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Role of substrate temperature on the growth mechanism and
physical properties of spray deposited lead oxide thin films
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Thin films of lead oxide were synthesized by cost effective spray pyrolysis technique at different substrate temperatures on
glass substrates. Effect of substrate temperature on the growth mechanism and physical properties of the films was investigated.
All the films were polycrystalline in nature with tetragonal structure corresponding to α-PbO. The films coated at 225 °C and
275 °C were (1 0 1) oriented, while the films deposited at 325 °C and 375 °C were (0 0 2) oriented. Above 375 °C, the pure
tetragonal nature deteriorated and the peaks corresponding to orthorhombic phase were observed. The band gap value was
found to be in the range of 2.3 to 2.62 eV. All the films had a resistivity of the order of 103 ohm-cm. A minimum resistivity of
0.0191 × 103 ohm-cm was obtained for the film coated at 325 °C. The activation energy increased with increase in substrate
temperature.
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1. Introduction

Metal oxides, such as lead oxide (PbO), tin ox-
ide (SnO2), cerium oxide (CeO2) and titanium ox-
ide (TiO2), with good activity and stability at high
anodic potentials are of interest because of their uti-
lization for the electrochemical synthesis of various
chemicals used in the chemical industry, and for
the transformation of hazardous pollutants into less
toxic compounds by electrochemical methods [1–
3]. Lead oxide, as an important industrial material,
has been widely applied in gas sensors, pigments
and paints [4, 5]. PbO has two polymorphic forms:
the tetragonal phase (α-PbO), stable at low tem-
peratures, and the orthorhombic phase (β -PbO),
stable at high temperatures [6]. The PbO films in
both phases exhibit different levels of reflectance
and they can be used as optical storage devices [7].
Lead oxide thin films have also applications as pro-
tective coatings for lead salt devices and gas sen-
sors [8]. It is also used as an adhesion promoter
for thick films [9]. Due to its low electrical con-
ductivity and interesting semiconducting and photo
conducting properties, lead oxide seems to be an
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attractive material for applications in laser technol-
ogy and imaging devices [10]. Other applications
are in the field of lead-containing high temperature
superconducting films [11, 12] and high refractive
index materials [13]. Lead monoxide films have
also been used as an anodic material for lithium
secondary batteries [14]. Being a strong oxidiz-
ing agent, lead dioxide has been used as an oxi-
dant [15]. Preparation of lead oxide has received
additional attention because lead oxide is a con-
trolling factor in the quality of many lead based
ferroelectrics [16]. The preparation of these mate-
rials is often complicated by the high volatility of
lead oxide at relatively low temperatures. Further-
more, due to the existence of lead oxide in many
different crystal forms [15], it is difficult to de-
posit as only a single oxide phase with certain crys-
tal form. Lead oxide thin films have been laid on
by both physical and chemical deposition meth-
ods. Physical methods reported in the literature in-
clude pulsed laser-assisted deposition [17], dc and
rf magnetron sputtering [18], while chemical meth-
ods include spray pyrolysis [13, 14] and electro
deposition [19]. Amongst the chemical methods
used to fabricate lead oxide thin film, spray pyrol-
ysis method is simple, inexpensive, and capable of
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producing films on large scale area for industrial
applications. In spite of its simplicity, the spray
technique possesses a number of advantages [20]:
it offers an extremely easy way to dope films, un-
like alternative techniques it requires no high qual-
ity targets and/or substrates, nor the use of vac-
uum at any stage; film thickness can be controlled
by changing the spray parameters, it can be used
over a wide temperatures range; it provides well-
compacted films. The process parameters of spray
technique have a profound influence on the prop-
erties of PbO films. The purpose of this work is
to assess the physical properties of PbO thin films
based on the variation of substrate temperatures.

2. Experimental details
Thin films of PbO were prepared by spray-

ing an aqueous solution (60 ml) of lead acetate
[Pb(CH3COO)2] onto cleaned thoroughly with or-
ganic solvent glass substrates (dimensions: 76 mm
× 25 mm × 1.4 mm) using an ultrasonic agitator at
different substrate temperatures by employing cost
effective spray pyrolysis technique. The precursor
solution was sprayed intermittently on pre-heated
substrates using a spray gun. The film thickness
was measured by means of weight gain method
and compared with the values determined by em-
ploying a profilometer (Surftest SJ 301).The struc-
tural analysis was made using X-ray diffractome-
ter (PANalytical-PW 340/60 X’pert PRO) with
CuKα radiation of wavelength 1.5406 Å operated
at 40 kV and 30 mA in the 2θ range of 10° to
80°. SEM images were obtained using a scanning
electron microscope (HITACHI S-3000H). The op-
tical transmission spectra were recorded in the 300
to 1100 nm wavelength region by using a Perkin
Elmer UV-Vis-NIR double beam spectrophotome-
ter (LAMDA-35). The electrical resistivity was de-
termined using d.c. two point probe technique.

3. Results and discussion
3.1. Film formation process

When an aqueous solution of lead acetate is
sprayed over hot substrates, pyrolytic decomposi-

tion of the solution takes place and slightly or-
ange colored films of PbO are formed. The possible
chemical reaction that takes place is as follows:

Pb(CH3COO)2 + H2O ∆−→ PbO ↓+2CH3COOH ↑

Fig. 1 shows the variation of film thickness
of the PbO films coated at different substrate
temperatures.

Fig. 1. Variation of PbO film thickness with substrate
temperature.

It is observed that the film thickness decreases
with an increase in substrate temperature up to
325 °C. This may be due to the reduction of precur-
sor mass transfer to the substrate. The reduced mass
transport is due to gas convection from the cham-
ber, pushing the droplets away, which induces for-
mation of crystallites in the vapor itself. This type
of observation is reported for many oxide films pre-
pared by the spray pyrolysis technique [21]. The
low value of thickness obtained at 325 °C may be
attributed to water loss [22] or removal of inter-
layer water with consequent formation of compact
PbO films. Above 325 °C, the further transport of
precursor droplets results in piling up of more en-
ergetic PbO atoms in the empty sites created due
to the removal of interlayer water and hence, the
thickness starts increasing.
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3.2. Structural studies
Fig. 2 depicts the X-ray diffraction patterns of

PbO thin films fabricated by the spray pyrolysis
technique at various substrate temperatures.

Fig. 2. XRD patterns of the PbO films coated at four
different substrate temperatures.

The presence of many peaks indicates the poly-
crystalline structure of the films. The X-ray diffrac-
tion patterns indicated the presence of predominant
peaks corresponding to (0 0 1), (1 0 1), (1 1 0),
(0 0 2), (1 1 2) and (2 1 1) planes for tetrago-
nal PbO. The comparison of observed and standard
d-spacing values of the tetragonal (α-PbO) are pre-
sented in Table 1.

The crystallites in a polycrystalline material
normally have a crystallographic orientation dif-
ferent from that of its neighbours. This orientation
of the crystallites, called the preferential orienta-
tion, may be randomly distributed with respect to
some selected frame of reference. The preferential
orientation factor f(h k l) of any plane relative to
the other observed peaks is calculated by evalu-
ating the fraction of the intensity of that particu-
lar plane over the sum of the intensities of all the
peaks within the 2θ range (10 to 80°). The calcu-
lated values of the preferential orientation factor f(h
k l) of the peaks ((0 0 1), (1 0 1), (1 1 0), (0 0 2),
(1 1 2), (2 1 1) and (1 0 3)) given in Table 2 show
that the value of f(1 0 1) for the films coated at
225 °C and 275 °C is found to be higher compared

to that of f(h k l) of other peaks, indicating a strong
orientational growth along that plane, whereas for
the films coated at 325 and 375 °C the value of f(0
0 2) is found to be the highest indicating a strong
orientation along the (0 0 2) plane.

Thus, the XRD patterns reveal that the crystal-
lographic properties of the PbO films fabricated at
low substrate temperatures (up to 275 °C) are al-
most similar, whereas the films coated at higher
substrate temperatures (greater than 300 °C) show
entirely different and interesting microstructural
characteristics. The intensities of the peaks (2 0 0)
and (2 2 0) observed for the films coated below
300 °C are very low and their presence could not
be detected for the films coated above 300 °C. The
predominance of (0 0 2) plane in the films coated at
temperatures greater than 300 °C clearly shows that
the growth of the crystal is such that the c-axis is
perpendicular to the surface of the substrate. These
observations showed that the microstructural prop-
erties of PbO films strictly depend on the growth
mechanism, which strongly varies with respect to
substrate temperature. The variation of f(1 0 1) and
f(0 0 2) with substrate temperatures of the PbO
films are shown in Fig. 3. The value of f(0 0 2)
increases with substrate temperature and attains a
maximum value at 325 °C, whereas the value of f(1
0 1) decreases and attains a minimum value con-
firming the influence of substrate temperature on
the growth mechanism of the as-deposited samples.

In order to explain the growth mechanism, the
standard deviation (σ) is calculated by using the
equation [23]:

σ =

√√√√ I2
hkl− (∑ Ihkl)

2
/

N

N
(1)

where I stands for the relative intensity of the
(h k l) plane. Fig. 4 shows the variation of standard
deviation with substrate temperature.

The high value of σ obtained for the film
coated at 325 °C suggests that the nucleation
and absorption-desorption phenomenon is predom-
inant, as a result of heterogeneous nucleation tak-
ing place at that temperature. A decrease in σ val-
ues for the film coated at temperatures less than
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Table 1. Comparison of standard and observed d-spacing values of PbO thin films fabricated at different substrate
temperatures.

d (Å)
Substrate (0 0 1) (1 0 1) (1 1 0) (0 0 2) (1 1 2) (2 1 1)

temperature (°C) 5.0088∗ 3.1080∗ 2.8025∗ 2.5044∗ 1.8674∗ 1.6709∗

225 4.995 3.1056 2.8017 2.5052 1.8694 1.6713
275 5.0195 3.1074 2.8045 2.5093 1.8709 1.6715
325 5.02 3.1008 2.8 2.5006 1.8684 1.6706
375 5.0246 3.1081 2.805 2.5101 1.8711 1.6719

∗Standard d-spacings (JCPDS Card No. 85-1288) for tetragonal (litharge) α-PbO.

Table 2. Preferential orientation factor values of PbO films fabricated at different substrate temperatures.

Substrate temperature (°C)
f(h k l)

f(0 0 1) f(1 0 1) f(1 1 0) f(0 0 2) f(1 1 2) f(2 1 1) f(1 0 3)

225 0.073 0.360 0.193 0.165 0.122 0.041 0.031
275 0.086 0.303 0.204 0.168 0.155 0.043 0.011
325 0.241 0.096 0.086 0.504 0.044 0.007 0.006
375 0.139 0.191 0.123 0.305 0.161 0.022 0.048

Fig. 3. Variation of preferential orientation factors
f(1 0 1) and f(0 0 2) with substrate temperatures.

325 °C suggests the onset of homogeneous nu-
cleation and the low value of σ , obtained for the
film coated at 375 °C, might be due to the devi-
ation from the preferred (0 0 2) direction. This is
in accordance with Deokate et al. [24] for spray
deposited fluorine doped CdO thin films. They ob-
tained a high value of σ for CdO films deposited at

Fig. 4. Standard deviation versus growth temperature of
the PbO films.

a high fluorine concentration, which they justified
due to deviation from preferred (2 0 0) direction.

No traces of lead acetate were observed in the
films coated between 225 and 375 °C. When the
substrate temperature was below 225 °C, traces of
lead acetate appeared as a minor component, which
is represented by an asterisk at 2θ = 45.88° in the
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XRD pattern of the PbO film coated at 200 °C
(Fig. 5). When the substrate temperature was in-
creased to 225 °C, the salts completely decom-
posed to α-PbO (litharge) with a strong orientation
along the (1 0 1) plane. Similar results were ob-
tained by Cruz et al. [25].

Fig. 5. XRD pattern of the PbO films coated at 200 °C
and 425 °C.

Above 375 °C, the pure tetragonal nature deteri-
orated and the peaks corresponding to orthorhom-
bic phase were also observed. Thus, a mixture of
both tetragonal and orthorhombic phases was ob-
served for the PbO films coated above 375 °C
and the orientation changed to (2 0 0) plane cor-
responding to orthorhombic phase as it is evident
from the XRD pattern of the PbO film coated at
425 °C (Fig. 5). This phase transition observed at
425 °C strongly favors the fact that α-PbO (tetrag-
onal) undergoes a transition to β -PbO (orthorhom-
bic) at 490 °C [26]. It can be concluded therefore,
that substrate temperature plays a vital role in the
growth mechanism of lead oxide thin films fabri-
cated by the spray pyrolysis technique. The crystal-
lite size of the films for the (0 0 2) peak, calculated
using Scherrer formula, D = 0.9λ

β cosθ
, were found to

be equal to 37.3 nm, 24.3 nm, 20.5 nm and 23.8 nm
for the films coated at 225 °C, 275 °C, 325 °C, and
375 °C, respectively.

3.3. Surface morphological studies
The surface morphology of the PbO films was

analyzed by scanning electron microscopy. The

SEM images of the films fabricated at different sub-
strate temperatures are shown in Fig. 6.

(a)

(b)

Fig. 6. SEM images of the as deposited PbO thin films.

Except for the film coated at 200 °C (Fig. 6b),
no fused grains can be observed for all the other
films and the grains appear homogeneous, suggest-
ing that there was a uniform nucleation through-
out the substrate surface. Except some small voids
and pores for the film coated at 225 °C (Fig. 6a),
the SEM images of all the other films show uni-
form surface with well defined grain boundaries
and the grains appear to be tightly packed. The
films coated at 275 °C and 325 °C have pre-
dominantly cubical shaped grains, which appear-
ing more tightly packed for the film coated at
325 °C. Besides the cubical shaped grains, in the
film coated at 325 °C there are also observed spher-
ical shaped ones. These observations about the
shape of the grains are additionally confirmed by
the XRD results, which reveal that the preferential
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orientation of the film coated at 275 °C is along the
(1 0 1) plane, whereas the film coated at 325 °C
has strong preferential orientation along the (0 0 2)
plane. In addition to cubical and spherical shaped
grains, needle and hexagonal shaped ones are evi-
dent in the micrograph of the film coated at 375 °C.
The decrease in the preferential orientation factor
f(0 0 2) of the film coated at 375 °C (Fig. 3) is
strongly supported by the presence of hexagonal
shaped grains. With further increase in substrate
temperature, a mixture of tightly packed hexago-
nal and needle shaped grains appeared throughout
the surface without any cubical or spherical shaped
ones (Fig. 6b). These observations reveal that the
preferential orientation of the film coated at 425 °C
has changed from (0 0 2) plane to (2 0 0) plane
and this fact is well supported by the XRD pat-
tern (Fig. 5) obtained for that film. From the above
mentioned discussions it can be easily understood
that the shape and arrangement of the grains are
highly influenced by the crystallographic orienta-
tion, which in turn depends on the growth mecha-
nism that has been strongly dependent on the sub-
strate temperature in this study.

3.4. Optical properties
Optical transmission and reflectance spectra of

the PbO films are depicted in Fig. 7.

Fig. 7. Transmittance and Reflectance spectra of the
PbO films.

Irrespective of the substrate temperature, a
shoulder is noticed at 350 nm for all the films,

which corresponds to the fundamental absorption
edge due to electron excitation from the valence
band to conduction band. Fig. 8 shows the effect
of growth temperature on the transmittance and re-
flectance (at λ = 540 nm) of the PbO films.

Fig. 8. Variation of T % and R % at wavelength
λ = 540 nm with substrate temperature.

The transparency increases with an increase in
substrate temperature and attains a maximum value
for the film coated at 325 °C, and then it decreases.
The general increase in the transmittance with de-
creased film thickness may be attributed to perfec-
tion and stoichiometry of the films [27]. The low
transmittance at temperatures 225, 275 and 375 °C
might be due to high thickness obtained for those
films, which reflects in the resistivity of the films
obtained at those temperatures. The reflectance de-
creases with an increase in substrate temperature
up to 325 °C, and then it increases.

From the transmittance spectra, optical band
gaps of the films were calculated using the funda-
mental absorption. The absorption coefficient, α ,
and the incident photon energy, hγ , are related by
the equation [28]:

(αhγ) = A(hγ−Eg)
n (2)

where A is a constant, Eg is the band gap of the
material and the exponent n depends on the type of
transition, n = 1

2 , 2, 3
2 and 3 corresponding to al-

lowed direct, allowed indirect, forbidden direct and
forbidden indirect, respectively. Taking n = 1

2 , the
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direct optical band gap from (αhγ)
1
n vs. hγ plot

(Fig. 9) has been calculated by extrapolating the
linear portion of the graph to hγ axis. The inter-
cept on the hγ axis gives the direct band gap value.
The band gap values were found to be in the range
of 2.3 to 2.62 eV.

Fig. 9. (αhγ)2 versus hγ graph of the PbO films; the in-
set shows the variation of band gap energy with
substrate temperature.

Unfortunately, there is not much literature data
available for the band gap in lead oxides. Eg val-
ues of 1.9 and 2.5 eV were found for the tetrag-
onal and orthorhombic structure of PbO, respec-
tively [28]. For Pb3O4 an experimental value of 2.1
to 2.2 eV is reported, while for PbO2 a value of 4.2
has been measured for α-PbO2 phase and a value of
1.5 eV has been reported for β -PbO2 [29, 30]. The
band gap values obtained in this work are consis-
tent with the values reported in the literature [28].
The band gap value (2.62 eV) obtained at 375 °C
closely matches with the value (2.67 eV) obtained
by Hwang et al. [31] for electro-synthesized PbO
thin films with orthorhombic crystal structure an-
nealed at 600 °C with oxygen flow. The small de-
viation in the band gap value obtained might be
due to the mixture of tetragonal and orthorhom-
bic phases obtained at 375 °C. The variation of Eg

with substrate temperature is shown in the inset of
Fig. 9. The band gap value decreases with an in-
crease in substrate temperature up to 325 °C, and
after that it increases for higher substrate tempera-
ture. The decrease in band gap causes a strong red

shift in the optical spectra and this is attributed to
the increase of density of localized states in the en-
ergy gap. The decrease in the optical band gap of
PbO with the increase in substrate temperature up
to 325 °C could be due to the structural modifica-
tion in PbO films as evident from the XRD analysis.
The structural modification in the PbO films could
be caused by the increase of either substitutional
or interstitial Pb2+ ions in the PbO lattice. Opti-
cal constants: refractive index (n), extinction coef-
ficient (k) were determined using reflectance spec-
tra and the obtained values are presented in Table 3.

The refractive index has the lowest value for
the film coated at 325 °C. The high value of ‘n’
obtained for the film coated at 225 °C can be at-
tributed to an increase of its surface roughness,
which acts to decrease the effective mean free path
through increased surface scattering and this fact
strongly favors the reason for the reduction of its
transparency. This is again supported by the high
value of ‘k’ obtained for the film coated at 225 °C,
which indicates high absorption and reduced trans-
mittance, as the variation in extinction coefficient
is paralleled by the absorbance of the PbO films.

3.5. Electrical properties

The room temperature electrical resistivity (ρ)
was measured by two-point probe method. Fig. 10
shows the variation of electrical resistivity of PbO
films (coated at different substrate temperatures)
with various temperatures (35, 40, 45 . . . 75 °C)
of the two probe set up. It is observed from the
figure, that the resistivity of PbO films decreases
with increase in temperature, indicating the semi-
conducting nature of the as deposited samples. All
the films have a resistivity in the order of 103 ohm-
cm. The variation of resistivity values obtained for
PbO films coated at different substrate tempera-
tures is shown in the inset of Fig. 10.

The resistivity decreases with increase in sub-
strate temperature up to 325 °C, and then it starts
increasing above 325 °C. A minimum resistivity
value of 0.0191 × 103 ohm-cm was obtained for
the film coated at 325 °C, which might be caused
by the following two reasons: (i) least thickness
obtained as a result of the removal of H2O vapor,
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Table 3. Electrical and Optical parameters of the PbO films.

Substrate Activation energy, Refractive Extinction coefficient,
temperature (°C) Ea (eV) index, n k × 10−3

225 0.262 2.24 77.78
275 0.265 2.03 58.35
325 0.278 1.97 44.852
375 0.292 2.12 60.53

Fig. 10. Electrical resistivity versus temperature graph;
the inset shows the variation of electrical resis-
tivity with substrate temperature.

which might resist conduction between PbO grains.
This is in accordance with Salunkhe et al. [32].
They obtained a low resistivity value for SILAR
deposited CdO films while annealing the samples;
(ii) formation of vacancies of oxygen in the struc-
ture of the material, which serve as donors and
contribute to higher conductivity. Another reason
for the low resistivity obtained for the film coated
at 325 °C might be due to the reduced crystallite
size obtained (20.5 nm) resulting from scattering
with grain boundaries. This is in accordance with
Ratheesh Kumar et al. [33].

Above 325 °C, the resistivity value increases
which might be due to the following reasons: (i)
decrease of interstitial lead; (ii) decrease of oxy-
gen vacancies due to the formation of compact PbO
films at higher temperatures and (iii) defects in-
duced at deep levels due to higher growth tem-
perature, which trap free carriers. The trapping of
free carriers by the deep level defects causes an en-
hancement in resistivity [34].

The activation energies of the PbO films were
calculated using the relation:

ρ = ρo exp
(

Ea

kT

)
(3)

where ρ is the resistivity at temperature T, ρo is
a constant, k is the Boltzmann constant, T is the
absolute temperature and Ea is the activation en-
ergy. The activation energy represents the location
of trap levels below the conduction band. The cal-
culated values of activation energies are presented
in Table 3. It is observed that the activation en-
ergy increases with increase in substrate tempera-
ture. The values of Ea obtained in this work agree
well with the values obtained by Pasha et al. [35].

4. Conclusions
PbO thin films have been deposited on glass

substrates at different substrate temperatures by
the spray pyrolysis technique using lead acetate as
the precursor salt. The role of substrate temper-
ature on crystallographic structure, electrical and
optical properties of the deposited films has been
systematically investigated. XRD studies revealed
that the PbO films highlight a crystal transition
from a preferred (1 0 1) orientation correspond-
ing to tetragonal phase at temperatures <300 °C
to a (0 0 2) orientation at temperatures >300 and
<400 °C. A mixture of both tetragonal and or-
thorhombic phases is observed for the film coated
at 375 °C. The preferred orientation changes to
(2 0 0) plane corresponding to orthorhombic phase
for the film coated at 425 °C, which strongly fa-
vors the fact that α-PbO will undergo a transition to
β -PbO at higher temperatures. Film coated at
325 °C has the maximum transmittance of 79 %.
The band gap values were found to be in the range



456 M. SUGANYA et al.

of 2.3 to 2.62 eV. The electrical resistivity de-
creases with increase in temperature indicating the
semiconducting nature of the as deposited sam-
ples. All the films have a resistivity in the order of
103 ohm-cm.
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