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Abstract

In this work, cadmium-chromium-doped(X=2,4,6)Wt% lead sulfide PbS thin
films were deposited on a glass substrate at room temperature by means of a pulsed
laser deposition (PLD) technique. The effect of laser energy and different doping
ratios on the structural and optical properties of PbS films were studied using
Nd:YAG laser with different laser energies from (200 — 350) mJ in increments of
50 mJ per step. The number of laser pulses was fixedly set to 100 pulses per
sample.

The structures of (PbS, PbS:Cd and PbS:Cr) powder and thin films were studied
using X-ray diffraction technique. X-ray study showed that the structure is
polycrystalline and monoclinic with a preferred orientation plane (200) and that the
crystal size increases with increasing laser energy and increases at different doping
ratio .

Atomic force microscopic measurements (AFM) confirmed that the films grown
by PLD technique have good crystalline and homogeneous surface. The average
particle diameter for all prepared films is less than 100 nm ,so it is in the range of
nanomaterial's.

The optical measurements were studied using UV-ViS- spectrophotometer. The
results showed that the (PbS, PbS:Cd and PbS:Cr) thin films have direct allowed
energy gap transition and the absorbance of films increases with the increasing of
laser energy and increases at different doping ratio . Also, the optical constants
such as the refractive index(n), absorption coefficient (), extinction coefficient(k)
and dielectric constant real and imaginary parts(e,,g;) have been calculated. The
energy gap increases with increases of laser energy and increases at different
doping ratio (1.5 - 2.8) eV by doping with cadmium and (1.6 -1.8) eV by doping
with Chrome.

The gas sensor measurements showed that the best sensor for NO, gas was for the
sample with a percentage of 5% PbS:Cd X = 4% with a sensitivity of 137% at 523
K and the sensitivity of the sample was decreased for PbS and for NH; gas at an
energy of 250 mJ at 523 K to 19%.
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Symbo_ls z_;md Terms Units
abbreviations
A Absorbance
AFM Atomic Force Microscope
B Full width at half maximum Degree
PbS Lead sulfide
Cd Cadmium
Cr Chromium
D.y Average crystal size nm
E. Conduction band eV
Eq Optical energy gap eV
Ev Valence band eV
C.S Crystallite size nm
hv Photon energy eV
K Wave vector
Ko Extinction coefficient
No Refractive index
PLD Pulsed laser deposition
R Reflectance
t Thickness nm
T Transmittane
XRD X-ray diffraction
hkl Miller indices (hkl)
€ Dielectric constant
€i Imaginary part of dielectric
&r Real part of dielectric
o Absorption coefficient cm™
A Wavelength nm
O Diffraction angle Degree
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Chapter One............... Introduction and Literature Review

1-1 Introduction

Solids are classified according to their electrical conductivity to conductors,
insulators, and semiconductors based on the fixation ranges of the material
and the amount of energy gap separating the conduction band to the valence
band.

Semiconductors are an insulating material at a temperature (0 K°) and have
good electrical conductivity when the temperature is raised. Semiconductors
are widely used in electronic applications, where they are available in large
quantities and their properties are influenced by heat, light and magnetic
fields [1,2].

Chalcogenide semiconductors are considered nanoscale as a component of
nanotechnology, due to their physical and chemical properties, which depend
mostly on their shape and size [3]. It is clear that the chemical composition,
shape, and size control the properties of the semiconducting nanomaterials
[4]. The nanostructure of the semiconductor exhibits good -electrical,
photoemagnetic and photochemical properties and differs significantly from
those of the micro-bulk materials due to quantum size effects, resulting from a
predominant number.Of surface atoms in nanoscale materials [5]. Metal
chalcogen transition compounds are important semiconductor materials,
especially in nanoscale due to their excellent properties in photoelectronic
transformation and potential applications in physics, chemistry, biology,
medicine, materials sciences and their various fields such as solar cells,
sensitive sensors, and photon computers [6]. Sensors are a type of device that
detects or measures physical and chemical quantities such as temperature,

pressure, sound, and concentration. and in it, the measurements are converted
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into an electrical signal through which we know that there is something like a

high percentage of gas or the presence of toxic gas, etc. [7].

1-2 Thin Film Phenomena

Thin film technology is distinguished because it is one of the most important
techniques that contribute to the development of the study of semiconductors.
Thin-membrane physics is an important and unique branch of solid state
physics that is concerned with the study of materials in general and
semiconductors in particular. Thin film technology has effectively contributed
to the development of thin films manufacturing processes by giving a clear
idea of its physical and chemical properties [8].

Thin films are materials that consist of one or several layers of atoms, the
thickness of which is no more than (1 micrometer). It is thin and fragile (easy
to break), and must be deposited on solid bases of glass, silicon, polymer and
other materials according to the nature of the study [9].

There are many different industrial applications of thin films as they are used
in electronic devices in resistors, capacitors, transistors and electronic circuits.
All the technologies that people use for electronic devices are accurate and
intelligent and the are mainly the result of advances in the field of the thin
film industry. Thin films are also involved in the manufacture of solar cells
and photoelectric detectors, which operate in a specific range of the
electromagnetic spectrum. Also, thin films are mainly used to protect
materials from corrosion by coating them with thin films [10]. The
development of thin films contributed to their entry into the world of
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nanotechnology and the study of the properties of materials on the nanometer

scale special thin films of nanotechnology[11].
1-3 Lead Sulfide (PbS)

Lead sulfide is a chemical compound with the formula PbS, which is in the form of
a black crystalline powder. The metal, lead sulfide, galena is the main source of
lead PbS which has a tiny direct band gap (0.4 eV at ambient temperature) and a
high activation Bohr diameter as just an IV-VI semiconducting element
combination (approximately 18 nm) [12]. It has a configurable band gap energy,
and also high temperature and corrosion resistance. [13] . PbS thin films have been
used in the past due to their high response rates, ease of preparation, and stable
operation at room temp, they were extensively used in the field of optical and

electronic devices [14]. The table (1-1) shows some properties of lead sulfide.

Table (1-1) some physical and chemical properties of PbS [12].

Lattice constant a=5.930 A°
Crystal Structure cubic
Appearance black crystalline powder
Density 75g/cm’
Melting point 1114°C
Solubility in water Insoluble
Molecular Mass 239.28 g / mol
Conductivity type n-type
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1-4 Cadmium (Cd)

A silver-white metallic element that is easily ductile and knocked[15], with
chemical symbol Cd, atomic number 48; Its atomic weight is 112.411. It is
one of the transition elements in Group 12 (or I1B) of the periodic table[16].
Cadmium was discovered in 1817 by German pharmacist Friedrich Stroemier.
This element is described by the number sixty-fifth in terms of its natural
presence in the earth's crus[17]. Cadmium has a melting point of 321C ° .Its
boiling point is 764.85 C ° , and its density is 8.64 grams / cm®. When
cadmium is heated, it combusts in atmospheric air with incandescent light,
forming CdO oxide[18]. The highest form of the main constituent is a rare
mineral known as greenocite[19]. It can also be obtained from a zinc ore
mineral known as silisa. The method of electrolysis or fractional distillation is
used to separate cadmium from zinc. Cadmium can be electrostatically
deposited on some other metals such as iron or steel, forming a layer that is
resistant to chemical changes[20]. It forms alloys with lead and bismuth for
the manufacture of metal fuses used in fire alarm systems and electrical
fuses[21].

1-5 Chromium (Cr)

It is important mineral chemical, among its general characteristics. It carries
the symbol (Cr), the atomic number (24),density 7.19 g/cm® ,melting
point1907C° it is gray or silver in color, and has a metallic luster[22]. It was
discovered in the eighteenth century, and its use was famous in the nineteenth
century and beyond, as chromium was used in many uses and industries. The
most important features of Cr are prevention of rust, corrosion and heat for

many metals[23]. Chromium is the first element of the sixth group, located to
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the left of the periodic table of elements. This group is one of the groups of
transition metallic elements[24]. Chrome is a rapidly oxidizing element in the
event of exposure to the open air, as an outer layer of chromium oxides is
formed around it that insulates the rest of the internal metal from the air[25].
Chromium is extracted from chromite ore found in igneous rocks, and
chromium is also present in small proportions in many foods, including: meat,
liver, eggs, cheese, and whole grains: such as wheat[26]. Brown rice, corn,
and others, and chromium is also found in potatoes, Nuts, and others[27].
Chromium is used in many fields, including: the manufacture of many metals
and improving their resistance to corrosion and rust, such as: the manufacture
of non-oxidation steel[28]. Chromium is used in leather tanning, and leather
tanning: it is treated with some materials that purify it, remove moisture, stink
and hair and prepare them for use. Chromium is used to color glass, and this

Is done by some salts extracted from it[29].

1-6 Literature Review

Abbas et al. (2011)[30] prepared PbS nano films which were deposited on
glass substrates using chemical bath technique of different degrees,at different
solution temperatures and sedimentation times. Film thickness was in the
order of 600— 1000 nm. The crystal structure and size of these films were
studied by X-ray diffraction. The optical properties, absorption, transmission
and reflection were measured as a function of thickness. The influence of heat
treatment under different annealing temperatures on the optical properties of

some precipitates films has been studied and analyzed.
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Pawar et al. (2011)[31] studied the chemosynthesis of nanocrystalline lead
sulphide (PbS) thin films onto soda-lime glass substrates that used an easy
and price chemically bath deposit (CBD) method. The formation of PbS with
cubic crystal structure is visible in the X-ray diffraction (XRD) image. X-ray
photon spectrometry was used to investigate the electrical structures and
chemical states of PbS films (XPS). With the increase in deposition duration
from 20 to 90 min, fields fluorescence transmission electron microscope
(FESEM) images reveal the change from granularto- cubic-to-cubo-octahedra
similar surface morphology. The UV—-vis—NIR absorption spectra of PbS thin
films were measured, and the energy band energy was calculated to use a
classic photon energy approach. Quant strength value is seen in the rise in
bandgap between 0.99 to 2.06 eV as crystallographic area is smaller. This
work showed how to deposit PbS nanostructured thin films with dominant
magnetic properties and use an easy and efficient solution approach. This
techniqgue may be helpful in micro sensitive oxide-based solar cells, which
have recently also been subject of extensive interest.

Bandyopadhyay et al. (2012)[32] studied gas sensors of lead sulplide (PbS).
The dopant PbS nanocrystals composite was obtained using the sol-gel
process at two distinct reaction temperatures (60C and 90C) and they studied
the structural properties using x-ray diffraction (XRD) and scanning electron
microscopy (SEM). XRD results showed crystallite sizes of 17.81 nm and
14.5 nm, respectively. SEM analysis of produced PbS material showed a
coagulated crystal structure. At different temperatures, the behavior of such
substances was studied in the presence of moisture vapor, as well as various
other gasses and fumes of solvents (25C to 90C). At ambient temperature,

experimental gas sensors behaviour showed that the synthesized nanocrystals
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nanomaterials are influenced primarily by NH; and NO,, among many other
gases.

Das et al. (2012)[33] studied the chemical deposition technique. Nano -
crystalline PbS and Sn enriched PbS films were successfully deposited on a
suitably clean glass plate at steady room temp. The pure PbS thin films were
deposited at room temperature for many dip cycles prior introducing Sn
doped content to maximize the deposition time. The films were also annealed
in oxygen for 10 minutes following deposit at 400 C°. X-ray diffract studies
have been used to identify the crystalline structure of the film. The films were
very well adherent to a surface and crystallized in a cubic form with a
preferred orientation [200]. The crystallite size of pure PbS thin films was
determined to be 40.4 nm at an optimized deposit time of 30 minutes, and
increased with Sn content in pure PbS thin films. AFM studies were used to
determine the surface roughness. SEM micrographs have been used to
estimate the band - gap of the film. Studies indicated that the crystallite size
and optical properties of the film are influenced on mycelial growth such as
doping and heating.

Sadovnikov et al. (2013)[34] studied the crystalline structure of lead sulfide
thin films produced by chemical activation from aqueous systems on a glass
plate. Movies produced with PbS was shown to be analyzed. It has a cubic
crystal structure (space group Fm3m) D03, which is not the same as type B1.
Electron inspection of the microstructure of a film showed that almost half of
all particles have a size of 60 nm or smaller. The photonic transportation of
PbS happens in the spectrum range of 300 to 3200 nm. The thickness of
submicron films with such a D03 significantly increased from 120 to 400 nm

are determined. Whenever the mean size of the nanoparticles in PbS films is
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decreased, the energy band gap energy increases from 0.85 to 1.5 eV. These
band gap energy values are greater than the 0.41 eV bandgap of wear resistant
PbS. Witness The absorbance shift in the nano-structured lead sulfide film

under investigation is blue.

Obaid et al. (2013)[35] deposited nanocrystalline PbS thin films on glass
substrate from lead nitrate (Pb2+ ions) and thiourea (S2— ions) precursors
using MACB technique. The effects of molar concentration (0.02, 0.05, 0.075
and 0.1 M) on the structure and microstructure evolution were studied using
X-ray diffraction (XRD), scanning electron microscopy, and atomic force
microscopy. The optical properties were investigated using UV-vis
spectrophotometer. Crystal size values obtained from XRD were compared
with these calculated using atomic force microscopy (AFM). The values of
optical band gaps were found to decrease as the ion source molar
concentration increase.

Gode et al. (2014)[36] prepared PbS films for 100, 115, 130, and 145
minutes in a chemical bath at room temperature, useing the precipitation
method. X-ray diffraction is being used to distinguish crystal structures. In
such a cubic rock structure, all of films are polycrystalline. Transmission
electron microscope ( TEM) has been used to investigate the situation.
Absorption, transmittance, and reflectance spectra are all used. Films' optical
bandgap was decreased from 2.65eV to 2.50eV.with increasing sedimentation
time. Refractive index, extinction, modulus and electrostatic constant were
determined. The conductivity of the PbS film increased from 1.791 10 ° to
1.655 10 (Q cm)™ with the increase of sedimentation time. Thermal gloss is

the intensity of films measured after fifteen minutes of irradiation with a
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source. minutes in temperature and Kinetic parameters obtained using
Computer glare curve evolution method.

Kumar et al. (2014)[37] use chemical baths deposit to produce nanocrystals
Sb enriched PbS films. After deposition, the films were annealed at 673 K in
air for 1 hour. X-ray diffraction (XRD) confirmed the formation of very well
PbS with a face-centered crystalline and preferential orientation [200]. Its
crystallite size was found to be between 40 and 43 nm. Surface analysis using
AFM shows a texture that really is uniform and smooth, with an average grain
size of 52.3 nm. The optical characteristics, absorbance, and transmission of
the films were calculated as a function of doping. When Sb doping is
increased in PbS thin films, the band gap ( Eg) decreases from 1.69 eV to 1.59
eV, resulting inside a blue shift of the absorption edge in nanostructured thin
films. The films' electrical resistivity at room temperature is found to have a
value between (-1.29 and -3.7 10°) Q cm.

Niruban et al. (2015)[38] deposited nanocrystalline (Pb1-Mg)Si thin films
were successfully deposited on suitably cleaned glass substrate at constant
temperature of 60° C, using the chemical bath deposition technique. After
deposition the films were annealed at 300°C for 2 hours. The film's structural,
morphological and optical properties have been investigated by X-ray
diffraction (XRD), scanning electron microscope (SEM) and UV-vis
spectrophotometer. X-Ray diffraction patterns reveal that all of the films are
polycrystalline cubic in nature with preferential orientation (200).
Microstructural parameters like crystallite size, micro strain and dislocation
density have been calculated using x-ray line profile analysis. The average
crystallite size was found to be between 20.03 and 15.12 nanometers. The

films were polycrystalline in nature, with a homogeneous and smooth surface,
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according to SEM examination. Optical studies revealed the band gap energy
for thin films, which increased from (1.54 - 1.66) eV with increased Mg

doped samples.

Rajashree et al. (2015) [39] fabricated crystallinecadmium using the spray
pyrolysis technique. Contaminated lead sulphide (PbS:Cd) thin films having
different Cd loading levels (0, 2, 4, 6, and 8 at-percent) were fabricated on
glass slides. Regardless of Cd carrier level, X-ray diffraction (XRD) studies
revealed that all films have a facial cubic structure with a preferred orientation
along the (200) plane. Optical studies revealed that the band gap is a major
factor. At increased Cd concentration, the optimum permeability of treated
films ranges from 1496 and 2¢12 H.cm, and the film covered using 6 at-
percent Cd doped has a peak transmittance of nearly equal to 77 percent. As
per electrical tests, the film covered with 6% Cd photocatalyst has a
maximum conductivity of 12+6710" Q™" cm™. According to the findings, the
PbS:Cd film covered with 6% Cd photocatalyst exhibits better structural,
morphology, optical, or electronic properties.

NASIR et al. (2016) [40] used chemical deposition method to successfully
prepare nanocrystals thin films of PbS with different thickness (400, 600)nm
on glasses and Si substrate. The framework and morphology of these films
were studied by X-ray diffraction and atomic force microscope. It shows that
the structure is polycrystalline and the average crystallite size has been
measured. The electrical properties of these films have been studied, it was
observed that D.C conductivity at room temperature increases with the
increase of thickness, From Hall measurements the conductivity for all
samples of PbS films is p-type carrier's concentration. Mobility and drift

velocity increases with increasing of thickness.

10
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Touati et al. (2016) [41] deposited copper-doped PbS polygonal thin films
by chemical bath deposit. X-ray diffraction (XRD), Hutchinson elastic
scattering spectroscopy (RBS), atomic force microscopy (AFM), transmission
electron microscopy (TEM), X-ray light scattering spectroscopy (XPS), UV—
visible-near infrared (UV-Vis—NIR) spectrophotometry, and Hall effect
measurements have been used to start investigating the structure, framework,
morphological characteristics, optical, and electrical properties of the
materials. The dopant films have a PbS face cubic crystal structure to (111)
preferential orientation, which alters to (200) plane with increasing Cu doping
absorption, as per XRD studies. The film surfaces were found to be made up
of nanotubes grains with a triangular form, according to AFM and SEM
observations. With the increase in Cu carrier level, the optical band gap blue
shifted from ( 0.72 - 1.69 )eV. At ambient temperature, the material with a
[Cu2+]/[Pb2+] ratio of 1.5 at 5% Cu had a minimum resistivity of 0.16 Q cm
and a band gap close to 1.5 eV. Percentage of 1.5 the best electrical and
optical characteristics are obtained in Cu-doped PbS thin films which are
appropriate for the use of solar cells

Yucel etal. (2017) [42] used chemicals bathtub deposition (CBD) are used
for 1 hour sedimentation time and lead sulfide isotope ratios (PbS)
nanostructures on glass slides. The structural, morphological, and optical
properties of PbS thin films were investigated in relation to Sr doped samples.
SEM, X-Ray diffraction (XRD), and UV-visible scope and quality have been
used to investigate variations in crystallite size, lattice strain, band gap, and
energy band gap values of PbS thin films as a result of Sr content. The
findings of an energy - dispersive X-ray analysis (EDSA) showed that nano -

structured PbS films can be doped with Sr without causing significant

11
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structural strain. By increasing Sr-doping, the crystal size of the film
decreases between 17.90 to 9.14 nm, as per XRD studies. Increasing the Sr
doped from 0% to 5% raised the energy gap value of PbS thin films from 1.73

eV to 2.19 eV, according to UV-visible measurement.

Carrasco-Jaim et al. (2017) [43] investigated the photocatalytic hydrogen
production from hydrogen production using a PbS/ZnO thin film. Chemical
bath depositing of a p-type PbS thin film onto a single crystal was carried on
by RF magnetron sputtering of an n-type ZnO thin film. Grazing angle x-ray
diffraction (GA-XRD) and atomic force microscopy (AFM) were used to
describe the morphological and structural properties, accordingly, while ultra
- violet spectroscopy (UV-Vis) and spectroscopic device captures have been
used to investigate the optical characteristics .The photocatalytic activity was
assessed using chromatography to determine hydrogen production during uv
irradiation. The results showed that PbS/ZnO thin films generated more
photocatalysts hydrogen (7.38 p cm®?h™) than PbS (3.35 p cm?h™) and ZnO
(2.45 p cm®h™) thin films. The synergistic impact of PbS and ZnO thin films
for the generation and transport of electric charge was shown using linear
sweep voltammetry (LSV).

Kumar et al. (2018) [44] determined the fabrication of PbS solar cells (QDs)
using a sol-gel procedure that is efficient, affordable, and scalable over a
broad area. Its diameter of a (QDs) can be adjusted by changing the bath
levels between (50 and 200)mm. At 50mm bath level, transmission electron
microscope (TEM) tests confirm the growth of spherically shaped 5.6 nm
QDs. The optical bandgap of the QDs is found to be 0.9 eV, that fits the size
reported by TEM. Sensitizing ZnO nanorods with PbS QDs is used to make

12
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ZnO/PbS solar cells. The solar cells manufactured had the highest open circuit
voltage of 200 mV and the maximum short circuit density of 0.81 A/cm?.
Ismail et al. (2018) [45] used deposition chemical bath deposition (CBD) was
used to create lead sulfide thin films on both glass and Si (100) substrates.
The produced films feature a polycrystalline structure with (200) preferred
orientation, as per XRD analysis of the PbS films at 25°C. By increasing the
deposition period, bigger grains might be obtained. X-ray electron impact
spectrometry (XPS) was used to chemically analyze the produced films,
indicated the existence of lead and sulfur as PbS. The stoichiometry of the
produced film was confirmed using the energy dispersive X-ray fluorescence
(EDX) technique. The change in the films' morphology with deposition time
was studied using atomic force microscopy (AFM). The influence of
deposition duration on optical transmittance in the UV-Vis-NIR band as well
as the film architecture was studied. The simulation results indicated that as
the thickness increased, the optical band gap decreased.

Sahin et al. (2019) [46] used the chemicals baths deposition (CBD) technique
to produce pure PbS and PbS:Mo(3%) thin films on glass slides at room temp.
The main objectives of this article is to see how the added metals Mo
influences the crystallite size, optical energy band gap, and photovoltaic
capabilities of PbS semiconductor thin films. Although the structure of the
PbS:Mo(3% ) thin film is identical to that of pure PbS, the crystallite size of
the PbS:Mo(3% ) thin film (24.12 nm) was found lower (25.97 nm). The band
gaps of PbS and PbS:Mo(3% ) thin films were found to be 1.89 and 1.91 eV,
correspondingly. The photovoltaic characteristics of PbS and PbS:Mo(3% )
thin films might be one reason for the increase in the bandgap of PbS:Mo(3%)
thin film. The IPCE and J-V tests were used to investigate Mo(3%) thin films
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synthesized on Zn2SnO4 coated on FTO conductive glass using the CBD
technique. At 400 nm, the IPCE ( percent ) ratios for pure PbS and
PbS:Mo(3% ) thin films were 35 percent and 41 percent, correspondingly.
The efficiency () values for pure PbS absorption of Mo6+ ions into the PbS

structure were 2.02 percent and 2.11 percent, correspondingly.

‘Huo et al. (2019)[47] used biochemical and deposition methods to produce
Cr-doped lead sulfide (PbS) stores and supermarkets. All nanofilm samples
had high crystallinity, with a preferred orientation of the (200) crystal plane,
according to X-ray diffraction (XRD) analysis. The nanofilm grain size
reduced from 71.5 to 18.9 nm as the Cr dopant rose. The SEM results
demonstrated that variations in Cr content resulted in varied grain
morphologies, and grain size shrank as doping concentrations increased.
Optical research revealed that the band gap rose from 1.21 to 1.60 eV after Cr
doping; the 2 percent Cr-doped PbS nanofilm, with an Eg of 1.49 eV, met the
optimal band-gap value. The Hall mobility and volume carriers density of the
nanofilm attained maximum values of 59.6 cm® and 20.7 x10'® cm? for a two
percent Cr doped dosage, according to voltage measurement. The Cr-doped
PbS nanofilms with a concentration of 2% exhibited the greatest electrical and
optical properties, making them ideal for solar cell applications.

Mitri et al.(2020)[48] investigated lead sulfide-based sensors CQDs for room
temperature NO, detection. Sensor response was measured for various
polluting gases including NO,, CH,, Carbon monoxide and carbon dioxide 2
for different concentrations in the range of 2.8-100 ppm. For the first time, the
effect of film thickness QDs sensor response has been checked and improved.
at 30 ppm NO, release the best The gas response at room temperature is about

having a reaction time of 12 minutes and a recovery time of 12 seconds 26
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minutes straight. The detection limit is estimated to be 0.15 ppb of the sensor
slope response and its electrical noise. Gas sensors show high sensitivity to
NO,, remarkable selectivity, recurrence and complete recovery after exposure.
Mohammed et al.(2020)[49] studied nano lead sulfide PbS thin films'
structure properties. Pulsed laser deposition thin specimens were prepared and
coated on glass substrates at wavelengths of 1064nm with varied laser energy
(200,300,400,500)nm. The effect of adjusting the laser energy on physical
properties has indeed been studied using a transmission electron microscope
(TEM) and X-ray diffraction. The barrier formed is crystalline in nature, as
per the findings. The planes (111) is the dominant phase (200). At a laser
energy of about 200 mJ, the minimum yield strength obtained was 16.5 nm.
Thin films of average granular sizes (75 nm) might be prepared, as per the
results. The effect of adjusting the laser energy on optical properties was
studied, and it was found that they have direct allowed transitions in the range
of (1.55 to 2.45) eV.

1-7 The Aim of the Work

1- Preparation and manufacture of a gas sensor and studying of (PbS,PbS:Cd

and PbS:Cr) physical properties.

2- Study of the effect of doping cadmium and chromium on the structural
and optical properties of PbS thin films prepared on the glass and
silicon substrates.
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2-1 Introduction
This chapter contains a general explanation of the theoretical part of the topic

of work, including theoretical concepts, physical ideas, mathematical
formulas, and special laws in theoretical results.
2-2 The Film Deposition Techniques

The wide and good application of thin films in modern technology is an
Important factor that has helped researchers improve various methods of
manufacturing thin films. Later, scientific development techniques made great
progress in preparing thin films with a high degree of accuracy in determining
the uniformity and thickness of the films. The ability to determine and
describe deposition procedures using key criteria such as the source, the
nature of the paint particles, the nature of the interaction between the surface
and the development medium, and the strategy for introducing different types
of paint into the medium [50]. Thin films have a wide influence on the
modern era of technology. Thin film technology is the basic base for
advanced applications in various fields such as optical devices, environmental
applications, communication devices, energy storage devices and the like. The
use of thin films in different applications depends on their shape and stability.
Thin membrane morphology relies heavily on sedimentation techniques
[51].The formation of a film composition prepared using vacuum processes
depends on three basic steps: (1) Creation of species suitable for atomic,
molecular or ionic precipitation; (2) Transfer of species from source to
substrate; And (3) condensation of species deposited on the substrate directly
or by chemical reaction with reactive components, and the formation of solid
precipitates [52]. The method used for thin film deposition is based on several

techniques that are regrouped in two classes
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Physical vapor deposition (PVD): Spray, evaporation, ionic coating and laser
ablation techniques fall into this category.

Chemical vapor deposition (CVD): spray pyrolysis, dipping technique,
hydrogen reduction, electrophoresis and liquid solution gel are classified into
this category[53]. Deposition methods can be classified into two main
categories, physical techniques and chemical techniques, as shown in Figure
(2-1) [54] .

Methods for Preparation of thin film
A 4
Chemical methods Physical methods
I
v '
Electrolysis Electrodepositing
process
A 4
Electrolytic
deposition
Anodic oxidation
Chemicalvapor
Deposition (CVD)
Spray pyolysis
Dip techi
Hydrogen reduction
Polymerization

Figure (2-1): show diagram of thin film preparation techniques [54].
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2-3 Pulsed Laser Deposition Techniques (PLD)

Pulsed laser deposition (PLD) is one of the most versatile techniques in solid
state physics, which belongs to laser ablation in physical deposition
technique. It is used in applied studies to prepare thin films of complex
materials. The membrane preparation process with PLD technology adopts
several stages, including the first stage, a high-energy pulsed laser beam is
centered to hit a solid target inside a vacuum chamber, which leads to the
evaporation of particles from the target surface forming a thick layer of vapor
in front of the target called this plasma plume[55], which is formed as a result
the energy absorption causes an increase in the pressure and temperature of
this vapor. According to this increase, partial ionization of the atoms takes
place, as just a wake wherein the world grows plasma a stratum of a top the
target due to the high pressure and is formed in the second stage[56] .In the
third stage, expansion takes place, the removed particles acquire several
hundred eV as kinetic energy resulting from the conversion of the ionization
energies and the internal heat. Due to the multiple collisions through
expansion, attenuation of the kinetic energy occurs in the background gases of
low pressure[57] .The pules laser deposition process can be categorized into
three main physical categories.

« Particle extraction from the target surface with PLD.

*Transfer of excised from of the objective to a substrates, particulates.

« Particle deposition on the substrate

Figure (2-2) shows the PLD system.
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Figure (2-2): Schematic diagram of PLD system [58]

2-4 Solid Materials

Solids are classified in terms of their electrical conductivity into three sections
as insulators, conductors, and semiconductors In line with the theory of a band

gap of it's material and the amount of the band gap that divides the valence

band from the conduction band [59].
2-4-1 Insulator Materials

An insulator is a material that does not conduct an electric current. Because it
has very few electrons that are free of motion or without a free electron. The
energy gap separating the valence band from the conduction band is very

large, which lies in the range (4-5.5) eV, such as wood, plastic, glass and

others. Figure (2-3.a) shows the dielectric energy gap [60].
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2-4-2 Conductor Materials
An electrical conductor, which is the material that allows electrons to pass

through it easily, means that there is no resistance against this electron
movement. Like metals they are very good conductors due to the fact that the
energy level between conduction bar and equilibrium is very close and in
most cases the conduction and valence band are covered. The conductor band
gap is shown in Figure (2-3.b) [61], while the electrical conductivity of a

metal such as aluminum is very high in the range (10%-10°) (Q .cm) *

2-4-3 Semiconductors Materials
A semiconductor is a core material with electrical materials in the middle of

the insulator and the conductor. In semiconductors, electrons can be energized
effortlessly from the valence band to the conduction band because there are
few band gap energies of less than (3 eV) between the valence band and
conduction band. The band gap structure of a semiconductor is shown in
Figure (2-3.c) [62], while the electrical conductivity of semiconductors is
shown in the range between (10°-10°) (Q .cm) * [63]. Semiconductors are
affected by heat, magnetic field and light, and this has led to their adoption as
a very basic material in electronic applications, at temperature coming to(0 K)
behaves as an insulating materials while, its electrical conductivity increases
by increasing the temperature above (0 K). In general, there are several
opinions about semiconductors .

1- Conductivity is affected by magnetic fields.

2 - Has a negative thermal resistance coefficient.

3- Sensitive to light by PV phenomenon.

4- 1t has two types of charge carriers: electrons and holes. These make them

the opposite of what appears in minerals.
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Figure (2-3): the band gaps energy in solid materials[64]

2-5 Types of Semiconductors

2-5-1 Intrinsic Semiconductors
It is a type of semiconductor and is known as uncovered or pure
semiconductor as well, meaning it is free from any impurities. In this type of
pure semiconductor at a temperature (0K). The conduction band (E.) is
nearly free of electrons while the valence band (E,) is completely energyed by
electrons [65] . Figure (2-4) shows the crystal structure of silicon and an
energy gap (Eg) diagram at (OK). , and when the temperature of a pure
semiconductor is raised to a certain high temperature, a certain number of
valence electrons will be thermally affected and move directly into the
conduction band. Each electron moving out of the valence band leaves
something very important called holes which will be the positive charge
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carrier in the valence band while electrons carry the negative charge in the

conduction band and are amenable to electric conduction once the field is

applied.
Covalent
YA WA
\\/?%f?%f? %sé%é\l\slf
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Figure (2-4): crystalline structure of silicon and energy bands for
intrinsic semiconductors[66].

The process of producing an electron-hole pair continues as long as the effect
of the heat continues, and the direction of movement of the holes is towards
the applied electric field, which appears in the opposite direction to the free
movement of electrons [67], as shown in the Figure (2-5)
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Figure (2-5): Charge carriers movement direction in pure semiconductors
(crystal of silicon) affected by applied electric field [68].

2-5-2 Extrinsic Semiconductors
The heat treatment process is known to increase the electrical conductivity of

pure semiconductors, but it is not desirable in practical application,
particularly in the manufacture of devices. This is due to the difficulty in
controlling the resulting electricity. Therefore, we use another method, which
Is grafting to change the pure semiconductor to an external semiconductor, by
adding a limited number of impurity atoms to the pure semiconductor crystal.
During the damping process, the impurity atoms will add new energy levels,
generally the location of these levels, in the region between the conduction

beam and the valence beam which is known as the blocked energy gap [69].

2-6 Crystal Structure for Semiconductors

Crystal structure in semiconductor materials can be classified into two types
2-6-1 Crystalline Semiconductors

The arrangement of atoms and molecules in this type of crystalline

semiconductor is geometric and organized in a lattice of this means that there
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are atoms that function periodically in a three-dimensional form known as
(far-reaching arrangement). Thus, It has kind of crystal symmetry. In this
arrangement it can be considered a specific geometric model called unit cell.
Crystalline semiconductors are divided into two parts:

1- Monocrystalline semiconductor

The periodic crystal model of its atoms extends across the entire 3D crystal,
as shown in Figure (2-6.a).

2- Polycrystalline semiconductors

The cyclic shape of its atoms does not extend across the crystal, but rather
stops at the boundary within the crystal known as the grain boundary, as
shown in Figure (2-6.b).

2-6-2 Amorphous Semiconductors
The arrangement of atoms in this type of amorphous semiconductor is in

randomly irregular shapes, so the periodic crystal form is not present in three
dimensions. It has a short-term arrangement consisting of a complex
formation that does not consist of any unit cell. Likewise, the arrangement of
atoms is not repeated periodically, as in crystalline materials. It is possible to
have uniformity in a very short range, but quickly lose it at a distance greater

than one or three atomic radii as proven by Figure ( 2-6.c.)
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Figure (2-6): Classification Solids are categorized according the
order of its atoms. [70].

(a) A single incidence in crystallization
(b) Polycrystalline
(c) Amorphous

The method of preparing and manufacturing materials is the reason for the
existence of two types of solids (crystalline and amorphous). In the event that
the atoms manage to arrange themselves within matter into a specific shape
and are less heavy they can produce crystalline materials. Whereas, when the
atoms are not able to arrange themselves, they will have a random distribution
such that the overload is greater than the atoms in the crystalline state and
produces amorphous solid materials [71].
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2-7 Structural Characteristic
2-7-1 X-ray Diffraction

X-rays are electromagnetic waves located in a limited spectrum region
between the UV region spectrum and the gamma ray spectrum. It has
wavelengths ranging from (0.1 - 100) A° X-rays are used in the diffraction
crystal experiment becouse their wavelength is proportional to the
intermediate distance of the atoms, so they are used to study the crystal
structure of the material. As well as knowing the atomic structure of the
lattice. Or even imaging the distribution of atoms by projecting a beam of X-
rays at a certain angle (0) on crystalline planes. X-rays interact primarily with
electrons in the atom. When photons in the X-ray collide with electrons, some
of the incident beam photons deviate from their original direction. If the
incident X-ray wavelength does not change (that is, the X-ray photons have
not lost any energy) the process is called an elastic collision, whereby the
momentum of motion is only transformed in the collision process [72]. These
are the x-rays that we measure in diffraction experiments that give us
information about the distribution of electrons in materials. On the other hand,
in the process of inelastic collision or Compton collision, X-rays transfer
some of their energy to the electrons, so the neutral X-rays have a wavelength

different from that of the X-rays [73], as shown in Figure (2-7).

26



Chapter TWO....coo e, Theoretical Part
L ":“ .:
s 00 0 . .:' .
R R ': :': -: :
s 60 0 $; A .,"..
C e e 0 S L

\LL N
N

Figure (2-7) :The X-ray diffraction of materials

(a)A single crystal. (b) Polycrystalline. (c) Amorphous[66].

2-7.2 Bragg’s Law

The physicist Bragg has proposed a very important supposition to study the

crystal structure by using X- ray diffraction through knowing the direction of

the X-ray diffraction of crystal after incident on it, as

Also the Bragg's law, which would be represented inside the equation given,

shown in figure (2-8).

could be used to calculate inter - planar distances (d). [74].

nA = Zdhk| sin@

Where 6 : is the diffraction angle or Braggs angle, n: is the reflection

ordering, dpy: is the spacing between both the atomic scale in a crystalline, as

well as A: is the wavelength of the falling X-ray.
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Figure (2-8): Bragg's law and Crystalline layers [75]

There is a necessary condition for the occurrence of a Bragg’s reflection of the
crystalline levels its Millier's coordinate (hkl), known as Bragg's condition.
Which indicates that the wavelength of X-ray applied in equation (2-1) should
be smaller or equal to double the atomic interface distance between two
successive levels of crystals. Bragg's condition can be represented in the

following equation [67].

Some empirical methods were designed for the purpose of applying this law
from obtaining a pattern of X-ray diffraction [76].

1-Laue method.

2-Oscillating — Crystal method.

3-Powder method.

4-Rotating — Crystal method.
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Analyzing procedure using any of these methods depends on the change
angles value (0) continuously or alteration the value of wavelength (1) of
the X-ray during the examination process. When the target is rotated at a
certain angle (0), the detector will be rotated at an angle of (20) so that, the
angles which have recorded are double value of the angle has used in Bragg’s
law. Therefor the value of (dng) can be calculated from equation (2-1) if the
value of A and© is known, provided that the rays are used a single

wavelength.

2-8 Structure Parameters

2-8-1 Interpleader Distance

Found the Interpleader distance using Bragg's law and according to the
relationship (2-1)

2-8-2 Crystal Size (C.S)

The Sherrer relationship could be used to calculate the expected crystallite
size. [77].

092

Where B: is full width at half maximum of peak (FWHM), 0: Bragg's angle.
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2-9 Optical Properties for Polycrystalline Semiconductors

2-9-1 Absorption Coefficient (o)
The absorption coefficient is the rate of decrease in the flux of radiation

energy into a unit distance in the direction of propagation of the wave within
the medium. It is based on the properties of semiconductors and the energy of
the incident photon [78]. When a beam of radiation falls on the surface of the
thin film, a set of processes occur for this beam, as shown in Figure 2-9. Some
of it is transmitted, some of it is reflected, and some of it is absorbed by the
material of the film. It was noted that the amount of all transmitted, reflected
and absorbed rays depend on the wavelength of the incident radiation and the
nature of the thin films and their surface. The largest part of the absorption
(63%) occurred at a distance (1 / o)), which is known as the penetration depth
[79]. The amount of absorption coefficient is binary important because it
indicates the ability of the film to absorb the energy of the incident radiation.
on him. However, the type of electron transmission can be determined in
terms of the value of a where, at a high value of a which is (a> 10* cm™), this
means that the probability of direct electron transmission. While a low value
of o (o <10* cm ™) indicates the potential for indirect transmission [80]. The

following formula could be used to determine the absorption coefficient:
ot=2.3031og (1 /1t) .ccoovvreeiiree, (2-4)

Where t is the film thickness, It is the incident radiation intensity and It is the
transmitted radiation intensity.

Figure (2-9) shows the fall of radiation on a thin film [81].
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Figure (2-9): falling of radiation on thin film[81].

2-9-2 Regions of Absorption
The absorption process is one of the most important processes that occur
inside the material, where an electron is transferred from collecting photon
energy from radiation mostly on substance, the fermi level is transformed to
the band gap [82]. The energy of the incident photon must be greater or equal
to the optical energy gap between the valence band and the conduction band
.The main absorption regions in semiconductors are divided into three

separate regions, as shown in Figure (2-10).
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Absorbance

Energy (eV) —»

Figure (2-10): Edge of Semiconductors' fundamental absorbing

(a) area of higher absorption. (b) the area of exponential absorption. (c) Area

having weak absorption [83].
2-9-2-1 High Absorption Region (a)

In this region, transitions occur between levels extended in the valence band
to levels extended in the conduction band. The value of the absorption

coefficient for this area is (a > 10* cm™) [84].
2-9-2-2 Exponential Absorption Region (b)

Two types of transfers occur in this region, in the first type a transfer occurs
between levels extending in the parity band to bound levels in the conduction
band. The second type occurs between levels confined at the highest point in
the parity band to levels extending at the lowest band in the conduction band.

The absorption coefficient value for this region is between (1 <o <10* cm™)
[85].
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2-9-2-3 Low Absorption Region (c)
In this area, a is very small. It lies at about (o < 1 cm™) It is explained by the

transitions between levels in the range's tails. It should be pointed out that due
to the low level of absorption in this part of the absorbance tails, verifying this
is difficult [86].
2-9-3 Absorbance (A)

The amount (log |; / ;) represents the absorption of the thin film, denoted by
(A). The intensity of the incident radiation decreases greatly (e™) inside the
material, where the absorption coefficient (a) is an example of the rate of
decay of the radiation energy inside the material [87]. Therefore, equation (2-

4) can be written as follows:
O=2303 A/t iceiiiiiiiiiirieriiicannne o (2-5)

2-10 Transitions in Thin Film

Semiconductor electronic transformation can be mainly divided into two

types:
2-10-1 Direct Transitions

Electronic transformations occur in semiconductors possessing direct bandgap
energy of two types. The first transition is known as the permissible direct
transition which occurs when electrons move from the same wave vector from
the valence band to the empty conduction band void point (k - space)
provided that (AK = 0) and K = 0 [88]. The second transition called the direct
blocking transition that occurs when electrons move from regions of
proximity to the region of direct transition while maintaining the state
continuity that does not change the value of the wave vector (i.e.. K1=K2 #0

but K = 0). Figure (2-12) shows the direct transmission and the absorption
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equation for these types of semiconductors can be given as follows [89].
cho=P (hv-Ey)" .ccevevrinrinnnnnne. (2-6)
Where E is the energy of the incident photon and P is constant. The nature of
the transition occurring in a semiconductor having a direct energy gap is
determined using Equation (2-6). Where the permissible direct transmission
occurs with a value of (r) equal to (1/2), and the prohibited direct transmission
occurs with a value of (r) equal to (3/2) [90].

2-10-2 Indirect transition
The indirect transfer of electrons occurs when the energy of the upper part of
the valence band and below the conduction band is inconsistent in the wave
vector vacuum (space K). Since in this case the electron transition occurs
between location and in valence band as well as any non-perpendicular
location in the conduction band direction accordingly, the wave vector value
(AK= 0) [80]. The relationship between the absorption coefficient and the
optical energy gap is given in the following equation [91].
ahvo=P (ho-E\ 2 Ep) ceeeeerrrrreeeeennn, Q2-7)
Where: E\g Is the energy band gap of the indirect transmission, + E; is the
phonon absorption process, - Ep is the phonon emission process and P'is
constant. There are two types of indirect transmission, the first type is known
as the permissible indirect transfer which occurs when an in a non-straight
path, an electrons passes from the maximum height inside the valence band to
the lowest level in the conduction band. direction as shown in Figure (2-11).
The value of (r) will be in equation (2-7) for this transition (2). The second
type is called the indirect blocking transition which occurs when an electron

moves from regions of proximity to that extreme in a non-straight path from
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of the highest point throughout the valence band to the lowest level
throughout the conduction band direction and the value of (r) in equation (2-

7) will be (3). In contrast to direct transmission, in this type of transmission,

the absorption and emission action is temperature dependent [69].

Wave vector (K)

Figure (2-11): Electronic transition kinds [92].

(a) Direct allowed. (b) Direct forbidden. (c) Indirect allowed. (d) Indirect
forbidden.

2-11 Optical constant
2-11-1 Transmittance (T)

It is the ratio between the intensity of the transmitted rays to the intensity of
falling rays on the surface of the material. It is related to reflectivity and
absorptance as shown in the following equation, according the law of energy

conservation [93].

35



Chapter TWO....coo e, Theoretical Part

2-11-2 Reflectance (R)

It is the ratio between the intensity of the rays reflected during the fall of a
radiation beam of a certain wavelength on the surface of the material to the
intensity of the incident rays [85]. The reflectivity is the accompanying
connection exists between both the refractive index and the extinction
coefficient [82].

_ (n-1)%+K? (2-9)

T AT DEFRE trrtereeresessesseseaans
Whereas K- is the extinction coefficient and n_ is the real refractive index.

When K, = 0 the above equation becomes:

_ (n,-1)2
R= (:°+1>2 ............................. (2-10)

2-11-3 Refractive Index (n-)

It is the ratio of a light speed in a vacuum (c) to the light speed in a certain
medium. (v). The real portion of the refractive index complicated is n. .It can

be calculated by following equation [85].

12
1+RY 1+R
n === —(k?+1 = i
0] {(1Rj ( 0 + )} +1_R (XY} 000(2 11)

The complex refractive index is given by the following equation.

Where ¢ is the complex dielectric constant.
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2-11-4 Extinction Coefficient (K-)

It is the amount of energy absorbed by the electrons of the material, which
causes the decrease of the radiant energy falling to the material. Also, it
represents the imaginary part of the complex refractive index n. and the

following equation shows the relationship between K _ and n. [94].

The extinction coefficient is related to the absorption coefficient with the

following equation that was used to calculate K_ for all the thin films prepared
[95].

K. = 0h 4T eeeeeeeeeeeeeeeeeeeeenne. (2-14)

2-11-5 Dielectric Constant (€)
It represents the material's compliance with various frequencies and complex
behavior, and the material's ability to polarize by means of the dielectric
constant. The level of polarization of a surface is measured by its
physicochemical structures of material which depends on the electric field.
The polarization of the medium charge due to the interaction of light with the
charges of this medium is determined by the complex dielectric constant (&)

which is given mathematically as follows [85, 96].

E=€ +if;  eeeeerececien (2-15)

Where €, and €; are the real and imaginary parts of the dielectric constant,
respectively. The complex dielectric constant is related to the complex

refractive index by the following equation:
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€ =N¢c o ..0216)

Substituting in the value of the equation (g, n?) (2-16) becomes:
E+iE = (No +iKe )2 vee eee ven vee o (2-17)

Two separate equations can be obtained from equation (2-17) representing the
real and imaginary part of the dielectric constant as in the following

equations:

€ =N°—K? it e een .l (218)

O it eeeeee e e o (2-19)

The last two equations were used to compute the real and imaginary part of

the dielectric constant for all prepared thin films.

2-12 Hall Effect

This phenomenon was discovered by the American scientist Edwin Hall in
1879 and is called the Hall Effect. It is defined as the different distribution of
current in a metal strip under the influence of a magnetic field. Through it, the
type and density of the charge carriers and the movement of these charges are
determined. We notice that when there is a magnetic field present to a
semiconductor on the vertical direction for a current that passes through it as
a result, an electric field is created in a vertical direction on both the magnetic
field and the current as shown in Figure (2-12) [97]. The hall coefficient (Ry)
represents the ratio of the output voltage to the current product and magnetic
field (i x TB) taking into account the thickness of the films. The Hall
parameter is given mathematically by the following formula [98].
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Where Vy is the hall voltage, t is the films thickness, iy is the external current
and B, is the magnetic field strength. The value of the Hall coefficient
depends on the number, type and properties of charge carriers, and the type of
semiconductor can be determined by the sign of the Ry value. When its sign is
negative it is a semiconductor (n type), and when it is positive it is a
semiconductor (p type) and may determine the concentration of the carrier of
semiconductor type and carrier type using the Hall coefficient equation, Ry is
negative for n-type and positive for p-type, correspondingly. [90].

Ru=2 inthe n-type ............ (2-21)

Ry= % in the p-type............ (2-22)

The electron charge is denoted by the letter e. If the conduction is owing to a

single type of carrier, such as electrons

o n=gny, forn-type.................... (2-23)
And
o, =0ny, forp-type................... (2-24)

We can measure the Hall mobility as :

o
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Ug = 0. |Ry| . (2-26)
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Figure (2-12): Hall Effect diagram [91].
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2-13 Gas Sensor

Semiconductors are one of the basic materials used in the manufacture of gas
sensors and to date they are manufactured and increase their efficiency .The
purpose of this use is to reduce manufacturing cost, high energy and
temperature rise. In order to improve their sensitivity and increase their
effectiveness in gas sensitivity, impurities are added in specific proportions
[99].

Gas sensors have such a variety of applications, a most significant of these is
the identification of catastrophes including such toxic gases or reactivity
inside the environment, and the detection of pollution in the environment
[100].

2-13-1 Sensitivity (S)

It is the rate of change in the resistance of the thin film to the presence and
absence of gas. Among the most important factors affecting it are: relative
humidity, temperature of sensors, response time to sensitization, time of
exposure of gas films, background of gas composition, and thickness of the

membrane. It is calculated from the following relationship [99].

1- In case of reduction

S=|Ry-Ra|/Ryx100% ..cooconrrrrnnnne. (2-27)

2- In case of oxidation

S=|Ra—Ry|/Ry*x 100 %....cccevrrerrrenns (2-28)

Where: Ry and R, are film resistances measured in the existence of a gas and
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an atmosphere environment, accordingly.

2-13-2 Response and recovery times
When the sensor is exposed to the target gas, the response time is defined as
the time it takes for conductance to achieve 90% of the payback period.
Whenever a sensor is in the out-gas state and then placed in clean air, the
recovery time is defined as the time it takes for the sensing output to fall to
10% of the maximum rate as shown in Figure (2.13). An excellent sensor is
described as having a brief response and recovery time, enabling it to be used

frequently [101].

N Gas off

. I .
90% of maximum 1 Maximum
Resistance Resistance

Resistance

Recovered to within 10% of
original baseline

Gas mi
~ e ~ I~
2 < > <
T i >
| |
Time Trec
Tres

Figure (2-13): Typical structure of a conductivity sensor [102].

2-13-3 Applications of Gas Sensors

Sensors detecting gas are employed in a variety of purposes, as the [103]:
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1-Use in industries to monitor the concentration of the toxic gases.
2-Use in households to detect an emergency incidents.

3-Use at oil rig locations to monitor the concentration of the gases those are
released.

4-Use at hotels to avoid customers from smoking.
5-Use in air quality check at offices.

6-Use in air conditioners to monitor the CO, levels.
7-Use in detecting fire.

8-Use to check concentration of gases in mines.
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3-1 Introduction
This chapter includes a brief description of the pulsed laser deposition

technique used in the preparation of the thin films and the thin film deposition
stages. As well as explaining the techniques and devices used in the process
of examining and diagnosing the prepared films and the gas sensor.

3-2 Equipment of Deposition
Figure (3-1) shows the basic components of the PLD system as shown by the
arrangement of the target placed on the substrate holder inside the room in

proportion to the laser beams.

Chamberl

N
e Ty

A=

'Il
- |
=

Figure (3-1): Pulse laser deposition system in plasma lab- University of
Baghdad.
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3-2-1 Nd:YAG Laser Source

Use of Nd:YAG laser (Huafei Tongda Technology - DIAMOND- 288pattern
EPLS) to precipitate pbs films. This part of the system consists of computer
control system, cooling system, light path system, and energy supply system.
The light path system is installed in the hand piece, while the control of the
cooling system and the energy supply are installed in the machine box of the
energy supply.

Basic technical parameters:

Laser model: Q-switch Nd: YAG second harmonic generation (SHG) laser.
Energy supply (220V).

Laser wavelength (1064nm).

Repetition frequency (6 Hz).

Pulse count (100).

Pulse duration (10 ns).

Cooling method (internal circulation of water for cooling).

3-2-2 Vacuum System

The sedimentation chamber was installed on a steel flange comprising an O-
ring groove to seal the vacuum and charge - through the foundation for the
electrical connection (stepper motor control and the substrate heater). The
chamber is evacuated using a circulating pump directly connected to the
chamber by stretchable tubes to obtain a vacuum less than 102 mbar and

monitor the pressure inside the chamber using a pyraniometry.
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3-3 Target Preparation
The target used in the precipitation was prepared from pure nanoparticle lead

sulfide (PbS). The target is in the form of a circular disc under a pressure of
10 tons, the dimensions of the resulting target are 2.5 cm diameter and 0.4 cm
thick. The compression process produced a thick, homogeneous target in
order to ensure the high quality of the film deposition. Figure (3-2) shows the

sample before and after the compression.

=

Before

Figure (3-2): Target before and after pressing.
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3-4 Substrate Preparation

3-4-1 Glass substrates
The substrates of glass (7.5 x 2.5) cm? have been utilized to deposit the thin

films for the purpose of execution the necessary tests. Several steps have been
taken to clean the glass substrates, the first step is to remove dust particles and
any impurities suspended on the substrate surface using distilled water. The
second step is using the ultrasonically device .1t is cleaned in alcohol for 15

minutes before use.The last step is drying the cleaned substrates by a dryer.

3-4-2 Si substrates
The substrates of Si two types are (n-type and p-type) for the purpose of

manufacturing a gaseous sensor from thin films are (PbS,PbS:Cd and PbS:Cr)
and in specifications diameter 100 mm and orientation(100) thickness (500-
525) pm the first step is to remove dust particles and any impurities
suspended on the substrate surface using distilled water. The second step is
using the ultrasonically device .1t is cleaned in alcohol for 20 minutes before
use. The last step is drying the cleaned substrates by a dryer.
3-5 Thin Films Deposition Procedure by PLD

Pulsed laser deposition technique was used to prepare single-step thin PbS
films directly onto glass substrates placed above the target within the vacuum
chamber of the PLD system. Sedimentation was completed at room
temperature with a back pressure (2x10° mbar). The target of PbS,PbS:Cd
and PbS:Cr it was also doped with cadmium and chromium in doping
rates(X= 2,4,6) wt%. Was irradiated with (1064 nm) using an Nd: YAG laser
with different laser energies from (200 - 350) mJ with an increase of (50 mJ)
for each sample with a fixed number of pulses (100 pulses), and a pulse
duration of 10 ns, and 6 Hz frequency. The laser light is fully concentrated

and accurately on the target to use a lens with such a focal length of 120 mm.
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To ensure successful and accurate deposition, the sample was arranged on a
substrate holder inside the chamber in proportion to the laser beams. Focusing
Nd: YAG it exchanges the emitted laser beam through a window or lens
directed exactly at the sample surface at a 45° angle. The substrate is placed at
an appropriate distance directly above the sample surface and in this
arrangement nothing prevents the laser beam from falling onto the target. The
deposition process was repeated several times and some factors such as the
distance between the target and the substrate or the angle of the incident laser
beam were changed in order to obtain a high quality of prepared thin films.
3-6 The Techniques of Measurement

The optical and structural properties of thin films and measuring thickness by
several techniques, have been investigated. The most important of which are

the following.

3-6-1 Measurement of Thickness
An optical interferometer technique was used to calculate the film thickness.

This technique depends on the interference that occurs to the light rays
reflected from the surface of the film and the base of the substrate as shown in
Figure (3-3). A He-Ne laser was used in the measurement process with a
wavelength of (632.8 nm) and the thickness was calculated according to the

following equation [104].

where, S is the width of fringes and AS is the shifting that happen to fringes
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Figure (3-3): Schematic diagram of measurement of the films thickness [105].

3-6-2 Atomic Force Microscope (AFM)
Angstrom Ad — Davison Corp's atomic force microscope (AA300 Vibrating

Sample Microscopy SPM, tip NSC 35/AIBS) was used to study the
morphological of thin film surface. Roughness, particle size, and root mean
squares (RMS) of film could all be directly measured by this technique.
3-6-3 X-Ray Diffraction Analysis

Given the nature data and the crystal growth process of the films made under
varied deposition conditions, the XRD technique is very important for
examining the characteristics of the thin film' structure. The (American
Standard of Testing Material) (ASTM) cards were used to measure the XRD.
With (Cu-K) radiation of (A=1.54A°), a Philips PW 1050 X-ray diffraction
measurement system was used. The structural parameter of all the prepared
PbS thin films was calculated using XRD pattern.
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3-6-4 Optical Measurement
double-beam UV-Vis Spectrophotometer was applied to study the absorption

and transmittance of PbS thin films prepared under different conditions. The
estimated spectral range is between (190-1100) nm, as shown in Figure (3-4).
Background calibration was considered for each scan. The transmittance and
absorbance measurement was used to examine the absorption coefficient of
thin films at different wavelengths and with this measurement, the band gap

energy of the prepared films was calculated.

Figure (3-4): UV- Vis —Spectrophotometer.

3-6-5 Gas Sensing Measurement
An adequate setup is produced in order to determine the sensitivity parameter,

which is primarily the response time and recovery time of the (PbS,PbS:Cd
and PbS:Cr) gas sensors. A gas sensitive test system is seen in Figure (3-5) ,it
comprises of a stainless steel cylindrical test chamber with a diameter of 30

cm and a height of 35 cm. The chamber's effective volume is 6594 cc, and it
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contains an inlet for the tested gas and an air inlet valve for ambient air after it
has been evacuated. Electrical connections to the heater, -type-K
thermocouple, and sensor electrodes are made via a multi-pin feed at the
chamber's base. Inside the chamber, the heater comprises of a hot plate and a
type-K thermocouple for controlling the sensor's operational temperature. The
sensor current variation is recorded when exposed to a mixing ratio of NHs-
NO, gases using a UNI-T UT81B computer-connected digital multimeter and
a laptop computer. The test gas is fed through the flow and the mixing gas is
fed by zero air.

Metering and needle valve setup to achieve actual sensitivity, the mixing gas

is delivered into the test chamber through a tube above the sensor.

Keithley 6514E
Electrometer

Gas outist —!ﬁ
== =

250 mi Gas chamber —»
Insulation ——»
Pressure contact screw I 7
A A
Gasinlet P
U
= ) I 88 T T
Sensorthin film — [~ |—x—" [\ / \
reater k\l_—/ t
w ;"jﬁ Computer
i
|
Digital Temperature il = Digital Temp. Display
Controller L-'DB 7

Figure (3-5): Gas sensor testing system [106].
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3-6-6 Procedure for Testing Sensors

Gas sensing measurements of (PbS, PbS:Cd and PbS:Cr) thin films produced
on (Si) surfaces with varying formation ratios at a constant current of 40 mA
and different temperatures at ( 473,523, and 573) K to make nitrogen dioxide
and ammonia gas sensors according to the following setup:

1- The sensor is put on the heater after the test chamber is opened. The test
chamber was closed after the appropriate electrical connections between the
feed-through pin and the sensor were formed using conductive aluminum

sheets.
2-Creating a 6 volt bias voltage between the two electrodes.

3-Turn on the circulating pump to empty the test chamber to about 1 mbar,
then use the temperature controller to adjust the sensor to the correct
operating temperature. A schematic diagram of the electrical circuit for gas

sensor measurements is shown in Figure (3-6).

4-With the needle valves, adjust the flow rate of the test gas and air, and set

the volumetric concentration of the test gas in the air to 5%.

5-A digital interfacial multimeter of the type UNI-UT81B is used to measure

the current contrast.

6-The digital multimeter first records the bias current of the air flow, then
turns on the test gas (NO,) until the current is low contrast after a few

seconds, then turns off the test gas to record the recovery time.

7-Working temperatures and other gases are measured in the same way as

above.
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Figure (3-6): Schematic diagram of gas sensing and the electrical circuit

setup [106].
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4-1 Introduction

The findings of structure, morphology, optic, and gas sensor testing of
cadmium-chromium-doped PbS thin films generated on glass and silicon
substrates using the pulsed laser deposition process are summarized and
discussed in this chapter. The influence of laser energy at various energies
(200-350) mJ was also investigated. doped rates (2, 4, 6)wt% are also

discussed for all films that have been prepared.

4-2 Thin Film Thickness

Table (4.1) shows thickness measurement of samples deposited at RT with
varied laser energy ranging from (200 — 350) mJ with a fixed number of
pulses (100 pulses) on the glass substrate (notice that thickness measurements
had an error rate of roughly 5.2 nm). It can be seen that as the laser energy is
increased, the thickness of the films increases, implying that the laser energy

Is increased, more particles are removed from the target surface. As a result,

the thickness of the thin films increases.

Results and Discussion

Table 4.1: Thickness of (PbS,PbS:Cd and PbS:Cr) thin film (5.2 nm).

Sample Laser Energy Thickness
mJ (nm)
PbS 200 203
PbS 250 227
PbS:Cd 300 246
PbS:Cr 350 261
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4-3 Structural properties

4-3-1 X-ray diffraction
Figure (4-1) shows the X-ray diffraction pattern of PbS:Cd powder. The
observed PbS:Cd diffraction peaks were indexed within the cube crystal
structure PbS:Cd, which was checked with a regular card (JCPDS No. 05-
0592) [107] .The vertices were portrayed as what corresponds to as pattern,
they're Miller indices. Peaks which have a score above (20= 26.1710 °,
30.2833 °,and 43.2629 °), comply with to the planes hkl= (111), (200),and
(220), planes of crystallization, accordingly. Thin tops suggest that the
substance has crystalline nature and that it likes to be directed in the direction
of [200]. Furthermore, the lack of any other peaks indicates that this powder
Is free of flaws. It was also observed that the crystallite size increased with the
increase in the rate of doping with the addition of different inoculation
ratios(X=2,4,6)wt% as indicated in the table(4-2).

1000 — : pbS:Cd
9200 - 500 220
800 222 331
700 - 111 x=0.6
":'5‘“ r
o 600
= 500
8 J
D 400 — x=0.4
= 1
300 -
200 -
100 x=0.2
0
20 25 30 35 40 45 50 55 60 65 70 75 80
(20)°

Figure (4-1): X-ray diffraction Pattern of PbS:Cd powder.
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Figure (4-2) shows the X-ray diffraction pattern of PbS:Cr powder. The
observed PbS:Cr diffraction peaks were indexed within the cube crystal
structure PbS:Cr, which was checked with a regular card (04-002-0034 and
00-005-0592) [108] .

The vertices are represented by what corresponds to as spectrum, they're
Miller indices. Peaks that have a rating above (26= 26.1710 °, 30.2833 °,and
43.2629 °). Comply with to the planes hkl= (111), (200),and (220), levels for
crystallization, accordingly. Thin tops suggest that the substance has
crystalline nature and that it likes to be directed in the direction of [200]
Furthermore, the lack of any other peaks indicates that this powder is free of
defects. It was also observed that the crystallite size increased with the
increase in the rate of doping with the addition of different inoculation
ratios(X=2,4,6)wt% as indicated in the table(4-2) [108].

700
pbs:Cr
i 220
110
600 —
[ 111 \ W22 x= 0.6
500
= ' x=0.4
g 400 —
e |
g) 300 -
(] J
=
— 200 4
100 — x=0.2
04
1 N 1 T 1 v 1 T 1 T 1 T 1 T 1 T 1 T 1 T 1 T 1 v T
20 25 30 35 40 45 50 55 60 65 70 75 80
(20)°

Figure (4-2): X-ray diffraction Pattern of PbS:Cr powder.

56



Chapter Four

Results and Discussion

Table (4-2): Structural parameters for PbS:Cd and PbS:Cr powder.

Material 20 FWHM dhkl C.S dhkl Hkl
(Deg.) (Deg.) | Exp.(A) (nm) Std.(A)

PbS:Cd

X= 2% 26.3384 0.3606 3.3810 22.6 3.9581 111
30.4365 0.3875 2.9345 21.2 3.8758 200
39.7283 0.2522 2.3231 245 3.2132 220
43.4213 0.3427 2.0823 25.0 3.4371 222
61.342 0.3523 2.1330 25.5 3.5543 331
26.1989 0.1642 3.3987 49.7 3.3828 111
30.4428 0.1300 2.9339 25.2 3.0816 200

X=4% 39.1095 0.10000 23014 26.2 3.1232 220
43.4816 0.1048 2.0796 216 2.8370 222
26.0550 0.1749 3.4172 46.6 2.6652 111
30.1431 0.3882 2.9624 63.3 2.6074 200

X=6% 39.4355 0.1044 2.3223 23.2 3.6733 220
43.1005 0.2875 2.0971 20.7 25834 222

PbS:Cr
20.0653 0.4111 4.2139 18.3 2.4321 110

X=2%
26.2105 0.4167 3.3972 19.6 2.4576 111
30.3050 0.4892 2.9469 16.8 2.4415 200
43.3164 0.4233 2.0871 20.2 24211 220
52.3293 0.2708 1.7469 18.6 241123 222
20.3368 0.2500 4.3632 178 2.3234 110
26.9774 0.4438 3.4272 18.4 2.3816 111

X=4% 30.0485 0.5230 2.9715 15.7 22141 200
43.0782 0.4473 2.0981 19.1 2.0848 220
52.1564 0.3083 1.7522 20.3 2.0543 222
20.2038 0.0833 4.3916 23.6 2.0465 110
26.2250 0.3125 3.3916 26.1 2.0715 111

X=6% 30.3928 0.2500 2.9386 32.9 1.9965 200
43.3567 0.2358 2.0853 36.3 1.9646 220
52,555 0.10000 1.9896 28.7 1.9543 222
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In Figure (4-3), PbS thin films' X-ray diffraction pattern can be seen. The
diffraction peaks throughout the observed PbS thin film are indexed inside the
cube crystal structure (PbS),which was checked with a regular card (04-002-
0034 and 00-005-0592) [108].The wvertices are represented by what
corresponds to as spectrum, they're Miller indices. Peaks which have a score
of (26=26.1710 °, 30.2833 °,and 43.2629 °), comply with the planes hkl=
(111), (200),and (220), Levels of crystal, accordingly. Thin tops indicate that
the material has crystalline nature and that it likes to be oriented in the plane
of [200]. Furthermore, the lack of the any other peaks reveals that the film is
now without flaws, defects it was also observed that the crystallite size
increased with the increase of laser energies (E=200,250,300 and 350)mj as
shown in table (4-3) [108].

PbS

1100 - 111 200

110
- /‘MM
900 -
i _- MMM
700 E=300

600
500

400 - E=250
300

200 1
100 E= 200

O T T T T T T T T T T T T T T T T T T T T T

intensity (a.u)

(20)°

Figure (4-3): X-ray diffraction Pattern of PbS thin films.
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Figure (4-4) shows the PbS:Cd X-ray diffraction pattern of PbS:Cd thin films
thin. The diffraction peaks in the PbS:Cd film were indexed inside the cube
crystal structure. PbS:Cd, which was confirmed to use a normal card (JCPDS
No. 05-0592) [107]. For spectrum, the vertices are represented by what has
been known as Miller indices. Peaks which have a rating of (26=26.1710 °,
30.2833 °,and 43.2629 °), comply with to the planes hkl= (111), (200),and
(220), Levels of crystal, accordingly. Narrow tops suggest that the materials
have crystalline nature and that it likes to be directed in the direction of (200).
Furthermore, the lack of any additional peaks reveals that the film is now
without defects .It was observed that the crystallite size increased with the
increase in the rate of doping with the addition of different inoculation
ratios(X=2,4,6)wt% as indicated in the table(4-3) [107].
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Figure (4-4): X-ray diffraction Pattern of PbS:Cd thin films at laser
energy(350)mj.

The X-ray diffraction pattern of PbS:Cr thin films is shown inFigure (4-5).
The peak intensity in the PbS:Cr films is indexed inside the cube crystal.
structure (PbS:Cr), which was checked with a regular card (04-002-0034 and
00-005-0592) [108]. From the pattern, the vertices are denoted by what has
been known as Miller indices. Peaks which have a rating of (26=26.1710 °,
30.2833 °,and 43.2629 °), complies with to the planes hkl= (111), (200),and
(220). Narrow tops suggest that the materials has crystalline nature and that it
likes to be directed in the direction of (200). Also, the lack of any other peaks
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reveals that the film is now without defect. It was also observed that the
crystallite size increased with the increase in the rate of doping with the
addition of different inoculation ratios (X=2,4,6) wt% as indicated in the
table(4-3) [108].
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Figure (4-5): XRD Pattern of the PbS:Cr thin films at laser energy(350)mj.
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Table (4-3): Structural parameters for PbS, PbS:Cd and PbS:Cr thin films

Materal 20 FWHM (Deg.) | duwa Exp.(A) | C.S | dpa Std.(A) | hkl
(Deg.) (nm)
PhS 20.8271 0.3690 4.2552 21.9 3.8758 110
E=200mJ | 557979 0.5334 3.4350 15.3 3.0816 111
30.0893 0.4461 2.9676 18.4 2.8370 200
E= 250 mJ | 20.8231 0.3690 4.2552 21.9 2.6074 110
26.7979 0.7500 3.5038 10.9 2.3816 111
30.0827 0.4399 2.9682 25 3.8758 200
E=300 mJ | 20.8769 0.2333 4.2552 21.9 3.0816 110
26.0057 0.3800 3.5242 21.4 2.8370 111
30.0859 0.4084 2.9679 30 2.6074 200
E=350 mJ | 20.2620 0.5083 4.2608 15.9 2.4415 110
26.8578 0.3867 3.4274 20.1 23816 111
30.1319 0.4083 2.9634 34 3.8758 200
. 26.1710 0.4894 3.4023 16.7 111
PbS:Cd 3.4371
X_ 2% 30.2833 0.4557 2.9490 18.1 30816 200
43.2629 0.3001 2.0896 28.5 220
2.8370
26.1456 0.3733 3.4055 21.8 111
2.6074
%= 4% 30.2596 0.1333 2.9140 57 ) a1 200
43.2000 0.4000 2.1004 21.4 220
23816
26.1291 0.3852 3.4076 21.2 2.2141 111
X= 6% 30.3451 0.6955 2.9432 61 2.0848 200
43.2318 0.1500 2.0683 118 3.8758 220
PbS:Cr 26.1476 0.4472 3.4053 18.2 3.4371 111
X: 2% 30.2798 0.5180 2.9493 15.9 3.3828 200
43.2068 0.4750 2.0921 18.0 3.0816 220
261137 0.4151 3.4096 196 2.8370 111
X= 4% 30.2632 0.5505 2.9509 23 2.6652 200
43.2817 0.6000 2.0887 14.2 2.6074 220
26.1490 0.6500 3.4051 125 2.5834 111
X:G% 30.2409 0.7292 2.9530 44 2.4415 200
43.4316 0.6500 2.0819 132 23816 220
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4-3-2 Atomic Force Microscope (AFM)
Figures (4-6),(4-7) and (4-8) show atomic force microscope (AFM) images of

pure cadmium-chromium-doped PbS films deposited on glass slides using
PLD process kept at room temperature.The AFM picture reveals that the films
are well adherent and homogeneous, with an average particle diameter of less
than (100 nm) for all deposited films, as given in table (4-4), and that the
average particle diameter decreases with increasing laser energy for all films.
for pure thin films, the average diameter of the particles grows as the
percentage of manufactured thin films increases. This is the end outcome. The
doping ratio causes the produced films to have a high crystalline structure and
homogeneity. In other words, when laser energy and doping ratio increase, the
interplanetary distance between atoms decreases while the average crystal size
Increases. as a result, the produced films' uniformity and crystal structure are
improved. It was also found that as the laser energy increases, the diameter of

the particles decreases.
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Figure (4-6): AFM image of PbS thin films at laser energies range (200 - 350)mJ
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Figure (4-7): AFM image of different concentration ratios of PbS:Cd thin films.
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Figure (4-8): AFM image of PbS:Cr thin films at different doping ratio
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Table (4-4): AFM parameters for PbS, PbS:Cd and PbS:Cr thin films at
various laser energy and different doping ratio.

Material Average diameter | Root mean Square | Average Roughness
(nm) (nm) (hm)
PbS 92.02 16.6 14.1
E=200mJ
E=250 mJ 83.65 18.7 16.1
E=300mJ 79.00 23.1 19.7
E=350mJ 65.75 24.9 20.5
PbS:Cd 71.07 40.1 33.4
X=2%
X=4% 78.42 43.7 37.9
X=6% 03.16 49.8 42.7
PbS:Cr 66.83 35.2 28.9
X=2%
X=4% 75.15 39.9 34.3
X=6% 79.30 46.9 39.9

4-4 Optical Properties

The absorption spectrum, optical energy gap, and absorption coefficient, as
well as other optical constants, of PbS, PbS:Cd and PbS:Cr
produced by PLD technique on a glass substrate at RT with different laser

energy and doping ratios were analyzed were described for all the generated

films.

4-4-1 The Absorption Spectrum

A UV-VIS spectrophotometer was used to examine the absorption spectrum

of pure PbS thin films deposited at room temperature on glass substrates with

varied laser energy in the wavelength range (190-1100) nm [109] .
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Figure (4-9) depicts the absorbance spectra as a function of wavelength for
various laser energy ranging from (200 -350) mJ and a set number of pulses
(100). The highest absorption occurs at 306 nm, as shown in this diagram.
With increasing laser energy from (200-350)mJ, the absorption of films
similarly increases. It's possible that this behavior is attributable to the
removal of additional atoms from the target surface. As a result, the thickness
of the thin films increases. This is validated by measuring the film thickness,
which results in a high absorption rate. Increasing the laser energys can also
reposition and rearrange the atoms, improving the films' crystalline structure.
As a result, the average particle size decreases, resulting in increased thin
films absorption. The average visible absorption of the films rises as a result
of a variety of causes, the most significant of which is the thickening of the
films, which results in less scattering and greater photon absorption. The
optical absorption of the produced films is affected by a number of
parameters, including the crystal structure and surface form of the films. The
laser energy of all films created with the PLD approach was found to have a

significant impact on the optical absorption measurement in the current study.
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Figure (4-9): Absorption spectra of PbS thin films at different laser

energy.

Figure (4-10) shows the absorbance spectrum as a function of wavelength in
the wavelength UV-VIS spectrophotometer range of PbS:Cd thin films
deposited at room temperature on the glass substrates with different ratio of
doping [107]. It can be seen from this figure that the maximum absorption
occurs at 200 nm. Also, the films absorbance increases with the increase of
doping ratio (2,4,6)wt%. This conduct can be due to that more atoms are
removed from the target surface. Which, leads to the thin films thickness to

increase which causes high absorption [107].
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Figure (4-10) Absorption PbS:Cd thin film spectrum at various doping
ratios.

Figure (4-11) shows the absorption spectrum of PbS:Cr thin films deposited at
room temperature on glass substrates with higher concentration ratios as a
function of the wavelength in the UV-VIS spectrophotometer wavelength
range [108]. The absorption edge is located at 450 nm, as shown in this
diagram. In fact, as the doping ratio rises (2,4,6)wt%, the film's absorbance.
goes up. This activity could be due to the loss of more atoms from the target
surface. As a consequence, the thickness of thin films increases, resulting in
high absorption [108].
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Figure (4-11): PbS:Cr thin film absorption spectra at various doping
ratios.

4-4-2 The Absorption Coefficient

Figure (4-12) shows the variation in the absorption coefficient (o)) of PbS thin
films as a function of wavelength for different laser energy ranging from (200
—350) mJ and a set number of pulses (100 pulses). The absorption coefficient
(o) was calculated at edge's region of high absorption. As can be seen in this
diagram, raising the laser energy increases the absorption coefficient for all
produced films, owing to the increased thickness of the film as the laser
energy increases. These findings were found to be in agreement with [108]. It
should be noticed that the absorption coefficient was higher than (10* cm™) as
indicated in Table (4-5). This establishes that electronic entries are of direct
allowed transmissions type.

71



Chapter Four.........cooiiiii Results and Discussion
350000 -
E=250 mj
300000 - E=200m);
5 250000 -
£ _
T 200000 -
(=
s 5
=
o
-'% 100000 _\
50000 -
O T T T 1
200 400 600 800 1000

Wavelength(nm)

Figure (4-12): Changing of the absorption coefficient (o) for PbS film at
varied laser energy as a function of wavelength.

Figure (4-13) shows the changing of the absorption coefficient (o) for PbS:Cd
thin films as a function of the wavelength various ratio of doping (2,4,6)wt%.
From the area of high absorption, the absorption coefficient (o) was
computed. It can be seen from this figure that the absorption coefficient
increases with the increase of doping ratio (2,4,6)wt% . Absorption
coefficient  increases due to the increased film thickness with increasing
doping ratio. It should be noticed that the absorption coefficient was higher
than (10* cm™) as indicated in Table (4-5). This establishes that electronic

entries are of the direct transmission [107].
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Figure (4-13): changing of the absorbance coefficient (o) for PbS:Cd films
with varying doping ratios as a function of wavelength.

Figure (4-14) shows the switching calculating the absorption coefficient (o)
for PbS:Cr thin films as a function of wavelength with various doping ratios
(2,4,6)wt% . The rate of absorption increases as you move away from an area
of high absorption. As can be seen in this graph, raising the dope ratio
increased the absorption coefficient so because film thickness increased with
the doping ratio. It should be noticed that the absorption coefficient was
higher than (10* cm™) as indicated in Table (4-5). This establishes that

electronic entries are of the direct transmissions [108].
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Figure (4-14): The absorption coefficient (o) of PbS:Cr films with varying
doping ratios varies with wavelength.

4-4-3 Optical Energy Gap
In order to calculate the optical energy gap of PbS thin films prepared by
PLD method on a glass plate at RT with different laser energy from (200 —
350) mJ, the quantity (ohv)" is plottedwith the photon energy (hv) as shown
in Figure (4-15).The intersection with the photon energy axis at the
anticipated linear portion of the curve (ahv)'=0, represents the energy gap
values of the prepared films recorded in Table(4-5). The direct band hole of
the films changes towards lower energy as shown in this diagram, which
means that the energy of the optical band gap is affected by laser energy and

Increases as laser energies increase, as seen in Figure (4-15). This finding was
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found to be consistent with [109], which was produced using a different
method. The increase in the optical energy gap can be explained by the fact
that raising the laser intensity causes the atoms to rearrange, resulting in a
better crystalline structure of the films. This is consistent with the
experimental findings of the XRD and AFM analyses, which revealed a drop
in average particle size, which leads to enhanced membrane adsorption and,

as a result, an increase in the energy gap.
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Figure (4-15): (ahv)*? versus photon energy for PbS films with different laser

energies.

The optical energy gap of PbS:Cd thin films deposited on glass substrate with
PLD technique at RT with different doping ratios (2,4,6)wt% was determined.
The quantity (ahv)? is plotted with the photon energy (hv) as shown in figure
(4-16) .The intersection of the estimated linear section of the curve with the
photon energy axis at (ahv)'= 0 which represents the energy gap values of the
prepared films and recorded in Table (4-5). The band gap hole of the films is
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seen in this diagram. Shifts towards lower ratios, which means that the optical
bandgap energy is affected by the doping ratios and increases with the
increase in the doping ratios, as shown in Figure (4-16) .This result was found
to be consistent with [107], which was produced using a different method.
The increase in the optical energy band gap can be explained by the fact that
an increase in the rate of doping leads to a rearrangement of the atoms, which
leads to a better crystalline structure of the films. This is consistent with the
experimental results of XRD and AFM analyses, which revealed an increase
in the average particle size, which leads to enhanced membrane adsorption

and, as a consequence, an increase in the energy gap [107].
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Figure (4-16): (chv)“? versus photon energy for PbS:Cd films with
different doping ratios.

The optical bandgap of PbS:Cr thin films deposited on glass substrate with PLD
technique at RT with different doping ratios (2,4,6)wt% was determined.The

quantity (¢hv)® and how it changes with the photon energy (hv) as shown in Figure
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(4-17) was obtained The intersection of the estimated linear section of the curve
with the photon energy axis at (ahv)'= 0 which represents the energy gap values of
the prepared films and recorded in Table (4-5) [108]. In this diagram, the direct
band hole of the films can be seen. Shifts towards lower ratios, implying that the
optical bandgap energy is influenced by doping ratios and increases as doping
ratios increase, as illustrated in Figure (4-17) This finding was discovered to be
consistent with, which was obtained by a different method. The rise in the optical
energy band gap can be explained by the fact that increasing the doping rate causes
atoms to rearrange, resulting in a better crystalline structure of the films. This is in
line with the findings of XRD and AFM experiments, which demonstrated a rise in
average particle size, which leads to enhanced membrane adsorption and, as a

consequence, an increase in the energy gap[108].
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Figure (4-17): (ahv)*? versus photon energy for PbS:Cr films with different

doping ratios.
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4-4-4 Extinction Coefficient

Figure (4-18) illustrates the extinction coefficient (K) as a function of wavelength
for pure PbS thin films formed at RT with varied laser energys ranging from (200-
350) mJ at a fixed number of pulses (100 pulses). The extinction coefficient
increases as the laser energy increases from (200 -350) mJ, as shown in this graph.
When compared to the behavior of the absorption coefficient, this behavior is
similar and conforms with the equation (2-12). For PbS thin films made using a

different process, the extinction coefficient found in Table (4-5) [110].
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Figure (4-18): shows the extinction coefficient (k-) of PbS thin films

changes with wavelengths at different laser energies,.

The extinction coefficient (K-) of pure PbS:Cd thin films produced at RT with
varied doping ratios ranging (2,4,6 )wt% at a fixed number of pulses (100
pulses) [107], is shown in Figure (4-19). As seen in this graph, the extinction

coefficient rises as the doping ratio rises ( 2,4,6)wt%. When compared to the
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absorption coefficient's behavior, this behavior is similar and correlates to
equation (2-12). The extinction coefficient in Table (4-5) is identical to for

thin films manufactured of PbS:Cd using a different technique.
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Figure (4-19): For PbS:Cd thin films with varying doping ratios, the

extinction coefficient (k-) changes with wavelengths.

The extinction coefficient (K-) of pure PbS:Cr thin films produced at RT with
varied doping ratios ranging (2,4,6 )wt% at a fixed number of pulses (100
pulses) [108], is shown in Figure (4-20). As seen in this graph, the extinction
coefficient rises as the doping ratio rises ( 2,4,6)wt%. When compared to the
absorption coefficient's behavior, this behavior is similar and correlates to
equation (2-12). The extinction coefficient in Table (4-5) is identical to for

thin films manufactured of PbS:Cr using a different technique.
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Figure (4-20): variation of the extinction coefficient (k-) with wavelength

for PbS:Cr thin films at various doping ratios.

4-4-5 Refractive Index

Figure (4-21) shows the variation in refractive index vs wavelength for PbS

thin films with different laser energy (200-350) mJ at RT and a set number of

pulses (100) As the laser energy is increased from (200 — 350) mJ, the

refractive index of all prepared samples increases slightly. This behavior can

be explained by improvements in the crystallization of PbS membranes. This

finding was found to be in agreement with those of PbS thin films

manufactured using a different technique[110].
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Figure (4-21): the refractive index versns wavelength for PbS films at

different laser energies.

Figure (4-22) shows the variation in refractive index versus wavelength for
PbS:Cd thin films preparedwith various compositions(X=2,4,6)wt% in the
region (300-1100) nm. Grafting ratios at RT and a constant number of pulses
(1 00 pulses). For all produced samples, this figure indicates that the
refractive index increases somewhat as the inoculation ratios increase. The
improvement in the crystallization of PbS:Cd thin films can be used to explain
this behavior. For PbS:Cd thin films made using a different process, this

finding was found to be in agreement with [107].
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Figure (4-22): the refractive index versus wavelength for PbS:Cd films at
different doping ratio.

Figure (4-23) shows prepared the variation in refractive index versus
wavelength for PbS:Cr thin films with various compositions (X=2,4,6)wt% in
the region (300-1100) nm RT grafting ratios and a fixed number of pulses
(100 pulses). This figure shows that when the inoculation ratios increase, the
refractive index increases slightly for all generated samples. This
phenomenon can be explained by improvements in the crystallization of
PbS:Cr thin films. This conclusion was found to be in agreement with for

PbS:Cr thin films created using a different technique [108].
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Figure (4-23): PbS:Cr films were studied doping ratios, the index of
refraction varies with wavelength.

4-4-6 The Optical Dielectric Constant (g; and ;)
Figures (4-24.a) and (4-24.b) demonstrate the fluctuation of the dielectric

constant's real (g;) and imaginary (g ) components vs wavelengths values in
the range (300-1100) nm for PbS thin films with different laser energy from
(200 — 350) mJ at RT and a fixed number of pulses (100 pulses) .lIt can be
seen that the real part's estimates are higher than the imaginary part's.
According to the relationship in equation, the behavior of the real part of the
dielectric constant is comparable to that of the refractive index due to the
smaller value of (k.%) compared to (n_?) (2-18). While, as shown in equation,
the value of the imaginary part (g) of the dielectric constant is mostly

determined by the value of the extinction coefficient (k) (2-19).
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As can be observed at higher (500 nm) wavelength radiation, ¢ and ¢;

increase with increasing of laser energy. [110].
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Figure (4-24.a) : PbS films prepared at various laser energy, the real

dielectric constant changes with wavelength.
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Figure (4-24.b): variation of imaginary dielectric constant with wavelength for

PbS films at different laser energies.

Figures (4-25.a) and (4-25.b) show the fluctuation of the dielectric constant's
real (g;) and imaginary (e;) portions vs wavelength values in the range (300-
1100) nm for PbS:Cd atdifferent doping ratios of thin films (2,4,6)wt% at RT
and a fixed number of pulses (100 pulses) . The real part's estimates are
higher than the imaginary part's, as can be shown. Because of the smaller
value of, the behavior of the real part of the dielectric constant is comparable
to that of the refractive index, according to the relationship in equation. (k_?)
compared to (n.%) (2-18). While, as shown in equation, the value of the
imaginary part (g) of the dielectric constant is mostly determined by the
value of the extinction coefficient (k) (2-19). ). As can be observed at higher
(500 nm) wavelength radiation, & and ¢; increase with increasing doping
ratios [107].
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Figure (4-25.b): shows different of imaginary dielectric constant with

wavelength for PbS:Cd films at different doping ratios.
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Figures (4-26.a) and (4-26.b) show the change of a dielectric constant's real
(e;) and imaginary (g;) parts versus wavelength values ranging (300-1100) nm
for PbS:Cr thin films with different doping ratios (2,4,6)wt% at RT and a
fixed number of pulses (100 pulses) . The estimates of the real part are higher
than those of the imaginary part, as can be observed. Because the real part of
the dielectric constant has a smaller value than the refractive index, its
behavior is comparable to that of the refractive index, according to the
relationship in equation. (k%) compared to (n.?) (2-18). While, as shown in
equation, the value of the imaginary part (g;) of the dielectric constant is
mostly determined by the value of the extinction coefficient (k ) (2-19). As
can be observed at higher (500 nm) wavelength radiation, &, and ¢; increuse

with increasing of doping ratios [108].
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Figure (4-26.a): variation of real dielectric constant with wavelength for
PbS:Cr films at different doping ratios.
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Figure (4-26.b): variation of imaginary dielectric constant with wavelength for

pbs:Cr films at different doping ratios.
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Table (4-5) The obtained results of optical properties at wavelength 550 nm of
PbS, PbS:Cd and PbS:Cr thin films at different laser energies and different

doping ratios .

Material | A% |a(em™)| K- N & & E,
(eV)

PbS | 20.53 | 47280 | 0.2070 | 2.2359 | 4.6971 | 0.9903 | 0.26

E=200

mJ

E=250 | 31.51 | 72613 | 0.3179 | 2.3916 |5.6771| 1.6399 | 0.30

mJ

E=300mJ | 34.50 | 91037 | 0.3986 | 2.5622 | 6.4033 | 2.0429 | 0.32
E=350mJ | 54.52 | 125582 | 0.5499 | 2.5788 | 6.5491 | 2.4592 | 0.34

PbS:Cd

X=2% 10.86 25023 0.1095 5002 3.7146 | 0.4389 15
=/0,

X=4% 60.10 | 138422 0.3949 2.020 3.9996 | 2.0264 2.1
—R0,

X=6% 84.15 | 190183 0.6061 2.565 6.4266 | 2.4493 2.7
PbS:Cr

=20,

X=2% 49.97 | 115084 0.5039 1.9430 3.3874| 2.3917 1.6
=/0,

X=4% 53.54 | 123304 0.5399 2.2685 4.8546 | 24211 1.7
X=6% 0.6230 5.3772 | 2.4497

61.77 | 142274 2.3730 1.8
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4-5 Hall Effect

The type of charge and concentration of carriers (ny) as well as their Hall
mobility (uy) as determined by hall measurements. The influence of the main
hall shown in Table (4-6). The Ry Hall coefficient was calculated using
equation (2-20). The PbS and PbS:Cd samples are n-type, whereas the PbS:Cr
sample is p-type, according to a positive Ry sign. Values for carrier
concentration (ny) and Hall mobility (uy) Equations are determined using
Equations (2-21) , (2-22) and (2-25).When the Cd and Cr content is raised, the
concentration of carriers increases and the hall mobility falls. In addition to
the charge carriers produced by doping, a rise in the density of charge carriers

occurred. The negative connection between Py and ny causes mobility to

diminish.

Table (4-6) Hall effect measurements for PbS, PbS:Cd and PbS:Cr thin films

Results and Discussion

with different energy and doping ratios.

Sample Laser Ry (cm?>C?) n (cm?) o (o.cm)® | p(ecm?v?'s™) | Conductivity
energy and Type
doping
ratios
PbS 350 Mj 9.61E+04 | 6.49E+13 | 1.73E+00 | 1.66E+05 n
PbS:Cd X=6% 4.76E+02 1.31E+16 1.10E+02 5.23E+04 n
) 1.47E+05 4.24E+13 3.91E+00 5.74E+05 p
PbS:Cr X=6%
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4-6 Gas Sensor Measurements

4-6-1 Gas Sensing measurements of (PbS, PbS:Cd and PbS:Cr)/Si
toward reducing gas (NH5;)

Figures (4-27 to 4-36) show the variation of resistance as a function of time.
As low gas sensors at different working temperatures of the PbS,PbS:Cd/p-Si
and PbS:Cr/n-Si. Resistance fluctuation as a function of time when NH; gas
was introduced at 5% concentration and heated at various working
temperatures, (473, 523, and 573) K. Table (4-7) shows the estimated
sensitivity. The shape of the response plot versus time of the sensing cell,
which is evident from the shape of the response plot versus time of the PbS,
PbS:Cd/p-Si and PbS:Cr/n-Si sensing cell when exposed to NH; gas, is well
known to depend on the surface shape and degree of crystallization as well as
the chemical composition. For all working temperatures under exposure to
NH; gas, the resistance increases. While the resistance return to decreases
when the exposure to NHj; is stopped and let to air admittance [112].

Because NH; is a reducing gas, this the behavior demonstrates the p-type
sensor's nature as a result of PbS, PbS:Cd/p-Si and PbS:Cr/n-Si
semiconductor nature. While all other sensor cells' resistance falls when
exposed to NH; gas at all operating temperatures, when NHs is discontinued
and air is added, the resistance returns to its original value. This behavior
demonstrates the n-type sensor's nature, which is caused by PbS:Cr n-type
semiconductor nature, which is the only component of the of PbS, PbS:Cd/p-
Si —loaded[113] . PbS:Cr gas sensor of PbS, PbS:Cd/p-Si sensor has excellent
reversibility; when air is reintroduced, the exit signal reverts to the air value.
The sensitivity of the x-content sensor cell was shown to decrease with
increasing working temperature, while the sensitivity of the high x-content
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sensor cell increased with increasing operating temperature. The maximum
sensitivity (19%) of the PbS /P-Si composite sensors is observed when the
relative high working temperature is 523 K. The maximum sensitivity (15%)
of the composite sensors PbS:Cr/n-Si is at 573 K. Activation of NH; uptake
Is not sufficient. At higher temperatures (i.e. 573 K), the gas adsorption rate is
much higher than the adsorption rate, which means that the gas escapes before
effective adsorption on the sensor surface [111]. The sensing method can be
improved in the following way: The resistance of a metal-based gas sensor
changes as it is exposed to a target gas. The composition and this shift can be
used to identify the target gas's level. Adsorption of oxygen gas in the air on
to the sensor surface when the PbS, PbS:Cd/p-Si and PbS:Cr/n-Si sensors are
in an aerobic environment [114-115].

O2(g) — Oo(ads)

O,(ads) + e — O° " (ads) O, +e — 20 (ads)
O +e — 0"
When the sensor is exposed to an NH; atmosphere, hydrogen molecules

interact with oxygen ions adsorbed on the sensor's surface according to the

equation below.
2NH;3 + 30 (ads) — N2 + 3H,0 + 3e—

The released electrons return to the sensor's surface as a result of the previous
events, resulting in a dramatic reduction in the breadth of the electron
depletion layer on the sensor. As a result, may be seen. Furthermore, due to
the abundance of PbS:Cr substantial n- PbS:Cr-n- PbS:Cr symmetries exist,

which can act as potential barriers to electron passage. The resistance varies
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when the potential height of homodimers is changed in the presence of NHj,
which adds to the emergence of the sensor signal. It should be noted, that
because the manufactured sensors contain extremely small amounts of PbS,
PbS:Cd/p-Si homogenous are unlikely to have a major impact on the sensors'
final sensing capability. Furthermore, because hydrogen has a strong reducing
impact, PbS:Cr surface mining is based on the adsorption of NH; atoms. The
resistance of PbS:Cr surfaces changes as a result of the surface metal, which
adds to the sensor response. When removing the NH; gas as well as the air
supply. It should be noted that all the manufactured sensors were roasted at the
same temperature, which means that all sensors are assumed to have
approximately the same shape, surface area, and grain sizes. Therefore,
excluded these factors in our analysis. It was found that the sensing is greatly
affected by the number of p- PbS / n- PbS:Cr variance with different doping
ratios, the response can be improved by increasing cadmium and chromium
doping ratios as well as increasing the laser energy during model
making.[113]. As a result, the gas sensor's resistance changes more. However,
the response reduced for the remaining formulations. This could be owing to
p-type PbS , PbS:Cd weak gas sensing properties compared to n-type PbS:Cr,
and (i) a potential decrease in heterogeneous PbS, PbS:Cd and PbS:Cr due to
higher congeners, rather than direct contact with the gas. PbS, PbS:Cd/p-Si
and PbS:Cr/n-Si granules made direct contact with each other, causing the
sensor response to degrade. At E=250 mJ, the highest reaction (19%) was
recorded. These findings are linked to the large grain size, which causes the
active surface area to expand, resulting in the formation of high adsorption
sites that could potentially interact with the gas. The drop in grain size, which

leads to a reduction in accessible adsorption sites, explains the decrease in
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sensitivity. Table (4-7) shows the calculated sensitivity. Sensing performance
is frequently linked to material crystallization. The intrinsic resistance of the
material reduces as crystallization progresses, resulting in improved electron
transport and high sensing performance, as evidenced by the high sensitivity
of the PbS sample at temperature 523K. Due to the large size of the grains,
which led to the enlarging of the active area. Resulting in the improvement of
the inner grains for the reaction with NH; gas. The second sample PbS:Cr at
temperature 573 K containing chromium content X = 6% sensitivity(15%) due
to the large size of the grains, which led to the enlarging of the active area,

resulting in the improvement of the inner grains for the reaction with NH; gas.
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Figure (4-27): Sample resistance change of PbS at laser energy (200 mJ)
upon opening and closing of NH; gas at (473,523,573)K
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Figure (4-28): Sample resistance change of PbS at laser energy (250 mJ) upon
opening and closing of NH; gas at (473,523,573)K
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Figure (4-29): Sample resistance change of PbS at laser energy (300 mJ) upon
opening and closing of NH; gas at (473,523,573)K
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Figure (4-30): Sample resistance change of PbS at laser energy (350 mJ) upon
opening and closing of NH; gas at (473,523,573)K
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Figure (4-31): Sample resistance change of PbS:Cd at doping
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Figure (4-33): Sample resistance change of PbS:Cd at doping ratio(X=6%b)
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Figure (4-34): Sample resistance change of PbS:Cr at doping ratio(X=2%)
upon opening and closing of NH; gas at (473,523,573)K
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Table (4-7) The sensing measurements data for PbS, PbS:Cd/p-Si and

PbS:Cr/n-Si as reducing gas sensors(NHs).

Sample Temp Sensitivity % Response time Recovery time (s)
(K) (s)
Pbs
E=200 mJ 473 9.504 16.2 53.1
523 5.754 15.3 56.7
573 9.737 21.6 48.6
E=250 mJ 473 5.180 18 58.5
523 19.008 28.8 39.6
573 5.454 14.4 54.9
E= 300 mJ 473 2.662 22.5 47.7
523 0.557 18 34.2
573 2.846 18.9 315
E= 350 mJ 473 9.657 12.6 57.6
523 6.483 18.9 51.3
573 2.772 18.9 30.6
Pbs:Cd
X=2% 473 3.593 22.5 64.8
523 4.288 16.2 53.1
573 14.470 21.6 45.9
X=4%
473 3.730 18.9 53.1
523 10.984 27.9 55.8
573 10.334 20.7 33.3
X=6%
473 2.652 18 495
523 11.644 54.9 71.1
573 10.120 36.9 495
Pbs:Cr
X=2% 473 1.404 144 48.6
523 4,730 12.6 59.4
573 8.510 12.6 38.7
X=4%
473 3.346 19.8 55.8
523 2.285 10.8 61.2
573 7.427 21.6 47.7
X=6%
473 2.218 135 54.9
523 1.566 135 38.7
573 15.856 25.2 42.3
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4-6-2 Gas Sensing measurements of (PbS, PbS:Cd and PbS:Cr)/Si

toward oxidizing gas (NO,)
Figures (4-37 to 4-46) show the variation of resistance as a function of time.

As low gas sensors at different working temperatures of the PbS, PbS:Cd/p-Si
and PbS:Cr/n-Si. Resistance fluctuation as a function of time when NO, gas
was introduced at 5% concentration and heated at various working
temperatures, (473, 523, and 573) K. Table (4-8) shows the estimated
sensitivity. The shape of the response plot versus time of the sensing cell,
which is evident from the shape of the response plot versus time of the PbS,
PbS:Cd/p-Si and PbS:Cr/n-Si sensing cell when exposed to NO, gas, is well
known to depend on the surface shape and degree of crystallization as well as
the chemical composition. For all working temperatures under exposure to
NO, gas, the resistance increases. While the resistance return to decreases
when the exposure to NO, is stopped and let to air admittance [112]. Because
NO; is an oxidizing gas, this behavior demonstrates the p-type sensor's nature
as a result of PbS, PbS:Cd/p-Si semiconductor nature. Under NO2 gas
exposure, the resistance increases, whereas all other sensor cells behave for all
operating temperatures. The resistance lowers and returns to its original value
when nitrogen dioxide is removed and air is supplied. This behavior
demonstrates the n-type sensor's nature, which is due to PbS:Cr/n-Si n-type
semiconductor nature; the PbS:Cr/n-Si sensor's reversibility is good. When air
Is reintroduced, the exit signal tries to restore to the air value. The sensitivity
of the sensor cell with the content of high (x) was found to grow with the
operating temperature of the sensor cell, but the sensitivity of the sensor cell
with the higher content (x) content was found to increase but randomly. At a

temperature of 523 K, when the absorbance becomes the absorption of NO,,
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the maximum sensitivity (137 %) of the (Cd) X=4% at 523K° cell composite
sensors is seen [111], which is close to what has been published globally.
High operating temperature was discovered to minimize the sensor's initial
resistance.

The reason for this is that as the temperature rises, more electrons in the
valence band escape PbS:Cr/n-Si and enter the conduction band, increasing
the conductivity. Table (4-8) shows the response and recovery times of the
gas sensor in the presence of NO, at various temperatures. It is obvious that
adding cadmium and chromium to the host material speeds up the response
time, especially at higher levels. Temperatures at work due to the crystal
structure of the gas sensor cell. The gas sensor cell has relatively quick
dynamic times. This shape allows for rapid mass transfer of NO, molecules to
and from the inside of the sensor, as well as increased charge carrier
mobility[113]. The sensor mechanism is based on the chemical adsorption of
NO, gas according to the following reaction. As the temperature rises, the

response and recovery times decrease due to quicker gas diffusion [116].
NO,gas+e — NO, "~

Electrons are removed from the sample's surface area, increasing the sample's
resistance. The NO, ion is subsequently split into NO and O gases using the

process below.
NO, —» NO gas + O -

Due to differences in charge carrier density, there is a variation in gas
sensitivity between samples. Extreme sensitivity when exposed to high
quantities. The difference in particle size and the roughness of the surface are
other factors. The depletion regions in n-type metal oxide semiconductors are
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smaller than the grain size, and the change in depletion region thickness due
to adsorbed gases causes a change in the amount of Schottky barrier between

adjacent grains, allowing electron junctions to form while preventing them
from unraveling the gas [117].
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Figure (4-37): Sample resistance change of PbS at laser energy (200 mJ)
upon opening and closing of NO2 gas at (473,523,573)K
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Figure (4-39): Sample resistance change of PbS at laser energy (300 mJ) upon
opening and closing of NO2 gas at (473,523,573)K
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Figure (4-40): Sample resistance change of PbS at laser energy (350 mJ) upon
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Figure (4-43): Sample resistance change of PbS:Cd at doping ratio(X=6%o)

upon opening and closing of NO, gas at (473,523,573)K
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Figure (4-44): Sample resistance change of PbS:Cr at doping ratio(X=2%o)
upon opening and closing of NO, gas at (473,523,573)K
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Figure (4-45): Sample resistance change of PbS:Cr at doping ratio(X=4%)
upon opening and closing of NO, gas at (473,523,573)K
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Figure (4-46): Sample resistance change of PbS:Cr at doping ratio(X=6%o)
upon opening and closing of NO, gas at (473,523,573)K
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Table (4-8) The sensing measurements data for PbS, PbS:Cd/p-Si and
PbS:Cr/n-Si as oxidizing gas sensors(NO,).

Sample Temp(K) Sensitivity % Response time (s) | Recovery time (s)
Pbs
E=200 mJ 473 9.774 14.4 55.8
523 22.679 15.3 47.7
573 21.076 12.6 48.6
E= 250 mJ 473 23.189 18.9 47.7
523 19.811 12.6 50.4
573 5.549 15.3 28.8
E=300 mJ 473 11.644 19.8 49,5
523 11.552 15.3 47.7
573 22.755 19.8 43.2
E= 350 mJ 473 35.814 18 62.1
523 32.733 18 54
573 11.672 18.9 441
Pbs:Cd
X=2% 473 26.012 25.2 64.8
523 26.644 15.3 43.2
573 47.325 18.9 48.6
X=4%
473 80.440 21.6 65.7
523 137.840 23.4 42.3
573 18.941 14.4 42.3
X=6%
473 49.503 10.8 61.2
523 16.253 9.9 62.1
573 50.461 12.6 59.4
Pbs:Cr
X=2% 473 22.530 15.3 49,5
523 38.979 23.4 72.9
573 42.713 20.7 65.7
X=4%
473 3.775 28.8 88.2
523 8.899 3.6 50.4
573 46.922 14.4 57.6
X=6%
473 13.884 12.6 56.7
523 28.478 20.7 59.4
573 32.846 15.3 37.8
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4-7 Conclusions

The structural, morphological, optical properties and gas sensor sensitivity of
the cadmium-chromium-doped PbS thin films deposited on glass and silicon
substrate with different laser energies and doping ratios prepared by PLD
technique were studied. The main conclusions that can be drawn from this

work are:

1- By studying the properties of cadmium and chromium saturated thin films
deposited with PLD technique, it was found that the laser energy and the
doping ratio were very effective in changing the properties of the films.

2- It was concluded that the increase in laser energy and doping ratios leads to
an increase in films absorption, refractive index, extinction coefficient and

optical energy bandgap.

3- The sensitivity of the gas sensor increases in most samples with increases

laser energy and doping ratios for cadmium and chromium-doped PbS films.
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4-8 Suggestions for Future works

1. Study of electrical and magnetic properties of cadmium and chromium-
doped PbS films deposited on glass and silicon substrates.

2. Preparation and fabrication of PbS films as an IR detector.

3. Study of the effect of gamma -rays irradiation on the structural and optical
properties of cadmium and chromium-doped PbS films prepared by PLD
technique.

4. Study of the coordination of plasma generated during thin films deposition
(PbS, PbS: Cd and PbS: Cr) PLD process using optical spectrometers.
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