.9°,
27.4°,29.3°, 30.6° 32.9, and 38.1° ). The intensity of the most pronounced peaks at 26= 29.3°
and 30.6° became sharper indicating additional crystal growth along these planes giving rise to
large crystallite size, as shown in Table (1). After 3 hours of annealing, most of the peaks
vanished; the peaks at (29.3° 30.6°) became wider with a shoulder around the peak (26=30°).
It is clearly observed that there was an inverse relationship between peak intensity, crystallite
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size, and the FWHM. There was a slow growth rate of particle sizes at higher annealing times,
whose growth speed was low compared to that at intermediate annealing times.

The retardation of crystal growth was attributed to the time of annealing, which worsened
the crystalline structure due to the energy supplied to the atoms that hindered the gathering of
atoms and hence reduced the particle size of the lead oxide thin films [24].
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Figure 2: XRD patterns of PbO thin films annealed at 473k for different period times.
The crystallite sizes at the most intense peaks were calculated and listed in Table (1). It was
well pronounced that the average crystal size reached a maximum of (46.49) nm after a thermal

annealing time of 2 hours. This indicated that increasing thermal annealing time first enhanced
the crystal structure, but then the opposite took place.

Table 1: the variation of crystal sizes at different annealing times.

1 hour 2 hours 3 hours

as deposit

22.56 23.55 46.00 14.64
26.38 35.73 46.98 17.37
24,51 29.64 46.49 16.00

3.2. Atomic Force Microscopy (AFM).

The surface topography of the formed thin films was studied using AFM analysis, which
analyzes the surface of the samples, produces microscopic images of their state and gives
statistical values of several variables. The average roughness and root mean square (RMS) were
deduced from the AFM images. Figure (3) shows 3D AFM images for lead oxide thin films
annealed at a temperature of 473K for different times. A sponge-like structure appeared, and
the thin film covered all the surfaces of the glass substrate.

The finer morphology and roughness of the films can be seen for (PbO) thin films. The

roughness of the surface is an important parameter which describes the scattering of light and
gives an idea about the quality of the surface under investigation. In addition, it provides some
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insight into the growth morphology. The decrease in surface roughness of the annealed films
leads to a reduction in the efficiency of sensing properties. Therefore, it is vital to investigate
the surface morphology of the films. Table (2) shows the results of AFM analysis for (PbO) for
the three annealing times. It can be noted that the average roughness decreased from 3.26 nm
to 1.79 nm as the annealing time increased because the shrinking lattices led to a reduction in
the grain size.

Table 2: The results of AFM analxsis for ngO! at 3 time Eeriods of annealing at 473k.
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Figure 3: AFM image at 473k for pristine for the three annealing times.
Both average roughness and RMS values decreased after annealing compared to their values
without annealing. This is because annealing increases the collisions between molecules and
thus has the lowest kinetic energy. Figure (3) shows the results of the granularity distribution
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of average diameter obtained from the AFM analysis of the PbO thin films. The value of grain
size distribution of the films was clear at room temperature (RT) and annealing temperature.

3.3. Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectrum for the lead oxide is shown in Figure (4). This spectrum has different
transmission peaks. A strong peak at 1393 cm™ corresponds to the Pb-O stretching, and another
peak at 682.9 cm™ indicates the presence of lead [25]. The transmission peak at 460 cm™
indicates the presence of (Pb-O) stretching vibration mode [26,27]. The peak around 833 cm
is due to the Pb-O vibrations, and the peak around 700 cm™ is related to the asymmetric bending
vibration of Pb-O-Pb [28][29]. The peaks located at 3735 cm™ correspond to the bonding of H—
OH stretching bonding modes of water[30], while the infrared peaks located at (2923, 2853,
1743) cm™ and 1650 cm™ are related to the (C=0) stretching vibration modes that refer to the
little contribution of CO> dissolution from air contain [31].
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Figure 4: FT-IR spectrum of lead oxide

3.4. UV-VIS properties

The absorbance spectra of the as-deposited lead oxide thin film and those annealed at 473K
for different times (1,2 and 3 hours) are revealed in Figure (5). It is obvious that the absorption
edge shifted to a longer wavelength (redshift) due to the annealing of the as-deposited lead
oxide thin films for one hour; this was followed by a blue shift, i.e., shift to the short wavelength
side as a result of increasing the annealing time of the deposited thin films to 2 hours; eventually
the absorption edge return to shift to longer wavelength (red shift) as a result of increasing the
annealing time to 3 hours. This irregular shift of the absorption edge was reflected in the energy
gap values, as seen in the next section.
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Figure 5: The absorbance spectra of lead oxide thin films annealed at 473K at different

annealing times

The optical band gap was graphically found using Tauc's formula [32][33] for direct

transition:
(ohv)?=A (hv - EQ) (2)

Where: Eg is the optical energy gap, a is the absorption coefficient, hv is the photon energy
of incident light, and A is a constant. The graphs in Figure (6) reveal that the pristine films have
a direct allowed energy gap of 3.9eV, which decreased after annealing for 1 hour to 2.8 eV; this
can be attributed to the increase of the particle size, as demonstrated in the XRD results. After
annealing for 2 hours, the energy gap was found to increase to 3.7 eV. Finally, the energy gap
was drastically reduced to 2.4 eV after thermal treatment for 3 hours. This can be attributed to
creating new localized states by the effect of the long period of thermal treatment, which permits
re-arranging the deposited atoms. Table 3 illustrates the bandgap energies at the different
thermal treatment times. The shifts of energy gap toward longer wavelengths (low energies)
with the increase of thermal annealing time are related to the growth of grain size; the growth
of grain size reduces the lattice parameters and hence reduces the energy gap.

The calculated values of band gap energy for B-PbO are much higher than that of bulk PbO,
which in fact, clearly indicates that the synthesized products are in the nanoscale. Further, a
relatively higher value of the energy of smaller size f-PbO agrees well with the concept that
band gap increases with decreasing particle size [34, 35].
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Figure 6: the relation between (ohv)?and hv of PbO at different annealing times at 473k.

To investigate the effect of thermal treatment time on the localized states in extremities of the
valence and the conduction band the Urbach Rule was used. The absorption edge becomes wide
for polycrystalline and amorphous semiconductors because allowed localized states are found
in the energy gap. The width of these localized states can be calculated using Urbach Rule[36]

hv /
o= ape 'Eu (3)

Where: (a0 ) is constant, and Ey is the width of localized states. The plot of In (o) and energy
was drawn as shown in Figure (7). The width values on localized states are determined and
listed in Table (3). Thus the drastic reduction of energy gap value can be explained based on
the high energy of thermal treatment, which introduce energy levels in the forbidden gap which
causes radical changes in the carries concentration; these new levels may be acceptors at the
top of the VB or donor levels below the CB Thus; definitely, the energy required to transport

the charge carrier between these levels will be lower than that required to transport the charge
carrier from the VB to the CB [37].
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Figure 7 : the relation between In(a) and (hv).

Along the absorption curve and near the optical band edge, there is an exponential part
called the Urbach tail, and the energy of this part is known as Urbach tail energy. Urbach tail
energy represents the measure of structural disorder in the thin film network. The effect of
annealing time into the semiconducting PbO thin film reveals the formation of band tailing in
the band gap called Urbach tail are predicted obeying the Urbach rule in the low photon energy
range: Eu is the Urbach energy, which characterizes the slope of the exponential edge and
measures the disorder in the structure of the material. By plotting In(a) against the incident
photon energy (hv) , Figure (6), the band tail energy, i.e., Urbach energy (Eu), was determined
from the reciprocal slope of the linear portion. The findings indicated that the Urbach energy
of PbO thin films increased by annealing the thin films due to the smaller density of localized
states. Table (3) reveals that the Urbach energy (Eu) increased from 0.43 eV to 1.28 eV, and
optical band gap energy (Eg) decreased from 3.9 eV to 2.8 eV for the one hour annealed thin
films. These findings indicated an increase in structural disorder and defects in PbO thin
films[38]. It is obvious that the depth of tail states changes in the opposite manner to that of the
energy gap; thus, the maximum value of the tail state (1.28 eV) corresponded to the narrower
band gap (2.4 eV) and verse versa.

The localized states are more pronounced for the high annealing time; also, the crystal
structure exhibited a low degree of crystallinity (as shown from XRD). It is well known that the
depth of localized state values increases with increasing absorbance, i.e., the maximum value
of (Eu) corresponding to the minimum energy gap value, which is related to the defect states
introduced by the thermal annealing, as seen in Table (3).
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Table 3: The band gap energies and the width of localized states at different annealing times.

4. Conclusion.

In this research, the structural and optical behavior of PbO films prepared by DC sputtering
was studied. The structural studies confirmed that lead oxide films are polycrystalline's
structures in an orthorhombic phase. It was found that increasing thermal treatment time
enhanced the crystal structure first, but then the opposite took place; the roughness of the film
surface decreased as the film annealing time increased. The optical band gap values of the lead
oxide thin films were found to change in a non-regular manner as the annealing time increased.
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