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بنسب   ZnO  بـ  والمشوب  3O2(Bi(  ث كسيد البزموومن أ   ة النقي  تم تحضير الأغشية الرقيقة

 تقنية التبخير الحراري تحت ضغطبأستخدام    (0.48،    0.36،    0.24،    0.12،    0)   ٪  مختلفة  يةوزن 

barm 5-1x10.    ترسيب ترسو  s 20بزمن  الغرفة   nm.s  0.5-1يب  بمعدل  درجة حرارة  عند   ،

لمدة ساعتين. تمت دراسة    K 573و    K 473وملدنة عند    nm  ±5  50  زجاجية بسمك  قواعد على  

والبصرية   التركيبية  موجي الخصائص  طول  الكهربائية nm  (200-1100  لمدى  والخواص   )

الرقيقة الخصائص   AC). و ( DC للاغشية  السينية  التركيبيةتضمنت  الأشعة  ،  (XRD) حيود 

الحمراء تحت  للأشعة  فورييه  الذرية (FT-IR) وتحويل  القوة  ومجهر   ، (AFM) ،  المجهرو 

تركيز (SEM). الماسح  الإلكتروني أن  السينية  الأشعة  حيود  من  ZnO-doping أظهر  يقلل 

الإجهاد   قيم  يتم حساب متوسط   ، ذلك  البلورة. علاوة على  بيانات متوسط حجم  باستخدام   والخلع 

.XRD   الخصائص نتائج  الرقيقة FTIR لطيف  التركيبيةأظهرت  روابط    للأغشية  قمم  أن جميع 

الامتصاص تبقى في نفس موقع الأطوال الموجية ، أي لم يحدث أي تفاعل كيميائي. أظهرت نتائج  

مل الامتصاص  زيادة في الامتصاصية ، ومعا ZnO) :3O2(Biغشية الرقيقةالخواص الضوئية للأ

، ومعامل الخمود ، ومعامل الانكسار ، وثوابت العزل الحقيقي والخيالي للأغشية المحضرة ، بينما  

النانويةالطاقة  فجوة  و  النفاذية  تناقصت  الجسيمات  الاغشية  تتمتع جميع    (ZnO).  مع زيادة تركيز 

بامتصاص عالي في منطقة الأشعة فوق البنفسجية. أظهرت جميع نتائج الخواص الكهربائية    الرقيقة

الجسيمات   تركيز  زيادة  مع  يزداد  المستمر  الكهربائي  التوصيل  أن  النانوية  للمركبات  المستمرة 

النانوية  (ZnO) النانوية التنشيط مع زيادة تركيز الجسيمات  تقل طاقة  بينما   ودرجات الحرارة ، 

(ZnO)  .  نتائج المتناوبة    الخصائص أظهرت  العزل    للاغشيةالكهربائية  وفقد  العزل  ثابت  أن 

زيادة    ةيللاغش الكهربائي   مع  يتناقص  الكهربائي    تردد النانوية  زيادة    المسلطالمجال  مع  ويزداد 

النانوية الجسيمات  الكهربائية مع زيادة  (ZnO)   تركيز  الموصلية  تزداد  الكهربائي    تردد .  المجال 

أن جميع    الرقيقة  الاغشيةأظهرت نتائج تطبيق   (ZnO). للجسيمات النانوية  يةالوزن  ةنسبالو  المسلط

بينما تم الحصول على أقل زمن استجابة وزمن    .  2NOو S 2Hلديها حساسية عالية لغاز  الاغشية

 ( للأغشية الرقيقة المحضرة. ZnOالجسيمات النانوية )  استرداد مع زيادة تراكيز

 الخلاصة



III 
 

Abstract 
The pure (Bi2O3) and ZnO-doped Bi2O3 thin films in different weight 

ratios of (ZnO) (0, 0.12, 0.24, 0.36, and 0.48) wt.% are prepared by thermal 

evaporation technique under pressure 1×10-5 mbar with deposition time 20s 

and a deposition rate of 0.5 nm.s-1, at ambient temperature on 50 ±5 nm 

thick glass substrates and annealed at 473 K and 573 K for 2 hours. The 

structural and optical properties of the wavelength’s (200-1100) nm and the 

thin films electrical properties (D.C and A.C) were studied. The structural 

properties included X-ray diffraction (XRD), Fourier transforms infrared 

(FT-IR), atomic force microscopy (AFM), and scanning electron 

microscopy (SEM). X-ray diffraction showed that the ZnO-doping 

concentration decreases the average crystal size. Furthermore, the average 

stress and dislocation values are calculated using the XRD data. The results 

of the structural properties of the FTIR spectrum of the thin films showed 

that all the peaks of most of the absorption bonds remain in the same 

location of the wavelengths, i.e., no chemical reaction occurred. The results 

of the optical properties of (Bi2O3:ZnO) thin films showed an increase in 

absorbance, absorption coefficient, extinction coefficient, refractive index, 

and real and imaginary dielectric constants of the prepared films, while the 

transmittance and energy gap decreases with increasing nanoparticle 

concentration (ZnO). All thin films have high absorbance in the ultraviolet 

region. All the results of the D.C electrical properties of the thin films 

showed that the electrical conductivity increases with increasing the 

concentration of nanoparticles (ZnO) and temperatures, while the activation 

energy decreases with increasing the concentration of nanoparticles (ZnO). 

The results of the A.C electrical properties of the thin films showed that the 

dielectric constant and the dielectric loss of the thin films decrease with the 

increasing in the frequency of the applied electric field and increase with 

the increase in the concentration of nanoparticles (ZnO) while the 

alternating electrical conductivity increases with the increasing in the 

frequency of the applied electric field and the weight ratios of the 

nanoparticles (ZnO). The results of applying the thin films showed that all 

the films have high sensitivity to H2S and NO2 gas. While the lowest 

response time and recovery time were obtained with increasing the 

concentrations of nanoparticles (ZnO) for the prepared thin films. 
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1.1 General Introduction 

 Over the past century, nanotechnology has flourished tremendously. 

Today, numerous fields of study are directly or indirectly related to 

nanotechnology. In every flow, nanotechnology can be defined as the 

development, synthesis, characterization, and application of materials and 

devices by modifying their size and shape at the nanoscale. The prefix nano is 

also used in product advertising [1]. Nano derives from the Greek term nanos 

or the Latin word nanus, both of which mean dwarf. It combines the disciplines 

of Physics, Chemistry, Materials Science, Solid State, and Biosciences. 

Therefore, more than expertise in a single domain will be required; expertise in 

Physics, Chemistry, Materials Science, Solid State, and Biosciences is needed 

[2].  

   The difference between nanoscience and nanotechnology is that 

nanoscience gives knowledge about the arrangement of atoms and their basic 

properties at the nanoscale. In contrast, nanotechnology is the technology used 

in governing matter at the atomic level to synthesise novel nanomaterials with 

different characteristics [3]. 

   Nanomaterials are nanotechnology's fundamental and defining 

components [4]. Nanomaterials are substances with dimensions less than 100 

nanometers in at least one dimension. This indicates that their size is 

significantly smaller than the microscopic size. Nanomaterials are typically 

between 10-9 nanometers in size or billionths of a metre. The physicochemical 

properties of nanomaterials differ from those of bulk materials, which are 

inherently dependent on their size and shape. By modifying shape and size at 

the nanoscale level, nanomaterials produce an unexpectedly distinct character 

with new properties and capabilities [5]. Depending on their dimensions, 

nanomaterials may have various structures, such as nanopillars, nanoparticles, 
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and nanosheets. Zero-dimensional nanomaterials are nanoparticles, one-

dimensional nanomaterials are nanorods or nanotubes, and two-dimensional 

nanomaterials are typically films and layers of the first variety. It is primarily 

used to classify isolated nanomaterials. When two or more particles interact, 

their physical properties will alter. These particulates with various constituents 

are referred to as bulky or 3D nanomaterials [6,7]. As shown in Fig. (1.1), 

nanostructured materials can be zero-dimensional, one-dimensional, two-

dimensional, and three-dimensional.  

 

Figure (1.1): Classification of nanomaterials (A) 0D spheres and clusters, (B) 1D 

nanofibers, wires, and rods, (C) 2D films, plates, and networks, (D) 3D nanomaterial [8]. 

 Population development in recent decades has spurred the rapid 

expansion of industry and automobile transportation. As a result, toxic and 
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hazardous chemical species have become pervasive in everyday life and pose a 

grave threat to human health and the environment [9,10].  

 Due to the inability to observe, taste, or touch many of these chemical 

species, invasive species are often the most difficult to observe. For dependable 

air quality monitoring, gas sensing technology attracts interest in both primary 

and industrial domains [11]. 

 There are numerous varieties of gas sensors, and their classification 

criteria vary. Gas sensors can be classified according to the type of sensing 

material used, the general sensing mechanism of the material, or the type of 

interaction between the gas sensing material and the gas. Among these 

categories are semiconductor gas sensors [12,13]. 

 Solid electrolyte gas sensors [14], contact combustion gas sensors, 

optical gas sensors, quartz vibrator gas sensors and surface acoustic wave gas 

sensors [15]. Compared to other types of sensors, gas sensors utilizing various 

metal oxide semiconductors (MOS) as the sensing layers have become the focus 

of research due to their superior sensitivity, compact size, and low cost  [16]. 

1.2 Nano Metal Oxide 

   Due to their ability to absorb light, metal oxides have proven extremely 

useful in numerous applications [17]. Consequently, depositing such 

nanoparticles of metal oxides onto natural platforms such as glass substrates. 

Metal and metal oxide nanoparticles have applications in numerous disciplines, 

such as catalysis, molecular detection, and environmental remediation [18]. 

 Metal oxides have been studied in various applications[19]. Metal oxides 

derived from the early transition metals displayed extraordinary properties, 
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including catalytic, electro-optic, electromechanical, ferroelectric, and wave 

density charging characteristics [20]. 

 These characteristics facilitate their use in numerous chemical reactions, 

including selective oxidation and dehydration. Due to their unique 

physicochemical properties, a substantial amount of research has also been 

devoted to using metal oxides in biomedical applications [21]. 

 Due to their diminutive size, which affects the fundamental properties of 

any substance, metal oxide nanostructures can manifest distinct physical and 

chemical characteristics. Nanoparticles, nanowires, nanotubes, and nanoporous 

structures are among the numerous metal oxide nanoobjects  [22]. 

1.3 Semiconductor Gas Sensors                   

        In recent times, gas sensing, a typical application in intelligent systems, 

has garnered increasing attention in the industrial and academic spheres. The 

importance of gas detection technology continues to grow as a result of the 

numerous and widespread applications it has in the following industries: 

1. Industrial production (e.g., methane detection in mines) [23]. 

2. Automotive industry (e.g., detection of polluting gases from transport 

(car, bus, etc.) [24]. 

3. Medical applications (e.g., electronic noses simulating the human sense 

of smell system)[25]. 

4. Indoor air quality supervision (e.g., detection of carbon monoxide) [26]. 

5. Environmental studies (e.g., greenhouse gas monitoring) [27].  

6. Toxic fumes are highly hazardous to human health, even when present 

in incredibly trace amounts, as is common knowledge [28]. 
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    Oxides of metals are a fascinating and versatile group of materials 

because their properties vary from those of metals to those of semiconductors 

and insulators. Many electronic, chemical, and physical characteristics of metal 

oxides are extremely delicate and easily altered by slight shifts in their chemical 

surroundings. Metal oxide thin films have attracted much attention from 

scientists and engineers as potential electronic substances due to their 

semiconducting behaviour, structural simplicity, and low cost. The electrical 

conductivity of semiconductors is known to change depending on the gas or 

chemical environment surrounding them in the area of gases/chemical sensing. 

   Gas sensors have broad implications in fields as diverse as 

environmental monitoring, space exploration, house structure safety, public 

security, automotive applications, aircraft air conditioning, and sensor networks 

[29]. Semiconductor oxide- as gas sensors are classified according to the 

direction of the conductance change due to the exposure to decreasing gases as 

n-type (conductance heightens, such as In2O3, ZnO and SnO2) or p-type 

(conductance decreases, such as CuO and NiO). This classification is by the 

nature of the dominant charge carriers at the surface, that is, electrons or holes  

[30]. 

  In clarifying the qualities of a working experimental sensor, one must 

first examine the special characteristics that one might reasonably expect to find 

in an ideal sensor, typically those which might be, for example: 

1. Short response. 

2.  Selectivity. 

3. Sensitivity. 

4. Hardness and portability. 
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  Semiconductor gas sensors apply to different applications, including 

safety apparatus (explosive, leakage, fire, pollution, and poisoning protection), 

emissions and air quality monitoring, process instrumentation, and 

measurement technology. For instance, it is possible to detect carbon monoxide 

(CO), nitrogen oxides (NOx), ammonia (NH3), sulfur gases (H2S and SO2), 

hydrocarbon gases (CxHy), and volatile organic compounds (VOCs). The 

measurement range depends on the detected gas, ranging from a few production 

probability limits (ppb) to a percentage. The detection limit varies depending 

on the specific gas-sensitive material [31].  

1.4 Materials Used in This Study 

1.4.1 Bismuth Oxide (Bi2O3)     

 Important metallic semiconductor bismuth oxide (Bi2O3) is of 

considerable interest due to its excellent optical and electrical properties, such 

as a wide band gap, high refractive index, high dielectric permittivity, and good 

optical conductivity [32]. Bismuth oxides have been investigated for use in 

numerous disciplines, including fuel cells, sensor technology, and various oxide 

and ionic conductors [33]. 

As a component, bismuth oxide is utilized in various catalysts and 

derivatives. Because face-centred cubic (fcc) Bi2O3 has the highest ionic 

conductivity of all oxide ion conductors, as shown in figure (1.2) compounds 

based on bismuth oxide (Bi2O3) are many superior solid electrolytes than the 

known stable zirconia [34]. 

 Bismuth-based semiconductors, where Bi2O3 is extensively used in 

solid-state lasers, bioimaging, high refractive index temperature sensors, gas 



 

Chapter One                                 Introduction and Literature Survey 

7 

 

sensors, optical coatings, glass fabrication, and photoluminescence, have been 

the subject of a great deal of research in recent years [35]. 

           Bi2O3 is nontoxic, easy and cheap to prepare and is well known as a p-

type semiconductor with a wide band energy gap that can be varied between 2 

and 3.9 eV [36]. As shown in Table (1.1). 

 In recent years, numerous successful strategies, such as the precipitation 

method, microwave-assisted synthesis, electrophoresis, and chemical vapour 

deposition (CVD), have been reported for preparing Bi2O3 with various shapes, 

such as quantum dots, nanoparticles, nanobelts, nanodisks,  nanofibers,  and thin 

films [33]. 

 

 

 

 

 

 

 

 

 

 

Figure (1.2): Structure of Bi2O3 (room temperature phase); red atoms are oxygens and 

white atoms are Bismuth [37]. 
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Table (1.1): The Physical and Chemical Properties of bismuth Oxide        

Nanoparticles[38]. 

Parameters Bi2O3 

Density (g/cm3) 8.9 

Molecular mass g / mol 465.96 

Appearance yellow crystals or powder 

Solubility in water Insoluble 

Energy gap (eV) 2 and 3.9  

Melting point (oC) 817 

Boiling point (oC) 

 

1890 

1.4.2 Zinc Oxide (ZnO) 

 Zinc oxide has been used in various applications for millennia, and it is 

now considered a mature engineering material, with annual production 

approaching half a million tons [39]. 

             Due to its superior optical quality, stability, and piezoelectric 

properties, among others, ZnO possesses a number of remarkable 

characteristics. Solar cells, gas sensors, transparent conductive materials, 

surface acoustic wave devices, and piezoelectric transducers are a few of the 

many technological fields in which it is extensively employed [40]. 

             Analysis of high-bandgap oxide semiconductors revealed the 

applicability of ultrathin layers of zinc oxide, ZnO, as shown in figure (1.3), as 

sensitive layers for detecting specific light wavelengths and molecules. ZnO 

thin films are one of the most widely used transparent conductive oxides for 

advanced applications such as window layers in heterojunction solar cells, 
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thermal mirrors, piezoelectric devices, multilayer photothermal conversion 

systems, solid gas sensors, etc. ZnO's direct optical energy gap of 3.3 eV, as 

shown in Table (1.2) can transmit the most valuable solar radiation. In addition, 

the abundant availability of ZnO in nature reduces its cost, and its acute UV 

cutoff makes it desirable for many applications [41]. 

            

 

 

 

 

 

 

 

 

 

 

 

Figure (1.3) : The hexagonal structure of ZnO yellow atoms and white atoms are 

oxygens [42]. 
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Table (1.2): The Physical and Chemical Properties of Zinc Oxide Nanoparticles[42]. 

Parameters ZnO 

Density (g/cm3) 5.606 

Molecular mass g / mol 81.408 

Appearance White  

Solubility in water Insoluble 

energy gap (eV) 3.3 

Melting point (oC) 975 

Boiling point (oC) 2360 

1.5  Literature Survey  

 Researchers continue to diversify their research studies between 

completing research and results begun by their predecessors and developing 

new techniques and methods that enable them to advance scientifically by 

applying their findings. By developing or discovering new methods to prepare 

these films (dissolution, evaporation, decomposition, etc.), the number of 

researchers who prepared films from various materials pure or impregnated 

with certain elements or by combining two or more materials to obtain films 

from a substance that increased the mixture of these materials. Following are 

the names of a few researchers interested in producing ZnO and Bi2O3 films: 

Fruth, et al. in (2006)[37] Studied oxide ion conductors are being more Due to 

their use in high-value devices like solid oxide fuel cells (SOFC), oxygen 

sensors, thick ceramic membranes for oxygen separation, and membrane 

reactors for oxidative catalysis. Bismuth oxides, such as Bi2O3, have great 

potential for such applications due to the dopant in Bi2O3 and their impact on 

the structure and properties of the oxide polymorph forms obtained at high 
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temperatures. Powder X-ray diffraction, SEM/EDX analysis, and infrared 

spectroscopy examined Bi2O3 molecular changes. Bulk ceramic density, 

porosity, and electrical activity versus temperature affect structural changes. 

Antimony and tantalum on bismuth sites expand and stabilize polymorph forms, 

which may be useful.  

Cong, et al. in (2007)[43] used the Bi2O3 in microwave-sintered ZnO varistors. 

Compares the Bi2O3 vaporization of ZnO varistors sintered by a standard 

electric furnace. They found that the Bi2O3 vaporization in microwave-sintered 

ZnO varistors is more homogenous from the surface to the inside due to the 

special thermal gradient inside the samples and that it directly affects the 

electrical properties of the varistors. Homogenous Bi2O3 vaporization creates 

more typical microstructures, making microwave-sintered samples better 

electrically.  

Khalaf, et al. in (2013)[41] investigated the 40 nm zinc oxide thin films on 

glass plates. Electrode assembly design makes preparing nanocrystalline thin 

films with minimum grain size easier. Dissected layer morphology and optical 

properties. X-ray, optical, and atomic force microscopes revealed molecular 

details and microstructure. (AFM). Plasma-deposited ZnO films have consistent 

preferential growth of nanocrystalline film and hexagonal-type structure with 

good crystallinity and no amorphous or other crystalline compounds. Atomic 

force microscopes measured the smallest and average crystallite size. The 

optical microscopy found spherical ZnO nanoparticles forming a homogenous 

spatial film on the substrate without discontinuities. Plasma-deposited ZnO 

films have (3.1-3.3eV) energy gaps. This work also investigates gas sensing 

using a homemade gas sensor unit and ZnO Kalyamwar, et al. in (2012)[44] 

examined the ZnO nanostructure Thick Films as room-temperature H2S gas 

sensors. On a glass substrate, ZnO nanostructures were made by hydrothermal 
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method and sonication for 30,60, 90, and 120 min. Gas sensing features of 

synthesized ZnO nanostructures were examined. This method can synthesize 

ZnO nanostructures for semiconductor gas sensors that can sense poisonous 

gases like H2S at room temperature. 

Liu, et al. in (2013)[45] prepared the electrostatically deposited bismuth (Bi) 

films by regulating thermal oxidation reaction slope rate and temperature. 

Surface morphology showed that tens of 25-nm-thick 2D nanoplates form 

flower-like structures in 3D Bi2O3 hierarchy structures. 2D nanosheets are well-

crystallized β-Bi2O3. The 3D Bi2O3 hierarchical structures also emit a robust, 

broadband photoluminescence signal from 500 to 900 nm, peaking at 759 nm. 

These novel architectures will likely be used in nanoscale sensors, optics, and 

electronics. 

Mielcarek, et al. in(2013)[46] ZnO–Bi2O3 binary systems and varistors were 

examined under biasing electric field and temperature. 50 μA DC at 115 1C 

aged both samples for 22 h. DC biased TSDC spectrum peaks and varistor 

voltage dips. Ceramic Bi2O3 formed TSDC. 0.01–0.17 eV thermally generated 

responses. The TSDC current deteriorated at high temperatures when the Bi-

rich inter-granular phase produced agglomerates and the Bi2O3 was faulty. 

Amorphous, well-crystallized, and α-Bi2O3 had no high-temperature TSDC 

maximums. The varistor voltage returned to DC bias at normal temperature. 

Switching the bias from positive to negative dropped the varistor voltage 

continuously.  

Li. et al. in (2015)[47] manufactured the ZnO–Bi2O3 based polycrystalline 

varistors as the rapid applications of gapless surge protectors replaced standard 

gapped SiC designs. These varistors have good symmetric nonlinear current–

voltage (I–V) characteristics due to the back-to-back electrical potential barriers 

formed between successive ZnO grains during step-wise processing cycles. The 
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degradation and failure processes of electrical potential barriers for acceptable 

protective characteristics were understood through microstructures, defect 

structures, and processing parameters. Discussed are varistors' processing 

factors.  

Teimoori, et al. in (2015)[48] investigated the Dependence of H2 Gas 

Sensitivity of ZnO Thin as a function of film thickness. ZnO thin films of 

different thicknesses (100, 150 and 200 nm) were deposited using e-beam 

evaporation technique on SiO2/Si substrates. Their results showed that the best 

sensitivity was attributed to the ZnO film of 100 nm thickness at the operating 

temperature of 400 °C while an increase in film thickness and operating 

temperature caused the reducing of H2 gas sensitivity of the samples. 

Liu, et al. in (2016)[49] reported the ZnO was first made by 950C direct 

deposition with polyethylene glycol surfactant. (PEG-6000). X-ray diffraction, 

Fourier transform infrared, transmission electron, energy dispersive, and 

electron microscopy have been used to analyze composite samples. ZnO 

nanoparticles had a wurtzite hexagonal crystal structure and were nearly 

spherical, varying from 15 to 28 nm. Additionally, BiO fully covered ZnO 

nanoparticles. Sol-gel ZnO/Bi2O3 nanoparticles (1 mol% Bi2O3). 

Ahila, et al. in(2016)[50] measured the influence of different thicknesses 

(250,350, and 450 ±20 nm) on the structural and optical properties of thin films 

of (Bi2O3) deposited on glass substrates using thermal evaporation technique 

under vacuum, (XRD) is used to characterize the structural properties, the 

results indicate that all films prepared have a polycrystalline structure with 

preferentially oriented in the [201] with tetragonal structure, These films have 

high absorption coefficients (α > 104 cm-1) and direct energy gaps that grow 

with film thickness, according to optical analyses. Optical observations found 

that the absorption coefficient, refractive index, extinction coefficient, and 
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dielectric constants (real and imaginary) are. The film layer affects optical 

conductivity for wavelengths 300–1100 nm. 

Sajjad, et al. in (2018)[51] formed the impact of copper doping on ZnO 

nanoparticles' optical band gap and photoluminescence (PL). To attain the 

goals, the prepared samples' crystal structure and morphology were identified 

and confirmed using XRD and SEM tests. From XRD data, the average grain 

size for pure ZnO was 24.62 nm, which dropped to 18.95 nm for the 5 wt% Cu-

doped samples and then increased to 37.80 nm for the 7 wt% Cu-doped samples. 

From diffuse reflectance spectroscopy (DRS) spectra, the optical band gap of 

pure and Cu-doped ZnO nanoparticles decreased from 3.13 eV to 2.94 eV as 

Cu increased to 7 wt%. In the photoluminescence study, the PL technique 

boosted the visible spectrum. Further analysis was done with FT-IR and EDX 

tests.  

Alharbi, Qasrawi, in(2019)[52] reported the structural, optical, and dielectric 

features of 200 nm thick Bi2O3 thin films deposited on an amorphous 

germanium substrate. Ge and Bi2O3 thin films are made by steam evaporation 

at 10−5 mbar. Heterogeneous Ge/Bi2O3 interferences have conduction and 

valence bands of 0.81 and 1.38 eV, respect ively. When using a germanium 

substrate, flour frequency bands were extended from 5.21–11.0 GHz to 2.59–

12.80 GHz, and the drift motion rose by about one order of magnitude. Visible 

light transmission is explained by heterojunction optical propertie. 

Kumari, et al. in (2019)[53] formed the ZnO–Bi2O3 polycrystalline varistors 

as technologically important with the fast applications of gapless surge 

protectors replacing gapped SiC designs. During step -wise processing cycles, 

back-to-back electrical potential barriers between successive ZnO grains give 

these varistors superb symmetric nonlinear current–voltage characteristics. 

Microstructures, defect structures, and processing parameters helped explain 
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electrical potential barrier degradation and failure processes for acceptable 

protective characteristics. Varistors' processing variables affect efficiency. 

Meng, et al. in(2019)[54] synthesized the bismuth oxide films on quartz 

surfaces using a bismuth metal target. and found Bi3+ ions. XRD and Raman 

scattering described film structure. The room-temperature film was amorphous. 

Polycrystalline structure formed above 300 °C. Measurements of transmittance 

examined film optical qualities. The Tauc plot estimated the optical band gap, 

which redshifted with substrate temperature, making it a possible visible light 

photocatalytic material. 

Nayef,  Kamel, in(2020)[55] investigated the preparation and characterization 

of Bi2O3 nanoparticles (Bi2O3NPs) by laser ablation in. X-ray diffraction (XRD) 

investigation is appeared broad diffraction peak when the size of the crystal 

becomes inside nanometer. Scanning electron Microscopy (SEM) study results 

for porous silicon (PS) found sponge like structure and Bi2O3NPs nanoparticles 

appear as bright spots. Observed the reflectivity of Bi2O3NPs on PS is less than 

Si bulk and PS, however. From Raman result show peaks at 81cm−1 and 

303cm−1, are the specific bands of α-Bi2O3. The band at 303 cm−1. Finally, the 

variation of operation temperature of NO2 gas sensors which fabricated from 

the prepared samples on sensor sensitivity, response time and recover time have 

been studied, and the maximum sensitivity was about 71% for Bi2O3 NPs. 

Aus, in( 2021)[56] reported the ultrafine bismuth Bi2O3 thin films synthesized 

by physical vapor deposition (PVD) for their morphological, topographical, 

structural, and optical features. SEM and AFM found that the synthesized thin 

films have a uniform nano-island structure with an average grain size of 70 nm 

and a root mean square (RMS) roughness of 2.68 nm. XRD showed bismuth 

oxide films have polycrystalline monoclinic structures. The films have a narrow 
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bandgap of 1.95 eV, and the Wemple-DiDomenico model calculated the single-

oscillator energy and dispersion energy to be 4.01 and 23.26 eV, respectively. 

Wang, et al. in(2021)[57] prepared the Gas sensors on metal oxide 

semiconductors are popular for sensing volatile organic chemicals due to their 

low cost, ease of fabrication, and stability. Here, we rationally design ethanol 

gas sensors based on p-Bi2O3 and n-ZnO heterostructure with clear interfaces, 

which have an excellent response of 21.6 towards 100 ppm ethanol, wide 

concentration detection ranges from 1 to 500 ppm, working temperature as low 

as 175 °C, short response time of 7 s, and recovery time of 8 s at 100 ppm 

ethanol. The Bi2O3/ZnO sensor also has higher selectivity for ethanol than other 

organic volatile gases. 

Ahmed, et al. in(2021)[58] synthesized the thermally evaporated ZnO thin 

films on unheated glass surfaces. XRD found amorphous ZnO films before 

heating. The films' diffraction patterns found irregular mixed Tetragonal α-ZnO 

compounds and Orthorhombic ß-ZnO compounds. AFM found ZnO films have 

a wide homogeneous surface. XRD data are less than AFM data and rise for all 

thicknesses with annealing temperature. Optical properties found that 

transmittance declines with annealing temperature for all thicknesses. 

Dhahri, et al. in(2022)[59] formed the pure ZnO and ZnO–Bi2O3 

nanocomposites with 5 and 10 wt% Bi2O3. Modeling actual transmittance and 

reflectance UV–Vis spectra determined optical qualities like refractive index 

(n), extinction coefficient (k), bandgap (Eg), Urbach energies, and band 

structure. The band gap and Urbach energies for pure ZnO (3.758 eV) rise with 

Bi2O3 doping in ZnO–Bi2O3 hybrid films. X-ray diffraction and SEM examined 

these nanocomposite films' structural and physical features. Pure ZnO and 

nanocomposites with Bi2O3 have crystalline domains with wurtzite hexagonal 

structures. As Bi2O3 doping rises, crystallite size reduces. SEM-based. 
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1.6 The Aim of the Study 

1- Fabrication of (Bi2O3:ZnO) gas sensor for detection of NO2 and H2S gases. 

2- Obtaining the best sensitivity, response time and recovery time for gas (H2S and 

NO2) for the prepared thin films (Bi2O3:ZnO). 
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2.1 Introduction  

This chapter explains the theoretical component, which includes a 

description of the scientific justifications, physical concepts, relationships, 

and laws used to understand the findings. 

2.2 Thermal Evaporation 

           In a convection evaporator, the substance is melted by an electric 

resistance heater, and the vapour pressure is increases to a helpful level for 

the process. In a high vacuum, vapor can reach the substrate without 

interacting with or scattering against other gas-phase elements in the 

chamber. In the vacuum chamber, the absorption of impurities from the 

residual gas is kept to a minimum. Both of these goals are accomplished by 

reducing the amount of residual gas in the vacuum chamber [60]. The most 

straightforward method for transferring a substance onto a substrate is known 

as thermal evaporation under pressure (1x10-5) mbar and given excellent 

purity of films. Figure (2.1) explains the configuration of a basic coating 

system [61]. 

 

 

 

 

 

 

 

 

 

 

Figure (2.1): Configuration of a basic coating system [61]. 
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2.3 Structural and Morphological Properties 

2.3.1 The x-ray diffraction (XRD) 

 X-ray diffraction is a crucial experimental technique for determining 

lattice parameters, the preferred orientation for crystallographic 

identification of unknown materials, defects and tensions, and the average 

crystal size [62].     

 When a monochromatic X-ray diffraction beam is directed at a crystal 

sample, constructive diffractions (also known as interference) from parallel 

planes of atoms with inter-planar separation dhkl will occur according to 

Bragg's law, as shown in the figure (2.2). This is demonstrated by the 

equation [63] : 

 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛 𝜃 =  𝜆                                                                             (2.1) 

 where: 𝑑ℎ𝑘𝑙  =
𝑑

𝑛
  θ: is Bragg diffraction angle (degree), and λ: is the incident 

X-ray beam's wavelength (Å). 

 

 

 

 

 

 

 

 

 

 

 

Figure (2.2): Bragg’s Diffraction [64]. 

2.3.2 Parameters calculation 

 Calculating the different properties used in the study of thin films 

requires extensive use of X-ray diffraction. 
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A. Number of layers (Nl) 

      Based on the percolation hypothesis, we can determine the 

relationship between sheet thickness (t), the number of crystalline layers 

(Nl), and D is the dimension of the crystallite in nanometers [65–67]: 

𝑁 =  
𝑡

𝐷3
                                                                              (2.2) 

B. Crystallite size (D) 

Average film crystallite size are estimated by the Scherrer’s formula 

[68,69]: 

D =  
K  λ

β cosθ
                                                                          (2.3) 

Where k is a constant (0.94 for spherical particles), λ is the wavelength of 

the x-ray radiation (Cu-K = 0.154 nm), β is the full breadth at half maximum 

(FWHM) of the intense and wide peaks 

C. Micro strains (ε) 

During the growth of thin films, strains are measured and enhanced 

by stretching or compression of the lattice to maintain a constant c-lattice 

deviation. Therefore, the strain broadening is due to varying atomic 

displacements relative to their reference lattice position. This strain can be 

computed using the given equation [70,71]: 

ε =  
β 

4 tan θ
                                                                         (2.4) 

C. Dislocation density (δ) 

The dislocation density of a crystal is the number of dislocation lines 

per unit surface. The dislocation density (δ) can be approximated using the 

following expression based on Williamson and Smallman's formula [72,73]: 

δ =  
1

𝐷2
                                                                                  (2.5) 
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2.3.3 Atomic force microscope (AFM) 

In 1986, Quate, Gerber, and Binnig were the ones who first developed 

the atomic force microscope. Its application of it is contingent on the surface 

characteristics as well as the toughness of the material. 

 Figure (2.3) depicts the AFM block diagram. The AFM comprises a 

microscale cantilever with a pointed tip (probe) used to survey the surface of 

the specimen. The cantilever is typically composed of silicon (Si) or silicon 

nitride (Si3N4) and has a tip radius of curvature in the nanometer range. 

AFM traverses a ceramic or semiconductor tip like a phonograph needle over 

a surface. When the point is brought close to a sample surface, Van der Waals 

forces between the tip and sample cause the cantilever to deflect. A laser that 

reflects an oblique angle from the cantilever's very end measures the 

deflection's magnitude [74]. 

 The resolution of the surface's topography, which is comprised of 

hills and valleys, is provided by a representation of laser  deflection versus 

tip location on the sample surface. The atomic force microscope (AFM) can 

be used with the point contacting the material (known as the contact mode), 

or it can stroke across the surface like a cane used by a blind person (known 

as the tapping mode) [75]. 

 

 

 

 

 

 

 

 

 

 

 

 Figure (2.3): Block diagram of atomic force microscope [76]. 
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2.3.4 Scanning electron microscopy (SEM) 

 The scanning  electron  microscope, also known as an SEM, is one of 

the most adaptable instruments that can be used to investigate and analyze 

the microstructure morphology and chemical composition characterizations 

of different materials. To comprehend the fundamentals of electron 

microscopy, it is essential to have a solid foundation in light optics and its 

underlying principles [77]. The resolution  of the unaided eye is 

approximately ~ 0.1 mm, corresponding to a visual angle resolution of 

approximately 1/60. (At the  optimum viewing  distance of 25 cm). By 

magnifying the visual angle with an optical  lens, the resolution limit of 

optical microscopy is ~ 2,000 Å Light microscopy has been and remains vital 

to scientific research. Numerous experiments since the 1890s have 

demonstrated that the magnetic field can deflect electrons [78]. 

Over the last 80 years, the imaging technique known as electron 

microscopy has proven to be a game-changer for the fields of science and 

engineering. This technique has made it possible to study nanoparticles and 

determine the specific characteristics of these materials. The capability of 

electron microscopes to image objects that are submicron in size, all the way 

down to individual atomic locations, has resulted in the development of 

completely new nanotechnologies. It has also made it possible for 

extraordinary advancements to be made through the nanoengineering of 

macro-sized components. To facilitate the development of a wide variety of 

commonplace items, including mobile phones, televisions with plasma 

screens, and the materials utilized  aeroplanes, widespread use of electron 

microscopes is required [79]. 

 The scanning electron microscopy (SEM) technique involves 

focusing a small probe of electrons with energies generally up to 40 keV on 

a specimen while scanning the specimen along a pattern of parallel lines. The 

collision of the incoming electrons with the sample surface causes various 
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signals to be produced, which can then be compiled into a picture or used to 

analyze the sample surface, as shown in Figure (2.4). These are primarily 

secondary electrons, which have energies of a few tens of eV, high-energy 

electrons that have been backscattered from the original stream, and 

characteristic X-rays [80]. This portion discusses the most significant steps 

that have been taken to enable the use of such complex physical interaction 

in a practical tool, thereby transforming the SEM into the powerful 

instrument that it is today in life science and materials science [81] . 

There is a maximum magnification beyond which fine features in a 

picture will no longer be discernible. This is because the imaging method 

and the human sight have resolution constraints. The focusing power of a 

establishes the utmost practical magnification beyond which no further 

details are disclosed [82]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (2.4): SEM device diagram [77]. 
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2.4 Optical Properties  

The study of optical properties of nanomaterials aims to increase our 

knowledge  of the quality of the internal structure of nanomaterials, as well 

as broaden the horizon of possible fields of application. 

           Spectroscopic techniques, such as UV-Visible and 

photoluminescence spectroscopy, which reveal information about 

nanoparticles' electronic structure, are frequently used to characterize optical 

characteristics. Related optical approaches, such as Raman and near-infrared 

spectroscopy (NIR), provide information about the crystal structure, 

including phonon or oscillating frequencies and crystal phases [83]. 

           Optical properties represent one of the main factors in its results, 

which were based on a lot of analyses about nature of the atomic structure of 

the material or the effect of the absorption material for photons of light in the 

incidence of the transfer of electronic within the installation packs and thus 

shows the installation of power packs as well as the energy gap whether 

directly or indirectly[84]. That is provided with information about the nature 

of the change constants visual such as absorption coefficient, coefficient of 

refraction, extinction coefficient and others [85]. The optical characteristics 

of nanosized materials go through significant shifts as a consequence of the 

changes in electronic properties that occur with size [4]. 

 Because energy is connected to wavelength, this indicates that the 

optical characteristics of the particle can be precisely adjusted depending on 

its size. If particles are made small enough, quantum effects will come into 

play. These effects restrict the energies at which electrons and holes can exist 

in the particles. Consequently, particles can be made to produce or absorb 

particular wavelengths of light simply by manipulating their size. This can 

be done in a variety of ways [86]. 
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2.4.1Transmittance, Reflectance, Absorbance and Scattering 

 Figure (2.5) depicts an object (the sample) irradiated with light at a 

given incidence angle. The incoming light must penetrate the object's surface 

to interact with most of the sample's constituent material. For the optical 

behavior of the entire system, it is evident that the optical properties of 

surfaces and interfaces will be of utmost importance. After interacting with 

the sample, light may exit in multiple directions. From a phenomenological 

standpoint, light may either be [87]: 

        (a) specularly reflected from the sample,  

        (b) transmitted through the sample (in a well -defined  direction), 

        (c) absorbed at the sample surfaces or in its volume, 

        (d) diffusely scattered at the sample surfaces or in its  volume, 

 

 

Figure (2.5): shown the definitions of T,R and S. ф is the incidence angle [87]. 

2.4.2 Absorbance (A) 

   Absorbance can be defined as the ratio between absorbed light 

intensity (IA) by material and the incident intensity of light (Io) following 

equation [88]:  

A = 
𝐼𝐴

𝐼𝑜
                                                                                           (2.6) 
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2.4.3 Transmittance (T) 

 Transmittance (T) is given by reference to the intensity of the rays 

transmitting from the surface (IT) to the intensity of the rays incident (Io) on 

it, and can be calculated by [89]:  

𝑇 =
𝐼𝑇

𝐼𝑜
                                                                                                 (2.7) 

The electrical transitions can be roughly divided into two categories, which 

are as follows: 

1- Direct transition    

This transition happens in semiconductors when the bottom of the 

conduction band (C.B.) is exactly over the top of the valence band (V.B.), 

which means they have the same value of wave vector i.e. ∆K=0, in this state 

the absorption appeared when hυ=Egopt This transition type required the 

Law's conservation in energy and momentum. These direct transitions have 

two types [90]: 

a. Direct  allowed transition 

 This transition presents between the top points in the (V.B.) to the 

bottom point in the (C.B.), as shown in Figure (2.6, A). 

b. Directly forbidden transitions 

 This transition happens between near top points of (V.B.) and bottom 

points of (C.B.), as shown in Figure (2.6, B). The absorption coefficient for 

this transitions type given in equation (2.8) [91]:   

αhυ=B( hυ – Eg opt)
r                                                                         (2.8) 

  where: B is constant depending on the type of material, υ is the frequency of 

the incident photon and r is exponential constant, where its value depends on 

the type of transition, r =1/2 for the allowed direct transition, and r =3/2 for 

the forbidden direct transition. 

2- Indirect transitions 

 In these transition types, the bottom of (C.B.) is not over the top of 

(V.B.), in the curve (E-K), the electron transits from (V.B.) to (C.B.) not 
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perpendicularly where the value of the wave vector of the electron is not 

equal before and after the transition of the electron. (∆K ╪ 0), this transition 

type happens with help of the particle is called Phonon, for the conservation 

of the energy and momentum law. There are two types of indirect transitions, 

they are [91]: 

a. Allowed indirect transitions 

These transitions occurred between the top of (V.B.) and the bottom 

of (C.B.) that is found in a different region of (K-space), as shown in Figure 

(2.6, C). 

b. Forbidden indirect transitions 

 These transitions exhibited between near points in the top of (V.B.) 

and near points in the bottom of (C.B.), as shown in Figure (2.6, D). The 

absorption coefficient for transition with a phonon absorption is given in 

equation (2.9) [92]: 

𝛼ℎ𝜐 = 𝐵(ℎ𝜐 –  𝐸𝑔 𝑜𝑝𝑡 ±  𝐸𝑝ℎ)𝑟                                                ( 2.9 ) 

Where, Eph. means the energy of phonon, (-) when phonon absorption and 

(+) means when phonon mission, r means the exponential constant; its value 

depends on the type of transition, r=2 for the allowed indirect transition, 

meanwhile r=3 for the forbidden indirect transition. 

 

 

 

 

 

 

 

 

 Figure (2.6): The Electronic Transitions Types [92]. 

          (A) Allowed Direct Transition (C) Allowed Indirect Transition 

          (B) Forbidden Direct Transition (D) Forbidden Indirect Transition 
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2.4.4 Reflectance (Rr)  

   It can be calculated using the ratio of the intensity of the rays reflected 

by the film (IR) to the intensity of the rays impacted on the film (Io): 

 𝑅𝑟 =
 𝐼𝑅 

𝐼𝑜
                                                                                     (2.10) 

  and reflectivity can be obtained from absorption and transmission spectrum 

in accordance to the law of conservation of energy as relation [93]. 

   𝑅 + 𝑇 + 𝐴 = 1                                                                       (2.11)          

2.4.5 Optical constants   

A. Absorption coefficient (α) 

 The absorption coefficient is defined as the ratio of the decrease in 

the energy flux of incident radiation relative to the distance unit in the 

direction of incident wave diffusion. Absorption coefficient (α) is dependent 

on incident photon energy (hυ), material properties, where electronic 

transitions type (n) or (p) and forbidden energy gap, photon energy yields 

the following equation [94]: 

𝐸 = ℎ𝜐                                                                                          (2.12)  

When the energy of a photon is lower than the prohibited energy gap, that 

photon will be allowed to pass through, and the expression for transmittance 

looks like this:   

𝑇 = (1 −  𝑅)2. 𝑒−𝛼𝑡                                                                        (2.13) 

If the intensity of the incident ray (Io) is known, the intensity of the 

transmittance ray (I) can be calculated using the beer Lambert law [87]: 

𝐼 = 𝐼oexp (− 𝛼𝑡)                                                                             (2.14) 

  the absorption coefficient is measured by cm-1. 

 𝛼𝑡 = 2.303 𝑙𝑜𝑔 𝐼
𝐼o

⁄                                                                         (2.15) 

Where the amount of log (I/Io) represents the absorbance (A). 

  The absorption coefficient can be calculated using the following equation 

[95]: 
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 𝛼 = 2.303 (
𝐴

𝑡
)                                                                              (2.16) 

B. Refractive index (n) 

       It is the ratio between how fast light travels in space versus how fast 

it travels through a given material. The indicator indicates how much an 

object is influenced by electromagnetic radiation. There are two components 

to the refraction index, real and imaginary. The following equation describes 

it well [96]: 

 𝑛 = 𝑐/v                                                                             (2.17) 

Where (n) is the coefficient of refraction., (c) is the speed  of light in a 

vacuum, and.(v) is the speed  of light in a material medium. 

The refractive index can also be expressed in the following equation [97]: 

𝑛 =
1+√𝑅

1−√𝑅
                                                                                       (2.18) 

C. Extinction coefficient (ko) 

  The accompanying expression shows that the extinction coefficient is 

the imaginary portion of the complex refractive index (N) [98]: 

𝑁 = 𝑛 − 𝑖𝑘                                                                                    (2.19) 

Where:  n: the real part of refractive index 

N: The index of refractivity is complicated and varies depending on the sort 

of substance. Using the following calculation, one can determine the 

extinction coefficient of a given substance [99,100]: 

 ko = 𝛼λ/4π                                                                                     (2.20) 

Where λ: is the wavelength of incident photon rays. 

D. Dielectric constant (ɛ)  

       At optical frequencies, represented by light waves, the electronic 

polarity is predominant above other surviving kinds of polarization. This is 

because the dielectric constant symbolizes the ability of matter for 

polarization, and the matter can respond to different frequencies in a 

complicated fashion. The following calculation can be used to determine the 

dielectric constant's real and imaginary values [101]:  
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ɛ =  ɛ𝑟 − 𝑖ɛ𝑖                                                                              (2.21) 

Where (ε) is the complex dielectric constant and (ɛr, ɛi) are the real and 

imaginary parts of the dielectric constant, respectively. 

It is possible to determine the dielectric constant by using the refractive 

index. The expression expresses the relationship that exists between the 

complex value of the dielectric constant and the complex value of the 

refractive index (N): 

ɛ = 𝑁2                                                                                             (2.22) 

It is possible to derive the real and imaginary complex dielectric constants 

from equation (2.22) and represent them using the corresponding equations 

[102]: 

ɛ𝑟 = 𝑛2 − 𝑘0
2                                                                                    (2.23) 

ɛ𝑖 = 2𝑛𝑘0                                                                                           (2.24) 

E. Optical conductivity  

The optical conductivity (σop) has been determined from the following 

equation [101]: 

𝜎𝑜𝑝  =  𝛼𝑛𝑐/4𝜋                                                                                                      (2.25)        

Where c  is  the velocity of light and α is the absorption coefficient. 

2.5 The Electrical Properties 

         The movement  of charged units, also known as charge  carriers 

susceptible to the impact of potential  difference, makes up the phenomenon 

of electricity. In the solid state, these entities are the electrons of the matter, 

while in the liquid and vapour states, they are the ions of the matter. Even at 

low temperatures, it has been known for more than four decades that the 

electrical conductivity of semiconducting metal oxides varies with the 

composition of the ambient gas atmosphere. Initially, the fundamentals of 

electrical conductivity and gas-atmosphere interactions were investigated. 

The initial measurements included sintered bodies and solitary crystals. 

Considering the results for additional metal oxides [103]. 
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Materials are classified according to its electrical conductivity to: 

  1-Insulators: its conductivity ranges from 10-13–10-6 (ohm .cm) -1. 

2-Semiconductors: its conductivity ranges from 10-6– 105 (ohm.cm)-1. 

3-Conductors (metals):  its conductivity is more than 106 (ohm .cm) -1. 

4-Superconductive matters:  its conductivity is 1020 (ohm .cm)-1. 

           The range of materials and their electrical conductivity are illustrated 

in Figure (2.7).  

            Knowledge of atomic energy levels and electronic distribution in 

these levels is crucial for comprehending the material's electrical 

characteristics and the process of electrical conductivity [104]. 

 Electrons are located throughout an atom at various energy levels; 

those closest to the nucleus have stronger connections to the atom. On the 

other hand, the further electrons are from the nucleus, the weaker the 

connections are between the electrons and the nucleus. Consequently, 

electrons that inhabit the orbital that is the farthest away from the nucleus 

are the ones that have the weakest connection to the nucleus. These electrons, 

which have many different amounts of energy and are known as valence 

electrons, are distributed throughout the atom [105].  

   Significant developments have taken place in optoelectronics  

technology, with developments in ceramic  materials paralleling  

developments in electronics. Electrically conductive transparent films are 

particularly attractive because of the growing interest in light interactions 

with electricity and electronically active materials. This interest makes the 

study of these interactions increasingly important. In order to meet the 

stringent requirements imposed by technology, a large number of innovative 

materials and production methods have been developed. The increasing 

complexity of applications brings a greater emphasis on the necessary level 

of image quality. These materials have a wide range of potential applications, 

including liquid crystal displays, transparent electrodes for solar cells, and 

photodetectors, to name a few. The simultaneous occurrence of high optical 
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transparency (>90%) in the visible region, together with electronic 

conductivity, requires the creation of electron decay in wide-gap (>3 eV) 

oxides through the incorporation of suitable heterogeneous materials or 

impurities [106]. 

 

Figure (2.7) :The conductivity of material [105]. 

2.5.1 Electrical conductivity  

 The movement of electrical charge from one position in a material to 

another in response to the action  of an external  electric field is the process 

that is referred to as electrical conductivity. Two primary elements determine 

it: the first is the concentration of charge carriers, denoted by (n), and the 

second is the responsiveness kinetic of carriers, denoted by (μ) [107].  
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2.5.2 The D.C electrical conductivity  

  Materials can be classified according to their conductivity into 

conductive, semiconducting, and insulating. The conductivity of 

semiconductors is approximately (10-6-105) (ohm.cm)-1, and the electrical 

conductivity of semiconductors depends on a stream of electrons going to 

the positive electrode, accompanied by a flow of holes (positively charged) 

through the atomic structure of the material heading to negative pole.  

 The area electrical resistance RA of a normal body having a section of 

constant area (A) of length (L), can be calculated using the relation [108]: 

𝑅A = 𝜌A
𝐿

𝑏 𝑡
                                                                   (2.26) 

 Where ρA represents area resistivity of the substance, which can vary 

from one to another, the area resistivity is equivalent to the inverse of the 

bulk conductivity. What this indicates is that the volume conductivity is 

[109]: 

 𝜎A =
1

𝜌𝐴
=

1

𝑅A
 

𝐿

𝑏 𝑡
                                                                                 (2.27) 

RA: is the resistance of the thin film, (b) the width of electrodes, (L) the 

distance between two electrodes, and (t) the sample of thickness. 

According to the relation, the conductivity experiences a rise that is 

exponentially related to the increase in temperature [110]: 

𝜎 = 𝜎˳ exp (−
𝐸𝑎𝑐𝑡

𝐾𝐵𝑇
)                  

                                                           (2.28)
 

  Where σ is electrical conductivity at T temperature, oσ  is electrical 

conductivity at absolute zero of temperature, kB is Boltzmann constant and 

Eact is activation energy. 

2.5.3 The electrical polarization  

  When an electrical field is applied to a capacitor's terminals, 

consisting of an electrical insulator between its plates, a local displacement 

occurs for the centres of positive and negative charges. This results in the 
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generation of induced electrical dipole moments, resulting in an electrical 

polarity process. The value of this process is equal to the sum of the moments 

of all dipoles present in the sample unit volume [111]:  

𝜇𝑖 = 𝛼𝐸𝑖
−                                                                                    (2.29)      

where  i
μ  is electrical dipole moment, α is polarity of an atom or a molecule 

and Ei
- is internal field of a molecule, proportional to the external field. 

Hence, the total dipole moment(P) for a unit volume is [112]. 

 P = N˳ μi                                                                                           (2.30) 

  where, 


N  is the number of molecules for a unit of volume. 

     Electrical polarization occurs in all insulators because of impurities, 

atoms, molecules and ions which have either negative or positive charges 

[113].   

 The electrical polarization occurs as a result of the effect of an 

electrical field which can be expressed in the following equation [113]: 

 P = D − Ɛ˳E                                                                                            (2.31) 

  where D is the electrical displacement, E is electrical field intensity and 

ε  

is permittivity of free space or vacuum permittivity (8.85×10-12 F/m) 

D = P + Ɛ˳E = Ɛ˳ƐʹE                                                                       (2.32) 

As 

⸪ Ɛ´ = 𝐷


ε 𝐸

                                                                                             (2.33) 

 Then,  

Ɛ´ = 1 + 𝑃


ε 𝐸

                                                                                          (2.34)   

where  .is the  dielectric constant. 

The Clausius Mossotti equation illustrates the relationship between a 

volume unit's relative dielectric constant and its polarizability [114]: 

  
𝑁˳𝛼

3 Ɛ˳
=

Ɛ−1

Ɛ+2
                                                                                         (2.35) 
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2.5.4 Types of polarization 

Polarization can be divided in to four types: 

1.Electronic polarization (Pe) 

  The presence of an exterior electrical field causes a disturbance in the 

distribution of the charge, leading to this phenomenon. A detachment 

occurs between the positively charged nucleus and the negatively charged 

middle of the particle [115]. 

   Induced dipoles are produced whenever a positively charged nucleus 

is present in an element. Electronic polarization can be found in every 

molecule and within every dielectric despite other kinds of polarization. 

This particular form of segmentation takes place over an extremely short 

time. It is operational at most frequencies but drops off working at 

extremely high frequencies (≈10-15 s), as shown in Figure (2-8 a). Its 

temperature is sensitive and operates at most frequencies. optical 

polarization refers to this form of polarization quite frequently [116,117]. 

2. Ionic polarization (Pi) 

  As shown in Figure (2-8 b), When an external field is introduced to 

an ionic lattice, the positive ions move in the direction of the field. On the 

other hand, the displacement of the negative ions takes place in the 

opposing direction, which results in a dipole moment for the complete 

body. The ionic polarization is only slightly affected by temperature, and 

the primary factor determining it is the interface's composition, which is the 

location where ions can congregate [117,118]. 

3.Rotational or orientation polarization (Pd) 

   Permanent dipoles tend to be directed by the electric field. The 

thermal motion of the molecules counteracts the rotation, as shown in 

Figure (2-8 c). Consequently, the orientation  polarization is very sensitive 
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to the frequency of the applied electric field and the temperature. It takes 

place at low frequencies [117,119]. 

4.Space charge or interfacial polarization (P0) 

    There is typically an interfacial polarization present in 

heterogeneous materials. The charge concentration at the structural interface 

causes this polarization. An electric field can initiate the movement of charge 

carriers such as free electrons, ions, vacancies, and other charge carriers 

[120,121].  

    It takes place when a matter possesses impurities, a vacuum, or a 

structural defect, which results in the concentration of opposing charge on 

the terminals of the impurity, as demonstrated in Figure. (2-8 d). This entails 

the production of dipoles within the atom, particle, or section of the material 

in question. This particular kind of polarization is determined by the level of 

consistency in the matter and the rate at which it is free from impurities. It 

takes place almost entirely in radio waves, but depending on the defect that 

produces the polarization, it can also stretch to frequencies audio below 

[121]. 

 

  Figure (2-8):A schematic representation of different types of polarization [122].  

A. Electrical polarization, B. Ionic polarization, C. Orientation polarization,  

                                          D. Space charge polarization  
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2.5.5 The A.C electrical conductivity  

           Investigating the electrical conductivity and the magnetic 

characteristics (initial permeability) of the transition metal oxides is of 

utmost significance in scientific research and this field's implementations 

[123,124]. 

           The application of nanomaterials is attracting increasing attention 

from various academic disciplines. As a consequence of this, these materials 

have been the focus of a great number of studies in the past all over the world 

due to the significance of their fundamental physical and technological 

properties and, more recently, for the potential applications that these 

materials could have, such as sensors and solid-state lasers. Materials, 

piezoelectric materials, magnetic materials, lustre materials, ceramic 

materials, catalytic materials, adsorption materials, and ionic conduction 

materials [125]. 

           The dielectric constant is defined as the ratio of the capacitance of a 

capacitor with an insulator substance between its conducting plates to the 

capacity of a capacitor of the same size with a vacuum between its plates 

[126]. 

𝐼 = 𝑗𝑤𝑐𝑣                                                                                        (2.36) 

 where w represents the angular frequency of the applied field (w = 2πf), j 

represents a fictitious integer, and Vm represents the voltage maximum. 

            This highlights the fact that the electric current is the total of the 

conduction current Ip, which is in the same phase as V, and the alternating 

current Iq, which has a phase difference of  π /2, that is [127]: 

 𝐼 = 𝐼𝑝 + 𝑗𝐼𝑞                                                                                    (2.37) 

  the capacity of a capacitor constructed of two parallel plates is given by the 

equation [128]: 

  𝑐 = Ɛ˳
𝐴

𝑑
                                                                                           (2.38) 

  by substituting equation (2.38) in (2.36), get: 
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𝐼 = 𝑗𝑤ƐƐ˳
𝑉𝐴

𝑑
                                                                                 (2.39) 

            The permittivity (ε) must be a complex quantity. It consists of real and 

imaginary parts, so that the electric current be a complex quantity [129]:     

Ɛ = Ɛʹ − 𝑗Ɛʹʹ                                                                                  (2.40) 

  where   is the dielectric loss so, get: 

𝐼 = 𝑗𝑤Ɛ˳
𝐴

𝑑
(Ɛʹ − 𝑗Ɛʹʹ)v                                                                   (2.41) 

by comparing equation (2.40) with (2.39), then: 

𝐼𝑝 = 𝑤ƐʹʹƐ˳
𝐴

𝑑
v                                                                                (2.42) 

𝐼𝑞 = 𝑤ƐʹƐ˳
𝐴

𝑑
v                                                                                 (2.43) 

that the loss factor (tanδ) is given by the following equation:  

tan 𝛿 =
𝐼𝑝

𝐼𝑞
=

Ɛʹʹ

Ɛʹ
                                                                                (2.44) 

 This is the amount of electrical energy lost and then transformed into 

heat energy by the substance. When it comes to electrical applications, a 

good understanding of calculating the power factor is essential. The 

development of heat in the substance at high frequencies as a consequence 

of an excessive power factor could lead to an electrical breakdown [105]. 

At low frequencies, (c) can be considered a parallel connection between a 

perfect capacitor and a resistor Rp. So: 

 𝐼 = 𝐼𝑝 + 𝑗𝐼𝑞 =
v

𝑅𝑝
+ 𝑗𝑤𝑐𝑝𝑉                                                         (2.45) 

hence, get the impedance:  

 
1

𝑍
=

1

𝑅𝑝
+ 𝑗𝑤𝑐𝑝                                                                              (2.46) 

from equations (2.41), (2.42), and (2.46), one can write: 

𝑅𝑝 =
𝑑

𝑤Ɛʹʹ𝐴Ɛ˳
                                                                                   (2.47) 

Ɛʹʹ =
1

𝑤𝑅𝑝𝐶˳
                                                                                     (2.48) 

C𝑝 = ƐʹƐ˳
𝐴

𝑑
                                                                                     (2.49) 
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Ɛʹ =
𝐶𝑝

𝐶˳
                                                                                          (2.50) 

The presence of alternating voltage as a function of alternating. conductivity 

is a representation of the energy that is lost in the substance [105]:  

𝜎𝑎.𝑐 = 𝑤ƐʹʹƐ˳                                                                                 (2.51) 

 a.cσ  is a measurement of the temperature generated in the substance as a 

result of the movement of the dipoles in their locations (or the vibration of 

the charges) as a direct result of the alternating field [128]. 

2.6 Gas Sensors 

 The rapid development of industry and vehicle transportation in 

recent decades due to a growing human population has increaseing the 

number of toxic  gases in the atmosphere. Air pollution damages the brain by 

impairing cognitive ability, resulting in difficulties with decision-making  

and daily tasks [130]. Identifying and surveilling combustible, toxic, and 

exhaust fumes are crucial for energy conservation and preserving the natural 

environment [131]. In addition, the World Health Organization reports that 

contaminated air is directly responsible for the deaths of millions of people 

each year. In light of these facts, monitoring air quality has received 

significant attention in recent years, intending to save both people and the 

environment. A gas monitor is one of the most important pieces of electrical 

equipment for identifying potentially dangerous inorganic compounds [9]. 

            One of the groups of gas sensors presently receiving the most 

research attention is the semiconducting metal oxide gas sensor group. Due 

to their cheap cost and versatility in manufacturing, the ease with which they 

can be utilized, and the large number of gases that can be detected and 

potential application fields, they have garnered much interest in gas detection 

under atmospheric conditions and circumstances [132]. In addition to 

monitoring the change in conductivity of gas-sensing material, this reaction 

can be detected by measuring the change in capacitance, work function, 

mass, optical characteristics, or reaction energy (NO2, NO, NH3, H2S, CO2, 
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etc.) [133]. and organic (methane, triethylamine, benzene, etc.) gases [134].  

Moreover, the gas sensor has also shown its immense presence in various 

applications such as industry and agriculture processing, aerospace, military, 

and medical diagnosis [135]. 

Due to their cheap production cost, ease of miniaturization, and 

compatibility with existing integrated circuit technology, sensors built on 

semiconductors have tremendous potential in the sensing industry [136,137]. 

This thesis will focus primarily on semiconducting metal oxide gas 

sensors and provide a brief overview of metal oxide gas sensors in general. 

          The samples were evaluated as H2S and NO2 gas sensors at varying 

operational temperatures. The sensitivity factor (S) was computed using the 

following formula [138,139]: 

𝑆 =
𝑅on −𝑅off 

𝑅on 
× 100%                                                                  (2.52) 

Ron and Roff represent the film's electrical resistance in air and gas, 

respectively . 

Response time is calculated and recovery time curves with extreme 

operating temperature 200°C to 300°C, determined by the equations 

[140,141]. 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑡𝑖𝑚𝑒 = |𝑡gas ( on ) − 𝑡gas ( off )| × 0.9                               (2.53)    

𝑅𝑒𝑐𝑜𝑣𝑒𝑟 𝑡𝑖𝑚𝑒 = |𝑡gas ( off ) − 𝑡gas ( recover )| × 0.9                           (2.54) 
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3.1 Introduction 

 This chapter focuses on the experimental details that were used in the 

fabrication and screening of thin films made of pure (Bi2O3) and ZnO-doped 

Bi2O3 thin films, different doping ratios of ZnO (0.12, 0.24, 0.36, and 0.48) 

wt.% on glass substrates using the thermal evaporation technique. Investigation 

of structural and morphological features by X-ray diffraction (XRD), atomic 

force microscopy (AFM), and scanning electron microscopy (SEM), 

respectively, are the techniques that are used to prepare and test the structure of 

thin films. Grain size determination is also described as one of the techniques. 

Optical measurements of thin films such as (transmittance (T), absorbance (A), 

absorption coefficient (α), optical energy gap (Eg), refractive index (n), 

extinction coefficient (ko), and dielectric constants (Ɛr and Ɛi). The electrical 

properties of DC and AC thin films were also investigated by measuring the 

electrical conductivity, energizing energy, dielectric constant and dielectric 

loss. Thin films have a schematic diagram illustrating the experimental work, 

as shown in figure (3.1). The application of the gas sensor has also been studied. 
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Figure (3.1): Schematic diagram of experimental work. 
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3.2 Nanomaterial Used 

The utilized materials in this study are: 

3.2.1 Matrix material  

• Bismuth Oxide (Bi2O3) Nanoparticles 

It was obtained as powder form and could be obtained from (Hongwu New 

Material China) company, with radius (20 - 30) nm and high purity (99.5 %). 

3.2.2 Additive material  

• Zinc Oxide Nanoparticles 

 It was obtained as powder form and could be obtained from (Sky Spring 

Nanomaterials USA) company, with radius (10 - 30) nm and high purity 

(99.8%) 

3.3 Substrate Preparation 

          Use of glass substrates to deposit thin films by thermal evaporation. Glass 

slides each of (2.54 x 7.62) cm2 and an area of (2 x 2.54) cm2 were used as 0.1-

0.12 cm thick substrates. Following are the procedures that were carried out on 

these glass slides: 

1- Alcohol was used to clean the substrates. 

2- The substrates were cleaned ultrasonically for fifteen minutes after being 

submerged in a clean beaker containing distilled water. 

3-  In the final step, the glass substrates were dried using an air jet and then 

rubbed down with some soft paper in preparation for the deposition 

procedure. 

3.4 Evaporation Boat 

The most commonly used materials for fumigation boat are metals with a high 

melting point, such as tungsten (W) (MP = 3370 °C), and molybdenum (Mo) 

(MP = 2622 °C). In this work, a tungsten vaporization boat was used to vaporize 

(Bi2O3: ZnO), as shown in figure (3.2). 
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Figure (3.2): Evaporation Boat. 

3.5 The Coating Unit 

     The vacuum unit system is : 

1- Edwards Auto 306 . 

2-  In order to heat evaporates, tungsten or molybdenum filaments are used. 

3- Ultimate chamber pressure 1x10-5mbar . 

4- Typical filament currents are 100-200 A . 

5- Exposes substrate to visible or IR radiation. 

6- The maximum thickness of the deposition that can be obtained is 1.5 

micrometres. 

      The main constructions of the typical vacuum coating unit , as shown in 

figure (3.3). 
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Figure (3.3): Thermal evaporation system. 

3.6 Thin Film Growth 

The thin films of (Bi2O3:ZnO) were obtained. With different weights of 

(Bi2O3:ZnO) according to Table (3-1), The thin films were created using a 

thermal evaporation method heated by electrical resistance. This method 

involves sending an electrical current through the boat to generate steam that 

follows straight paths to the substrate. Generally speaking, there are three steps 

in any vacuum deposition process, namely creating an evaporator from the source 

material, transferring the evaporator from the source to the substrate and 

condensing the evaporator to the substrate to form a precipitated film, as in figure 

(3.4). In this work, evaporation processes were performed at room temperature 

(RT). The pressure during evaporation was approximated to 10-5 mbar at a 

sedimentation rate of 0.5 nm. s-1. A constant 15 cm distance between the substrate 

and the source was maintained. 
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Figure (3.4): Basic steps deposition processes. 

Table (3.1): Weight (g) for (Bi2O3:ZnO) nanoparticles. 

Bi2O3 wt ZnO wt 

0.01 0 

0.0088 0.0012 

0.0076 0.0024 

0.0064 0.0036 

0.0052 0.0048 

 

3.7 Films Thickness Measurement 

  One of the most crucial characteristics of a thin films is its thickness. 

Thin films thickness can be evaluated using a number of different techniques. 

This study used the optical measurement and weight technique to determine the 

film thickness. 

 

Evaporate  

Substrate  

Source  

Vacuum vessel  
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3.7.1 Optical measurement method   

            We acquired measurements of the film's thickness using an optical 

interferometer method. This technique uses the interference that results from 

the light beam reflecting off the substrate's bottom and the thin layer's surface. 

We used a He-Ne laser with a wavelength of 632 nm, and the thickness was 

calculated based on the disparity between the optical path lengths of the two 

reflections. 

3.7.2 The weight method  

        Thickness of the thin films has been calculated according to the following 

equation [142]: 

   𝑡 =
𝑚

2𝜋𝜌𝑅2
                                                                                  (3-1) 

where:  

 t: a measure of the thickness of the thin films (nm). 

 m: mass in (g) 

 ρ: is the density of material (g/cm3).      

   R: is the distance between the substrate and the boat (cm).  

       This method gives an approximate thickness because not all the material 

is deposited on the substrate but some of the material lost or fleeing on the sides 

of the heater. 

3.8 Structural and Morphological Measurements     

3.8.1 X-ray diffraction (XRD) 

  The main purpose of these measurements is to investigate the type of 

the structure of the prepared thin films. This experimental technique has long 

been used to determine the overall structure of bulk solids, including lattice 

constants, identification of unknown materials, orientation of single crystals, 

orientation of polycrystals, defects, stresses, etc. X-ray diffraction using 
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SHIMADZU X-ray diffracts meter system (XRD-6000) which records the 

intensity as a function of Bragg's angle, as shown in figure (3.6). Samples were 

tested in Iran/Tehran. The conditions of the system were: as shown in figure 

(3.5). 

  Source CuKα with radiation of wavelength λ = 1.5406 Ǻ . 

Target: Cu 

Current = 30 mA. 

Voltage = 40 kV . 

  Scanning speed = 0.25 deg/min 

  the X-ray scans are performed between 2θ values of 10o and 80o. 

 

 

Figure (3.5): The system of XRD. 
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3.8.2 Fourier transformation-infrared spectroscopy (FTIR) 

 FTIR spectra were recorded by (Bruker Corporation, German origin, type 

vertex-70), as shown in figure (3.6). FTIR was carried out at Baghdad 

University/College of Science/Department of Chemistry. In this study, the 

range of the studied wave number is (400-4000) cm-1. 

 

 

Figure (3.6): Fourier transform infrared spectroscopy 

 

3.8.3 Atomic Force Microscope (AFM) 

   This instrument is used to take a look on surfaces on a molecular level. 

It observes the surface roughness and topography of deposited thin films. This 

device determines the size and other characteristics of the synthesized 

nanoparticles, an atomic force microscope (AFM) is used, as shown in figure 

(3.7). The most important part of an atomic force microscope is the tip with its 

nanoscale radius of curvature. The tip is attached to a micron scale cantilever 

which reacts to the Van der Waals interaction and other forces between the tip 

and sample, Samples were tested in University of Babylon/College of Education 

for Pure Sciences/Department of Physics. 
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Figure (3.7) The system of AFM. 

3.8.4 Scanning electron microscopy (SEM) 

   A scanning electron microscope (SEM) is an electron microscope that 

images the surface of a sample by scanning it with a high-energy beam of 

electrons in a point scanning pattern. SEM test samples must be electrically 

conductive, at least on the surface, and electrically grounded to prevent the 

buildup of electrostatic charges on the surface. A small fraction (2 x 2) cm of 

the sample was taken for examination by SEM, in this work a low vacuum 

scanning electron microscope was used, as shown in figure (3.8). The surface 

morphology of the (Bi2O3:ZnO) thin films was observed using (Bruker Nano 

GmbH, company, German original, type vertex 5600 LV SEM) Iran/Tehran. 
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Figure (3.8): Diagram for system of SEM device. 

3.9 Optical Properties Measurements  

            The optical measurements of the Bi2O3:ZnO thin films were recorded in 

the wavelength range (200–1100) nm using a dual-beam spectrophotometer 

(Shimadzu, UV-1800 A0, Japan), as shown in figure (3.9). The absorption 

spectrum is recorded at room temperature. A computer program (UV Probe 

software) was used to obtain the optical constants, absorbance, transmittance, 

absorption coefficient, extinction coefficient, refractive index, optical 

conductivity, and dielectric constant (real and imaginary parts), allowing direct 

allowed and forbidden transmission and energy gap, Samples were tested in 

University of Babylon/College of Education for Pure Sciences/Department of 

Physics. 
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                         Figure (3.9): UV photographic of spectrophotometer. 

3.10 Measurement of A.C. Electrical Conductivity 

           The electrical conductivity in alternating current was measured with a 

type LCR meter (HIOKI 3532-50 LCR Hi TESTER (Japan)). The sample 

was taken and connected to the two electrodes of the device at different 

frequencies (100Hz-5MHz) at room temperature, as shown in figure (3.10). The 

amplitude and dispersion factor were recorded for all samples. The dielectric 

constant, dielectric loss and conductivity were calculated from these data, 

Samples were tested in University of Babylon/College of Education for Pure 

Sciences/Department of Physics. 
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Figure (3.10): LCR Hi TESTER device 

3.11 Measurement of D.C. Electrical Conductivity 

           The electrical conductivity of DC is calculated by measuring the 

electrical resistance of DC at temperatures between (30-150) degrees Celsius. 

The sample was placed in the oven and the electrical resistance was recorded, 

as shown in figure (3.11). The resulting data were taken from a Keithley 

electrometer (type 2400 source) for different temperatures at the University of 

Babylon / College of Education for Pure Sciences / Department of Physics. 
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Figure (3.11): Diagram for system of D.C electrical measurement system. 

3.12 Gas Sensors Application Measurements  

 A suitable setup is constructed to determine the sensitivity parameter of 

the fabricated (H2S and NO2) gas sensor detector. This determination focuses 

primarily on the detector's response time and recovery time. Figure (3.12) 

depicts the gas sensor testing system, which includes the following components: 

a cylindrical test chamber made of stainless steel, measuring 30 centimetres in 

circumference and 35 centimetres in height. The chamber has an effective 

capacity of 6594 cc. It is equipped with an inlet that lets the gas being tested 

flow into it and an air admittance valve that lets atmospheric air flow back in 

after the chamber has been evacuated. The electrical connections that need to 

be made to the heater, thermocouple, and sensor electrodes can be made thanks 

to a multi-pin feedthrough at the bottom of the container. Inside the chamber is 

where you will find the heater, comprised of a thermocouple and a heated plate. 

Its purpose is to maintain a consistent operating temperature for the sensor. 

APC-interfaced digital multimeter of type UNI-T UT81B, and Laptop PC, is 

used to register the variation of the sensor current. The mixing gas is fed by zero 
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air and test gas through a flow meter and needle valve arrangement. The mixing 

gas is feeding through a tube over the sensor inside the test chamber to give the 

real sensitivity. The samples were examined at the University of Baghdad / 

College of Science / Department of Physics. 

 

 

 

Figure (3.12): A photo of gas sensor testing system 
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4.1 Introduction 

           This chapter presents the results and discussion of the structural, 

morphological, optical and electrical properties of pure Bi2O3 and ZnO-

doped Bi2O3 with different ZnO ratios and the effect of annealing on the 

prepared thin films. On the other hand, this chapter includes the results and 

their discussion of the effect of temperature difference on the electrical 

conductivity of DC and AC electrical measurements of (Bi2O3:ZnO) thin 

film. This chapter also studies thin films as gas sensors. 

4.2 Structural and Morphological Properties 

4.2.1 X– ray diffraction analysis 

 The XRD spectra of pure and ZnO-doped Bi2O3 thin film with 

different ratios of ZnO (0.12, 0.24, 0.36 and 0.48) wt.% prepared by 

thermal evaporation technique at RT under pressure up to 1 × 10-5 mbar 

with rate of deposition 0.5 nm. sec-1 was annealed at (473 and 573) K 

temperatures for 2 hours and thicknesses of 50 ±5 nm. Peaks of XRD were 

recorded between 10o - 80o. 

  The XRD pattern for pure and ZnO-doped Bi2O3 thin films is 

shown in figures (4.1), (4.2). One peak attributed to diffraction from the 

surface (1̅21) was observed in most cases of XRD spectra for the sample 

deposited at room temperature, which corresponds to the position 2Ө = 

27.45o for pure Bi2O3 at a temperature 473 K, which is in good agreement 

with the standard value 27.41o at a temperature 573 K,  taken from the Joint 

Committee of Powder Diffraction Standard (JCPDS) card file data (79-

2205) [143]. 

 The presence of a diffraction peak of (001), which corresponds to 

the position 2Ө = 31.72o for pure ZnO, which is in good agreement with 

the standard value of 31.77o, respectively taken from the Joint Commission 

on Powder Diffraction Standard ( JCPDS) Card File Data (36-1451) [144]. 

This indicates that the pure Bi2O3 doped with ZnO films prepared by 
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thermal evaporation technique shows a hexagonal wurtzite-type crystal 

structure, and this behavior is from increasing the degree of crystallinity of 

the films. The test results were tabulated in Tables (4.1),(4.2) and (4.3). 

The results were in agreement with the research [145]. The intensity of the 

(1̅21) peak decreases with the increasing in the ZnO ratio. 

  The presence of a diffraction peak of (1̅21) indicates that films 

have a (1̅21) preferred orientation at a temperature of 473 K and 573 K, 

which corresponds to the position 2Ө = 27.45 and 2Ө = 27.41 for pure 

Bi2O3, that is only a (1̅21) diffraction peak is detected in the films. This 

indicates that pure Bi2O3 and doped with ZnO films prepared by thermal 

evaporation technique show a good (a,b and c) axis orientation to the 

substrate with a monoclinic wurtzite-type crystal structure and this 

behavior of the increases degree of crystallinity of films. The results are in 

good agreement with the researche [146,147]. 

  Generally, it can be noticed from such figures that the distinct 

diffraction peaks decreases with increasing annealing temperatures, which 

leads to an increasing in the crystallite size, as evaluated in Tables (4.1) and 

(4.2). Additionally, the values of dislocation density (δ), microstrain (ε) and 

number of layers (N) of (Bi2O3:ZnO) films follow the change that has 

accompanied the crystallite size under the influence of annealing 

temperatures and thicknesses, which is summarized in Table (4.3). 

 

 

 

 

 

 

 

 

 



Chapter Four                                            Results and Discussion 

58 
 

10 20 30 40 50 60 70 80

 Pure

 0.12wt.% (ZnO)

 0.24wt.% (ZnO)

 0.36wt.% (ZnO)

 0.48wt.% (ZnO)

I
n

te
n

s
it

y
 (

a
.u

.)

2q (deg)

0
0

1

- 1
2

1

 

 

 

 

Figure (4.1): The XRD spectrum of Bi2O3 and (Bi2O3:ZnO) thin films at temperature 

473K. 

 

 

 

 

 

 

 

 

 



Chapter Four                                            Results and Discussion 

59 
 

10 20 30 40 50 60 70 80

 Pure

 0.12wt.% (ZnO)

 0.24wt.% (ZnO)

 0.36wt.% (ZnO)

 0.48wt.% (ZnO)

I
n

te
n

s
it

y
 (

a
.u

.)

2q (deg)

0
0

1

- 1
2
1

 

 

 

 

Figure (4.2): The XRD spectrum of Bi2O3 and (Bi2O3:ZnO) thin films at temperature 

573K. 
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Table (4.1): The obtained result of the XRD for (Bi2O3:ZnO) thin films at an 

annealing temperature of 473K. 

 

 

 

 

T(K) 

 

Sample No. 

 

hkl 

 

2θ0 

 

d-spacing 

(A0) 

 

β0 

 

D 

(nm) 

4
7
3
 K

 

Pure (Bi2O3) (1̅21) 27.41323 3.25358 0.492 17.34853 

0.12 wt.% ZnO (1̅21) 27.54140 3.23605 0.960 8.89355 

0.24 wt.% ZnO (1̅21) 27.41140 3.25379 0.984 8.67423 

0.36 wt.% ZnO (1̅21) 27.52922 3.23745 0.840 10.16380 

0.48 wt.% ZnO (1̅21) 27.40939 3.25403 0.984 8.67419 

0.12 wt.% ZnO (001) 31.63651 2.77130 0.154 56.14697 

0.24 wt.% ZnO (001) 31.65120 2.78291 0.128 67.37881 

0.36 wt.% ZnO (001) 31.74012 2.78031 0.154 56.16138 

0.48 wt.% ZnO (001) 31.78714 2.78419 0.307 28.08397 
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Table (4.2): The obtained result of the XRD for (Bi2O3:ZnO) thin films at an 

annealing temperature of 573K. 

 

 

 

 

 

T(K) 

 

Sample No. 

 

hkl 

 

2θ0 

 

d-spacing 

(A0) 

 

β0 

 

D 

(nm) 

5
7
3
 K

 

Pure (Bi2O3) (-121) 27.45902 3.24557 0.960 8.89199 

0.12% ZnO (-121) 27.54140 3.23605 0.960 8.89355 

0.24%(Bi2O3:ZnO) (-121) 27.61877 3.22716 0.960 8.89503 

0.36%(Bi2O3:ZnO) (-121) 27.66274 3.22213 0.840 10.16670 

0.48%(Bi2O3:ZnO) (-121) 27.64635 3.22400 1.920 4.44778 

0.12%(Bi2O3:ZnO) (001) 31.63651 2.77130 0.154 56.14697 

0.24%(Bi2O3:ZnO) (001) 31.65120 2.78291 0.128 67.37881 

0.36%(Bi2O3:ZnO) (001) 31.74012 2.78031 0.154 56.16138 

0.48%(Bi2O3:ZnO) (001) 31.78714 2.78419 0.307 28.08397 
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Table (4.3): Values of number of layers, dislocation density and micro strain of 

(Bi2O3:ZnO) thin films an annealing temperature of 473K and 573K. 

 

(T) K Sample No. 

Number of 

layers 
Dislocation density  Micro strains  

Nl ×108 (m-2) δ (m-2) Ɛ 

4
7
3
 K

 

Pure (Bi2O3) 0.000958 0.003323 0.008802 

0.12 wt.% ZnO 0.007108 0.012643 0.017091 

0.24 wt.% ZnO 0.007661 0.013290 0.017605 

0.36 wt.% ZnO 0.004762 0.009680 0.014962 

0.48 wt.% ZnO 0.007661 0.013291 0.017606 

5
7
3
 K

 

Pure (Bi2O3) 0.007112 0.012647 0.017145 

0.12 wt.% ZnO 0.007108 0.012643 0.017091 

0.24 wt.% ZnO 0.007104 0.012639 0.017042 

0.36 wt.% ZnO 0.004758 0.009675 0.014887 

0.48 wt.% ZnO 0.056825 0.050549 0.034048 

4.2.2 Fourier transforms infrared analysis (FTIR) 

 The FTIR spectra of (Bi2O3:ZnO) thin film at room temperature in 

the range (400-4000) cm-1 with the various ratios of (ZnO) nanoparticles 

are shown in figures (4.3) and (4.4). Bands of vibrational stretching and 

bending were observed in the spectra, characteristic of the functional 

groups produced in thin films. The band at 3421.48 cm-1 is identified as the 

stretching vibration of the hydroxyl group (O - H), which is common in 

oxide glasses because water is trapped during manufacturing. The 

absorption bands of the O–Bi and O–Zn asymmetrical stretching vibrations 

at about 1126.35 cm-1 and 1421.44cm-1 and 1575.73cm-1 can be noticed as 

the Bi2O3 loading in the thin film increases specifically, as shown in the 

table (4.4), Overlapping stretching vibrations of BiـــO bonds of BiO6 
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coordination octahedra and ZnـــO bonds account for the bands in the area 

from 649.97 cm-1 into 923.84 cm-1 [146]. 

1- The higher the layer density, the more atoms and ions there are in the 

light path, which raises the absorption peaks before and after adding 

(ZnO). 

2- The result FTIR shows, the slight change in the intensity of some 

absorption bands, these elements also cause visible changes in the 

spectral features of the samples. These slight banding changes are 

likely related to defects caused by the change transfer interaction 

between the individual particles of the nanomaterials. Through the 

bonding sites, it was also found that there was no chemical 

interaction between the prepared materials. 

These results are similar to the results that are reported by the previous 

researchers [147].  

Table (4.4): Patterns of Molecular Vibrations of (Bi2O3:ZnO) thin films an annealing 

temperature of 473K and 573K. 

Vibrational Wave Number (cm-1) Function Groups 

Hydroxy  group, H-

bonded OH stretch 

(broad) 

3421 O  –  H 

Carboylic  acid or 

Keton stretch 

1126.35 O – Bi 

O –Zn 

Alkenyl  stretch 1421.44 O – Bi 

O –Zn 

Aromatic ring stretch 1575.73 O – Bi 

O –Zn 

Epoxy  and oxirane 

rings stretch 

923.84 O – Bi 

O –Zn 

Aromatic out-of-plane 

bend (several) 

649.97 O – Bi 

O –Zn 
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Figure (4.3): FTIR spectra of Bi2O3-based optical limiting filters ZnO NPs at 473K. 
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Figure (4.4): FTIR spectra of Bi2O3-based optical limiting filters ZnO NPs at 573K. 
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4.2.3 Atomic force microscope (AFM) 

 Studying microscopic examination to research the surfaces of thin 

films materials that have been deposited. The atomic force microscope 

(AFM) is an important piece of equipment for producing an illustrative 

picture of the distribution of the particle size of the crystal on the surface, 

as well as for calculating the thickness of the film, roughness, and grain 

size. It is possible to investigate, with the help of AFM, how various 

parameters such as thickness, temperature, preparation technique, and so on 

affect the qualities of the film material that is deposited [56]. 

 The surface morphology of the (Bi2O3:ZnO) thin films was studied 

by pressing in the AFM mode as a function of annealing temperatures. 

Typical 2D and 3D thickness and schematic diagram of the distribution of 

growth grain clusters on the surfaces of deposited (Bi2O3:ZnO) thin films 

with a thickness of (50 ±5) nm, as shown in Figures (4.5), (4.6), (4.7), (4.8) 

and (4.9) at an annealing temperature of 473 K, as for figures (4.10), (4.11), 

(4.12), (4.13) and (4.14) the annealing temperature is 573 K. The white 

areas in the figures above represent the formation of agglomerated granules 

one above the other. Neighboring grains aggregate to form large clusters 

for these regions. Therefore, the granules in the white areas are larger in 

size compared to the others. From these observations, the film growth 

mechanism is believed to consist of the first layer and then islet-type 

growth [58]. 

   The images of all the (Bi2O3:ZnO) thin films show a uniform 

granular surface topographic, and it could find the grains are uniform 

distribution over the glass substrates without any cracks. The roughness 

and root mean square RMS (it represents total highs surface and lows 

squared divided by the sum of the number all under the square root, which 

describes the surface roughness rate higher) values of films are increases 

with increasing annealing temperature at different values 473 and 573 K   
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within the same thickness. The increase of root means square increases 

crystalline growth in the vertical direction more than horizontal direction 

[150]. The film crystallites become larger, and consequently, the surface 

roughness and surface thickness are larger [151]. The surface thickness rate 

value represents the thickness of the film surface roughness, which 

accounts for the highest crystalline granular tops on the surface. The test 

results were tabulated in Table (4.5). These results are consistent with 

previous studies that showed increased roughness and RMS with increasing 

annealing time [150]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.5): AFM surface morphology of Bi2O3 thin films pure a) 3-D, b) 2-D, and 

c) granularity distribution at 473 K. 
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Figure (4.6): AFM surface morphology of (Bi2O3:ZnO) thin film for a concentration 

of 0.12 wt.% (ZnO) NPs a) 3-D, b) 2-D, and c) granularity distribution at 473 K. 
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Figure (4.7): AFM surface morphology of (Bi2O3:ZnO) thin film for a concentration 

of 0.24 wt.% (ZnO) NPs a) 3-D, b) 2-D, and c) granularity distribution at 473 K. 
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Figure (4.8): AFM surface morphology of (Bi2O3:ZnO) thin film for a concentration 

of 0.36 wt.% (ZnO) NPs a) 3-D, b) 2-D, and c) granularity distribution at 473 K. 
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Figure (4.9): AFM surface morphology of (Bi2O3:ZnO) thin film for a concentration 

of 0.48 wt.% (ZnO) NPs a) 3-D, b) 2-D, and c) granularity distribution at 473 K. 
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Figure (4.10): AFM surface morphology of Bi2O3 thin films pure a) 3-D, b) 2-D, and 

c) granularity distribution at 573 K. 
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Figure (4.11): AFM surface morphology of (Bi2O3:ZnO) thin film for a concentration 

of 0.12 wt.% (ZnO) NPs a) 3-D, b) 2-D, and c) granularity distribution at 573 K. 
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Figure (4.12): AFM surface morphology of (Bi2O3:ZnO) thin film for a concentration 

of 0.24 wt.% (ZnO) NPs a) 3-D, b) 2-D, and c) granularity distribution at 573 K. 
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Figure (4.13): AFM surface morphology of (Bi2O3:ZnO) thin film for a concentration 

of 0.36 wt.% (ZnO) NPs a) 3-D, b) 2-D, and c) granularity distribution at 573 K. 
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Figure (4.14): AFM surface morphology of (Bi2O3:ZnO) thin film for a concentration 

of 0.48 wt.% (ZnO) NPs a) 3-D, b) 2-D, and c) granularity distribution at 573 K. 
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 Table (4.5): morphological characteristics for (Bi2O3:ZnO) thin films at an 

annealing temperature of 473K and 573K. 

4.2.4 Scanning electron microscopy (SEM) 

          Using a scanning electron microscope, Figures (4.15) and (4.16) 

exhibits photograph of Nanoparticles in the studied thin films (SEM). The 

formation of nanoparticle clusters at lower chemical concentrations can 

account for these observations. Due to the nanoparticles, Bi2O3 can 

facilitate the construction of a network when there is a more significant 

contact of ZnO nanoparticles. This increases the number of charge carriers 

[152,153]. 

 

 

 

(T) K 
Sample No. 

Root mean 

square              

Sq (nm) 

Roughness 

Sa (nm) 

Ten-point 

heigh 

Sz (nm) 

 

Average 

Diameter 

(nm) 

4
7
3
 K

 

Pure (Bi2O3) 1.04 0.814 5.6 1.329 

0.12 wt.% ZnO 1.03 0.776 6.85 1.177 

0.24 wt.% ZnO 3.5 2.94 14.2 5.293 

0.36 wt.% ZnO 3.72 2.72 16.2 5.691 

0.48 wt.% ZnO 5.12 3.83 25.7 6.757 

5
7
3
 K

 

Pure (Bi2O3) 0.571 0.442 3.55 0.835 

0.12 wt.% ZnO 0.726 0.566 8.75 1.14 

0.24 wt.% ZnO 1.09 0.841 12.91 1.637 

0.36 wt.% ZnO 1.78 1.33 13.72 2.736 

0.48 wt.% ZnO 2.22 1.7 18.41 2.758 
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Figure (4.15): SEM images of (Bi2O3:ZnO) thin film: A) pure B) 0.12 wt.% (ZnO) 

NPs, C) 0.24 wt.% (ZnO) NPs, D) 0.36 wt.% (ZnO) NPs and E) 0.48 wt.% (ZnO) NPs 

at 473 K. 
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Figure (4.16): SEM images of (Bi2O3:ZnO) thin film: A) pure B) 0.12 wt.% (ZnO) 

NPs, C) 0.24 wt.% (ZnO) NPs, D) 0.36 wt.% (ZnO) NPs and E) 0.48 wt.% (ZnO) NPs 

at 573 K. 
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4.3 The Optical Properties  

  The study of the optical properties of (Bi2O3:ZnO) thin films 

prepared by thermal evaporation technique under the pressure of 1×10-5 

mbar with a rate of deposition (0.5) nm. s-1, which is annealed at 473 and 

573 K temperature for 2 hr and thicknesses consistently 50 ±5 nm, are 

carried out at normal incidence in the spectral range from 200 to 1100 nm 

using Shimadzu model UV-1800 OA (JAPAN)double-beam 

spectrophotometer. It is useful in the task of determining optical properties, 

such as transmittance (T), reflectance(R), absorption coefficient (α), optical 

energy gap (Eg), refractive index (n), extinction coefficient (ko), real and 

imaginary dielectric constant (Ɛr, Ɛi) by analyzing absorbance spectrum.  

4.3.1 Absorbance (A)               

 The absorbance (A) is calculated by using equation (2.6). The 

absorbance of (Bi2O3:ZnO) thin film with varied concentrations of ZnO for 

wavelength ranging between (200-1100) nm was recorded at room 

temperature. Figures (4.17) and (4.18) display the variation of optical 

absorbance with wavelength for the (Bi2O3:ZnO) thin film. From these 

figures, it can be noted that the spectra reveal that all these films show 

more absorbance in the ultraviolet region. All thin films show low 

absorbance in the visible region. This behavior can be explained as follows: 

at high wavelength, the incident photons do not have enough energy to 

interact with atoms, and thus the photon will be transmitted. When the 

wavelength decreases (at the neighborhood of the fundamental absorption 

edge), the interaction between incident photon and material will occur, and 

the photon will be absorbance. The absorbance increases with the 

increasing weight percentages of the nanomaterials. This is due to absorb 

the incident light by free electrons [149]. These results are similar to those 

of the other researchers [154]. 
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Figure (4.17): The absorbance as function of wavelength for (Bi2O3:ZnO) thin films 

at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.18):  The absorbance as function of wavelength for (Bi2O3:ZnO) thin films 

at 573 K. 
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4.3.2 Transmittance (T) 

 The transmittance (T) is calculated by using equation (2.7). Figures 

(4.19) and (4.20) show the transmittance (T) as a function of wavelength 

for (Bi2O3:ZnO) thin films. The figures indicate that the transmittance for 

all samples is increases with the increasing of wavelength. It is clearly 

noticed that the pure film has high transmittance because electrons are 

linked to atoms strong by covalent bonds, consequently free electrons at 

that time can not the break linkage, hence movement it need to photon with 

high energy but when adding different rate of ZnO nanoparticles, the 

average transmittance of the films reduces slightly due to contain electrons 

in it outer orbits can be absorb the energy of the incident photon and travel 

to higher energy levels. The traveled electron to higher levels have 

occupied vacant positions of energy bands, so that this process is not 

accompanied by the emission of radiation ,where the incident light is 

absorbed by the substance. This behavior agrees with [59,155]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

sample and doped with ZnO  3O2Biigure (4.19): The transmittance spectrum of pure f

NPs at 473 K. 
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Figure (4.20): The transmittance spectrum of pure Bi2O3 sample and doped with ZnO 

NPs at 573 K. 

4.3.3 Reflectance (R) 

  The change in the ratio between the intensity of reflection of the 

reflected beam to the amount of incident radiation. The reflectivity was 

calculated depending on the spectral absorbance and the transmittance by 

the energy conservation law and according to equation (2.11). 

   Figures (4.21) and (4.22) show the change in reflectivity as a 

function of the wavelength of the (Bi2O3:ZnO) nanostructured thin films. 

To note that the reflectivity gradually increases to a maximum value at 

certain wavelengths, and then decreases with the increasing in wavelength 

we note that it is in a curved shape, and we explain that the absorption is 

small at those wavelengths, and this is due to the increasing in reflectance 

from the surface of the film. Since the reflectivity depends on the surface 

roughness, we observe a difference in the value of the highest peak 

positions as a result of different structural properties, as the reflectivity of 

the film generally increases with the doping ratio. 

 

 



Chapter Four                                            Results and Discussion 

84 
 

200 400 600 800 1000 1200

0

5

10

15

20

25

R
e
fl

e
c
ta

n
c
e
 (

%
)

Wavelength (nm)

 Pure

 0.12 wt%

 0.24 wt%

 0.36 wt%

 0.48 wt%

200 400 600 800 1000 1200

0.00

0.03

0.06

0.09

0.12

0.15

0.18

0.21

0.24

0.27

R
e
fl

e
c
ta

n
c
e
 (

%
)

Wavelength (nm)

 Pure

 0.12 wt%

 0.24 wt%

 0.36 wt%

 0.48 wt%

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.21): The reflectance spectrum of pure Bi2O3 sample and doped with ZnO 

NPs at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.22): The reflectance spectrum of pure Bi2O3 sample and doped with ZnO 

NPs at 573 K. 
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4.3.4 Absorption coefficient (α) 

           The absorption coefficient α is calculated by using equation (2.16). 

Figures (4.23) and (4.24) show the absorption coefficient α as a function of 

photon energy Absorption coefficient is plotted against photon energy for 

thin films (Bi2O3:ZnO). It can be seen that the absorption coefficient is the 

smallest at high wavelength and low energy. This means that the possibility 

of electron transition is little because the energy of the incident photon is 

not sufficient to transition the electron from the valence band to the 

conduction band in a semiconductor material [156]. 

   At high energies, absorption is good, which is a good sign of a high 

probability of electron transformations. As a direct result, the energy of the 

incoming photon is sufficient to coerce one electron to move from the 

valence band to the conduction band in the energy spectrum. During the 

incident, the energy of the observed photon was higher than the allowed 

energy gap [157]. 

   Direct electron transfer occurs when the absorption coefficient is 

large (α > 104) cm-1 at high energies. The electron and photons are 

conserved as they travel through the transition. While at low energies, 

values of absorption coefficient (α < 104) cm-1 are likely to occur, which 

leads to the indirect transition of electrons, and the phonon helps to 

maintain electronic momentum. The thin-film absorbance coefficient 

(Bi2O3:ZnO) is greater than 104 cm-1, just one of the many findings. This 

demonstrates that electron transfers straightforwardly take place. The 

findings of this research are comparable to those of the other researchers 

[59]. 
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Figure (4.23): The absorption coefficient α of pure Bi2O3 sample and doped with ZnO 

NPs as a function of photon energy hv at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.24): The absorption coefficient α of pure Bi2O3 sample and doped with ZnO 

NPs as a function of photon energy hv at 573 K. 
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4.3.5 Energy gaps of the (allowed and forbidden) direct 

transition 

 It has been determined how much of a difference there is between 

the allowed and forbidden direct transition band energy gaps by using 

equation (2.9). Calculating the allowed direct transition band energy gap 

takes place when the value of r = 1/2; however, when the value of r = 3/2, 

the calculation of the forbidden direct transition band energy gap takes 

place. 

 Figures (4.25) and (4.26) show the Absorption edge (αhv)2 for 

(Bi2O3:ZnO) thin film as a function of photon energy, where the energy gap 

for the allowed direct transition is calculated by drawing a straight line 

from the upper portion of the curve toward the (x) axis at the value (αhv)2 = 

0 [158]. 

 The obtained values are listed in Tables (4.6) and (4.7). The energy 

gap values drop as the percentage of Zinc oxide nanoparticles in the 

mixture increases. As the percentage of Zinc oxide nanoparticles in the 

sample increases, site levels are created in the forbidden energy gap, 

allowing electrons to move from the valence band to the local levels and 

then to the conduction band. 

 This decrease in energy gap explains why electrons are transferred 

from the valence band of (Bi2O3:ZnO) to conduction band electrons [159].  

Calculating the forbidden transition of the direct energy gap follows 

the same steps as those used to determine the allowed transition of the 

direct energy gap for the (Bi2O3:ZnO) thin films, as can be seen in tables 

(4.6) and (4.7). The prohibited transition of the direct energy gap for the 

(Bi2O3:ZnO) thin films can be seen in Figures (4.27) and (4.28). 
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Figure (4.25): Plot of (ahv)2 of pure Bi2O3 sample and doped with ZnO NPs as 

against photon energy hv at 473 K. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure (4.26): Plot of (ahv)2 of pure Bi2O3 sample and doped with ZnO NPs as 

against photon energy hv at 573 K. 
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Figure (4.27): Plot of (ahv)2/3 of pure Bi2O3 sample and doped with ZnO NPs as 

against photon energy hv at 473 K.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.28): Plot of (ahv)2/3 of pure Bi2O3 sample and doped with ZnO NPs as 

against photon energy hv at 573 K. 
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Table (4.6): For (Bi2O3:ZnO) thin films, the values of the energy gap for the 

permissible and banned direct transitions at 473 K. 

Zinc Oxide 
(eV)gE 

Allowed Forbidden 

0 3.347 2.572 

0.0012 3.305 2.387 

0.0024 3.241 2.291 

0.0036 3.156 2.132 

0.0048 3.023 1.993 

Table (4.7): For (Bi2O3:ZnO) thin films, the values of the energy gap for the 

permissible and banned direct transitions at 573 K. 

Zinc Oxide 
Eg(eV) 

Allowed Forbidden 

0      3.3637           2.4405      

0.0012 3.2936 2.2763 

0.0024 3.2147 2.1786 

0.0036 3.0744 2.0267 

0.0048 2.9091 1.8286 

 4.3.6 Refractive index (n) 

  The refractive index is calculated from equation (2.11). Figures 

(4.29) and (4.30) show the change of refraction index for (Bi2O3:ZnO) thin 

film as a function of wavelength, respectively. These figures show that the 

refractive index increases with increasing the weight percentages of the 

nanoparticles (ZnO). This behavior is attributed to the increasing in the 

density of thin films. When the incident light interacts with a sample with 

high refractivity at the UV region, the values of a refractive index will be 

increasing [160]. 
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Figure (4.29): The refractive index(n)as a function of wavelength for (Bi2O3:ZnO) 

thin films at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.30): The refractive index(n)as a function of wavelength for (Bi2O3:ZnO) 

thin films at 573 K. 
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4.3.7 Extinction coefficient (k0)  

   The Extinction coefficient (k0) is calculated using equation (2.20). 

The change of the extinction coefficient, as a function of the wavelength, is 

shown in Figures (4.31) and (4.32) for (Bi2O3:ZnO) thin films. It can be 

noted that (k0) has a low value at a low Weight percent, but it increases 

with the increasing of the Weight percent of nanoparticles for (ZnO). This 

is attributed to the increases absorption coefficient with the increasing of 

weight percentages of (ZnO) nanoparticles. The extinction coefficient has 

high values at in the UV region. This behavior is attributed to the high 

absorbance of all samples of thin films. Also, the extinction coefficient of 

thin films increases with the increasing wavelength at visible and near-

infrared regions, which is attributed to the absorption coefficient of thin 

films, which is approximately constant at the visible and near infrared 

regions. Hence, the extinction coefficient increases with the increasing of 

the wavelength. These results are similar to the results that are reported by 

the previous researchers [161]. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure (4.31): The Extinction coefficient as a function of wavelength (Bi2O3:ZnO) 

thin films at 473 K. 
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Figure (4.32): The Extinction coefficient as a function of wavelength (Bi2O3:ZnO) 

thin films at 573 K. 

4.3.8 Real and imaginary part of dielectric constant 

  Using equations (2.23) and (2.24), we have determined the real and 

imaginary components of the dielectric constant for (Bi2O3:ZnO) thin films. 

Figures (4.33), (4.34), (4.35), and (4.36), respectively, display the real and 

imaginary part dielectric constant variations as a function of wavelength. 

These numbers demonstrate that raising the weight percent of ZnO 

nanoparticles raises the dielectric constant for two-part real and imaginary. 

This behavior can be explained by the fact that nanoparticles contribute a 

greater degree of electrical polarization to the sample, i.e., the dielectric 

constant of (Bi2O3) increases by a fractional rise in charges within the thin 

films [160].  

            The figures show that the real and imaginary parts of the dielectric 

constant of (Bi2O3) are changed with the wavelength. This is due to the real 

part of the dielectric constant depending on the refractive index because the 

effect of the extinction coefficient is very small. The imaginary part of the 

dielectric constant depends on the extinction coefficient, especially in the 
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visible and near infrared regions of wavelength, where the refractive index 

is approximately constant. In contrast, the extinction coefficient increases 

with the increasing of the wavelength. These results are similar to the 

results of the previous researcher [162,163]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.33): The real dielectric constant(ԑr) as a function of incident wavelength for 

(Bi2O3:ZnO) thin films at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.34): The real dielectric constant(ԑr) as a function of incident wavelength for 

(Bi2O3:ZnO) thin films at 573 K. 
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Figure (4.35): The imaginary dielectric constant(ԑi) as a function of wavelength 

(Bi2O3:ZnO) thin films at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.36): The imaginary dielectric constant(ԑi) as a function of wavelength 

(Bi2O3:ZnO) thin films at 573 K. 
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4.3.9 Optical conductivity (σop)  

 Figures (4.37) and (4.38) show the variation of optical conductivity 

as a function of wavelength for (Bi2O3:ZnO) thin films. The optical 

conductivity has been calculated by using equation (2.25). The figure 

shows that the optical conductivity of all thin film samples decreases with 

the increasing of the wavelength. This behavior is attributed to the optical 

conductivity depending on the wavelength of the radiation incident on the 

samples of thin films; the increasing of optical conductivity at the low 

wavelength of the photon is due to the high absorbance of all samples of 

thin films in this region, hence, an increasing of the charge transfer 

excitations. 

   The optical conductivity spectra indicated that the samples transmit 

within the visible and near infrared regions. Also, the optical conductivity 

of thin films is increases with the increase of ZnO nanoparticle 

concentrations. This behavior is related to the creation of localized levels in 

the energy gap; the increasing of ZnO nanoparticles concentrations 

increases the density of localized stages in the band structure, hence, an 

increase of the absorption coefficient, consequently increasing the optical 

conductivity of (Bi2O3:ZnO) thin films. These results are similar to the 

results of the researcher [155,164]. 
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Figure (4.37): Optical conductivity as a function of wavelength for (Bi2O3:ZnO) thin 

films at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.38): Optical conductivity as a function of wavelength for (Bi2O3:ZnO) thin 

films at 573 K. 
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4.4 The D.C Electrical Properties  

           The surface electrical conductivity dcσ  is calculated for the prepared 

films by using equation (2.28). The Following are the detailed results of 

these properties. 

4.4.1 The effect of the ZnO additive on the electrical 

conductivity σdc of (Bi2O3:ZnO) thin films 

    Figures (4.39) and (4.40) show the D.C surface electrical 

conductivity as a function of the concentration of (ZnO) nanoparticles 

samples. From these figures, it can be noticed that the D.C electrical 

conductivity is increasing with the increasing of concentrations of (ZnO). 

This is related to the increase in charge carriers which are increased with 

the increasing filler content, and this is due to the formation of a continuous 

network of (ZnO) nanoparticles that contain paths inside the thin film and 

allows charge carriers to pass through. On the contrary, the resistivity 

decreases with increasing nanoparticle concentration, as shown in the two 

figures (4.41) and (4.42). These results are similar to the results of other 

researchers  [110,165]. 

 

 

 

 

 

 

 

 

 

 

  

 

Figure (4.39): plot of D.C electrical conductivity with ZnO nanoparticle wt.% 

concentration of (Bi2O3:ZnO) thin films at 473 K. 
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Figure (4.40): plot of D.C electrical conductivity with ZnO nanoparticle wt.% 

concentration of (Bi2O3:ZnO) thin films at 573 K. 

 

 

 

 

 

 

 

 

 

 

Figure (4.41): plot of D.C resistivity with ZnO nanoparticle wt.% concentration of 

(Bi2O3:ZnO) thin films at 473 K. 
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Figure (4.42): plot of D.C resistivity with ZnO nanoparticle wt.% concentration of 

(Bi2O3:ZnO) thin films at 573 K. 

4.4.2 The effect of temperature on the electrical conductivity 

σdc of (Bi2O3:ZnO) thin films 

 Figures (4.43) and (4.44) show the variation of the electrical 

conductivity for (Bi2O3:ZnO) thin films with temperature. From these 

figures, it is noted that the conductivity increases with increasing 

temperature. This indicates that this material has a negative thermal 

coefficient of resistance; its resistance reduces as the temperature rises 

because (ZnO) molecules can act as traps for migrating charge carriers via 

a hopping process. Consequently, the surrounding charge carriers are 

liberated, and the conductivity of (Bi2O3:ZnO) thin films improves due to 

the increasing charge carriers and the transfer of these charges [149]. On 

the contrary, the resistivity decreases with increasing temperature, as 

shown in the figures (4.45) and (4.46). These results are similar to the 

results of the previous researcher [150].  
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Figure (4.43): Variation of D.C electrical conductivity with temperature of 

(Bi2O3:ZnO) thin films at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.44): Variation of D.C electrical conductivity with temperature of 

(Bi2O3:ZnO) thin films at 573 K. 
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Figure (4.45): Variation of D.C resistivity with temperature of (Bi2O3:ZnO) thin films 

at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.46): Variation of D.C resistivity with temperature of (Bi2O3:ZnO) thin films 

at 573 K. 
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4.4.3 The activation energy of (Bi2O3:ZnO) thin films 

 Figures (4.47) and (4.48) show the relation between LnσD.C and the 

inverse absolute temperature for (Bi2O3:ZnO) thin films. The activation 

energy was calculated by using equation (2.28). The experimental results 

show that activation energy values ranging from (0.207 eV) to (0.115 eV) 

for (Bi2O3:ZnO) at 473 K and from(0.187 eV) to (0.109 eV) for 

(Bi2O3:ZnO) at 573 K, as shown in tables (4.8), at high value of activation 

energy for pure thin film (Bi2O3) blends attributed to the existence of free 

ions, and decrease of activation energy with the increasing of the 

nanoparticles concentrations, the variation of activation energies of 

(Bi2O3:ZnO) thin films with nanoparticles concentrations, as shown in 

figure (4.49) and (4.50).  

  These figures show that activation energies decreases with the 

increasing nanoparticle’s concentrations for thin films. This behavior is 

attributed to creating local energy levels in the energy gap, which act as 

traps for charge carriers. Current Transmission Mechanism The current is  

transport in the thin films by tunneling according to the activation energy, 

where one activation energy appears [166]. These results are similar to the 

results of the previous researcher [167]. 
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Figure (4.47): Variation of Ln σ electrical conductivity with inverse absolute 

temperature for (Bi2O3:ZnO) thin films at 473 K. 

 

Figure (4.48): Variation of Ln σ electrical conductivity with inverse absolute 

temperature for (Bi2O3:ZnO) thin films at 573 K. 
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Table (4.8): Values of activation energy for (Bi2O3:ZnO) thin films at an annealing 

temperature of 473K and 573K. 

 

(T) K 
Sample No. Activation Energy Eg (ev) 

4
7
3
 K

 

Pure (Bi2O3) 0.207 

0.12%(Bi2O3:ZnO) 0.173 

0.24%(Bi2O3:ZnO) 0.152 

0.36%(Bi2O3:ZnO) 0.131 

0.48%(Bi2O3:ZnO) 0.115 

5
7
3
 K

 

Pure (Bi2O3) 0.187 

0.12%(Bi2O3:ZnO) 0.177 

0.24%(Bi2O3:ZnO) 0.159 

0.36%(Bi2O3:ZnO) 0.139 

0.48%(Bi2O3:ZnO) 0.109 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.49): Variation of activation energy for D.C electrical conductivity with ZnO 

wt.% nanoparticles concentration of (Bi2O3:ZnO) thin films at 473 K. 
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Figure (4.50): Variation of activation energy for D.C electrical conductivity with ZnO 

wt.% nanoparticles concentration of (Bi2O3:ZnO) thin films at 573 K. 

4.5 The A.C Electrical Properties 

 The A.C electrical properties of (Bi2O3:ZnO) thin films were studied 

within frequencies ranging from (100Hz -5MHz). The dielectric constant 

was calculated by using the equation (2.50) which gives the ratio of the 

capacitance of a dielectric-filled capacitor (Cp) to a capacitor of free space 

(C0). The dielectric loss was calculated by using equation (2.44); using the 

measured dielectric constant and tanδ, while the A.C electrical conductivity 

(σA.C) was calculated by using equation (2.51) after substituting the 

measured values of εʹ.  

4.5.1 The dielectric constant of (Bi2O3:ZnO) thin films   

Figures (4.51) and (4.52) show the effect of adding the Zinc oxide 

nanoparticles on the dielectric constant at 100Hz and 35oC. From these 

figures, we note that the dielectric constant increases with the increasing of 

the concentration of Zinc oxide nanoparticles. 
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    The reason for this increase in the value of the dielectric constant 

is the formation of a continuous network of  Zinc oxide nanoparticles inside 

the thin films; at low concentrations, Zinc oxide nanoparticles take the 

form of clusters or separated groups; hence, the dielectric constant becomes 

approximately low, and at high concentrations, Zinc oxide nanoparticles 

form a continuous network inside the thin films and because the increase of 

(Cp) for the storage charges, and so the value of dielectric constant 

increases with the volumetric rate of the Zinc oxide nanoparticles. This is 

similar to the results reached by the researchers[168]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.51): Variation of dielectric constant with ZnO at 100 Hz of (Bi2O3:ZnO) 

thin films at 473 K. 
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Figure (4.52): Variation of dielectric constant with ZnO at 100 Hz of (Bi2O3:ZnO) 

thin films at 573 K. 

  Figures (4.53) and (4.54) show the variation of the dielectric 

constant of (Bi2O3:ZnO) thin films with frequency. These figures show that 

the dielectric constant values decrease when the applied field frequency 

increases. The increase of frequencies results in the decrease of space 

charge polarization (interfacial polarization) to the total polarization. The 

space charge polarization becomes the more contributing type of 

polarization at low frequencies and less contributing with the increase of 

frequency. This would result in the decrease of dielectric constant values 

for all samples of (Bi2O3:ZnO) thin films with the increase of the electric 

field frequency (f). 

          Other types of polarization appear at high frequencies, such as ion 

polarization, because the mass of an ion is larger than that of an electron. 

Electrons even respond to high frequencies of field oscillations. The low 

mass of electrons makes electronic polarization the only type at higher 

frequencies. This makes the dielectric constant approximately constant for 
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all samples at high frequencies. This is similar to the results reached by the 

researcher [169].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.53): Variation of the dielectric constant of (Bi2O3:ZnO) thin films with 

frequency at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.54): Variation of the dielectric constant of (Bi2O3:ZnO) thin films with 

frequency at 473 K. 
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4.5.2 The dielectric loss of (Bi2O3:ZnO) thin films 

  Figures (4.55) and (4.56) show the dielectric loss as a function of the 

frequency of (Bi2O3:ZnO) thin films. The figures show that the dielectric 

loss of thin films decreases with increasing the frequency of the applied 

electric field. This behavior is attributed to the low contribution of space 

charge polarization. Also, the dielectric loss has a high value for 

(Bi2O3:ZnO) thin films at low frequency and decreases when the frequency 

increases. Also, the dielectric loss of (Bi2O3:ZnO) thin films increases with 

the increase in the concentration of nanoparticles, as in Figures (4.57) and 

(4.58), and this is related to the increase in the number of charge carriers. 

At low concentrations of nanoparticles, they form clusters. When the 

concentration of nanoparticles reaches high, the nanoparticles form a 

continuous network in the thin films [170]. These results are similar to the 

results of the previous researcher [146]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.55): Variation of the dielectric loss with frequency of (Bi2O3:ZnO) thin 

films at 473 K. 
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Figure (4.56): Variation of the dielectric loss with frequency of (Bi2O3:ZnO) thin 

films at 573 K. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.57): plot of the dielectric loss with ZnO of (Bi2O3:ZnO) thin films at 473 K. 
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Figure (4.58): plot of the dielectric loss with ZnO of (Bi2O3:ZnO) thin films at 573 K. 

4.5.3 The A.C electrical conductivity of (Bi2O3:ZnO) thin films 

 The A.C conductivity of (Bi2O3:ZnO) thin films at 100 Hz and room 

temperature (35 0C) varies as a function of zinc oxide content Figures 

(4.59) and (4.60). Concentrations of (ZnO) nanoparticles result in higher 

A.C conductivity. The greater quantity of charge carriers is responsible for 

the observed conductivity enhancement. These results agree with other 

researcher result [110].  

 Figures (4.61) and (4.62) show the variation of the conductivity for 

(Bi2O3:ZnO) thin films with frequency. The figures show that A.C 

conductivity increases considerably with the increase of frequency (f) from 

100 Hz to 5×106 Hz. This is attributed to the hopping of charge carriers in 

the localized state and the excitation of charge carriers to upper states in the 

conduction band. Consequently, the conductivity increasing when the 

frequency increases for all different ratio of the zinc oxide nanoparticles for 

(Bi2O3:ZnO) thin films. This is similar to the results reached by the 

researcher [169,171]. 
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Figure (4.59): plot of A.C electrical conductivity with ZnO nanoparticles wt.% 

concentration at 100 Hz of (Bi2O3:ZnO) thin films at 473 K. 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.60): plot of A.C electrical conductivity with ZnO nanoparticles wt.% 

concentration at 100Hz of (Bi2O3:ZnO) thin films at 573 K. 
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Figure (4.61): Variation of A.C electrical conductivity with frequency of (Bi2O3:ZnO) 

thin films at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.62): Variation of A.C electrical conductivity with frequency of (Bi2O3:ZnO) 

thin films at 573 K. 
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4.6 Application of (Bi2O3:ZnO) Thin Films as Gas Sensors    

 In this work, the sensing for H2S and NO2 gas properties of thin films 

(Bi2O3:ZnO) thin films are investigated as a function of the operating 

temperature and response and recovery time. In order to understand the 

temperature dependence on sensitivity to different doping ratios of thin 

film specimens for chemical sensing H2S and NO2 gas with concentrations 

of about 50.55ppm. The sensing test used a 4% H2S, NO2 and 96 % air 

mixed ratio. 

4.6.1 Effect the operation temperature on sensing properties  

 In general, the surface states play a very important role in the 

response of solid-state chemical gas sensors. increasing the surface-to-

volume ratio or enhancing the surface adsorption which will increase the 

resistance change and improve the sensitivity, the sensitivity of the sensor 

is affected by the operating temperature. 

 The higher temperature enhances the surface interaction of the thin 

films and results in a higher sensitivity in the temperature range. Figures 

(4.63) and (4.64) show the variation of the gas sensitivity as a functional 

operating temperature in the range of (200-300 °C) for (Bi2O3:ZnO) thin 

films deposited on a glass substrate for different doping. It is clear in the 

Figures that the sensitivity of all samples increases with the increase in the 

operating temperature, reaching a maximum value corresponding to the 

optimum operating temperature, which is 250˚C for all samples and reaches 

the maximum (Bi2O3:ZnO) thin films and then decreases with the increase 

in the operating temperature. The increase in sensitivity with higher 

operating temperature may be attributed to an increase in the charge carrier 

density in the active surface and leads to an increase in sensitivity [141].  

   The change in the temperature reveals resistance of the film 

decreases as the temperature increases from room temperature to 250˚C 

showing a typical negative temperature coefficient of resistance, due to 
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thermal excitation of the charge carriers in semiconductors [172]. Above 

250 for all samples, sensor film shows a positive temperature coefficient of 

film resistance as temperature increases further, which may be due to the 

saturation of the conduction band with electrons elevated from shallow 

donor levels caused by oxygen vacancies. Finally, at this point, an increase 

in temperature leads to a decrease in electron mobility and a subsequent 

increase in resistance. Similar observations are made by other research 

groups [173]. 

 The sensitivity factor (S%) at different temperatures is calculated by 

equation (2.52). The highest average sensitivity of (Bi2O3:ZnO) thin films 

to annealing score 473 K for H2S gas was found to be 96.47% at 200 0C at 

an additional 0.48 wt.% ZnO and the lowest average sensitivity was 

68.58% at 200 0C for at an additional 0.36 wt.% ZnO as in the figure 

(4.63). (Bi2O3:ZnO) thin films are not sensitive to the H2S: air mixture 

ratio at temperatures less than 200 0C, as shown in Table (4.9). As for NO2 

gas at an annealing degree of 475 K, the highest average sensitivity of 

(Bi2O3:ZnO) thin films was 88.97% at 300 0C at an additional 0.48 wt.% 

ZnO and the lowest average sensitivity was 4.52% at 200 0C for adding 

0.24 wt.% ZnO as in the figure (4.64), as shown in table (4.10).  

   As for the annealing of 573 K for H2S gas, the highest average 

sensitivity of (Bi2O3:ZnO) thin films was found to be 69.74% at 200 0C at 

an additional 0.48 wt.% ZnO and the lowest average sensitivity was 

17.04% at 200 0C for at an additional 0.12 wt.% ZnO as in figure (4.65), as 

shown in table (4.11). As for NO2 gas at an annealing of 573 K, the highest 

average sensitivity of (Bi2O3:ZnO) thin films was 62.5% at 250 0C at an 

additional 0.48 wt.% ZnO and the lowest average sensitivity was 4.76% at 

200 0C for adding 0.12 wt.% ZnO as in figure (4.66), as shown in table 

(4.12). 
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Figure (4.63): The variation of sensitivity with the operating temperature for different 

doping ZnO of the H2S gas sensor of (Bi2O3:ZnO) thin films at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.64): The variation of sensitivity with the operating temperature for different 

doping ZnO of the NO2 gas sensor of (Bi2O3:ZnO) thin films at473 K. 
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      Figure (4.65): The variation of sensitivity with the operating temperature for 

different doping ZnO of the H2S gas sensor of (Bi2O3:ZnO) thin films at 573 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Figure (4.66): The variation of sensitivity with the operating temperature for 

different doping ZnO of the NO2 gas sensor of (Bi2O3:ZnO) thin films at 573 K. 
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4.6.2 Response time and recovery time 

  Response time and recovery time for (Bi2O3:ZnO) thin films are 

about 4% H2S and NO2: air. Figures (4.67), (4.68), (4.69), (4.70) and (4.71) 

show the variation of response and recovery time for H2S gas as a 

functional operating temperature in the range (200-300)0C for thin films 

(Bi2O3:ZnO) for annealing temperature 473 K. Figures (4.72), (4.73), 

(4.74), (4.75) and (4.76) show the variation of the response time and 

recovery time of NO2 gas for annealing temperature 473 K . 

 Figures (4.77), (4.78), (4.79), (4.80), and (4.81) show the variation of 

response and recovery time for H2S gas as the functional operating 

temperature in the range (200–300) 0C for (Bi2O3:ZnO) thin films for an 

annealing temperature of 573 K. Figures (4.82), (4.83), (4.84), (4.85) and 

(4.86) show the variation of the response and recovery time of NO2 gas to 

the annealing temperature of 573 K, deposited on a glass substrate for 

doping different ZnO doping. It is calculated using equations (2.53) and 

(2.54).  

 The responses increase and reach their maximums at a certain 

temperature and then decrease rapidly with increasing temperature. The 

shape resulted from the competition between slow kinetics at low 

temperatures and enhanced desorption at high temperatures. The largest 

response and recovery time were coming from H2S at an annealing 

temperature of 473 K at time 27 sec for response time and 96.3 sec for 

recovery time when adding 0.24wt.% ZnO, and the least response and 

recovery time were at 9.9 sec for response time and 39.6 sec for recovery 

time when adding 0.48wt.% ZnO as shown in Table (4.9). While the largest 

response and recovery time were coming from NO2 at an annealing 

temperature of 473 K at 22.5 sec for response time and 93.6 sec for 

recovery time when adding 0.24wt.% ZnO and the least response and 
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recovery time were at 9 sec for response time and 33.3 sec for recovery 

time when adding 0.48wt.% ZnO as shown in table (4.10). 

 But at an annealing temperature of 573 K, the largest response and 

recovery time were coming from H2S, with 22.5 sec for response time and 

90.9 sec for recovery time when adding 0.24wt.% ZnO and the least 

response and recovery time were at 8.1 sec for response time and 32.4 sec 

for recovery time when adding 0.48wt.% ZnO, as shown in Table (4.11). 

While the largest response and recovery time were coming from NO2 with 

an annealing temperature of 573 K at 20.7 sec for response time and 81 sec 

for recovery time when adding 0.24wt.% ZnO and the least response and 

recovery time were at 7.2 sec for response time and 28.8 sec for recovery 

time when adding 0.48wt.% ZnO, as shown in table (4.12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.67): The plot of response time and recovery time with the operating 

temperature for Bi2O3 pure for H2S gas sensor at 473 K. 
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Figure (4.68): The plot response time and recovery time with operating temperature 

for a concentration of 0.12 wt.% ZnO nanoparticles for (Bi2O3:ZnO thin films for an 

H2S gas sensor at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.69): The plot response time and recovery time with operating temperature 

for a concentration of 0.24 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

H2S gas sensor at 473 K. 
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Figure (4.70): The plot response time and recovery time with operating temperature 

for a concentration of 0.36 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

H2S gas sensor at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.71): The plot response time and recovery time with operating temperature 

for a concentration of 0.48 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

H2S gas sensor at 473 K. 
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Figure (4.72): The plot of response time and recovery time with the operating 

temperature for 𝑩𝒊𝟐𝑶𝟑 pure for 𝑵𝑶𝟐 gas sensor at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.73): The plot response time and recovery time with operating temperature 

for a concentration of 0.12 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

NO2 gas sensor at 473 K. 
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Figure (4.74): The plot response time and recovery time with operating temperature 

for a concentration of 0.24 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

NO2 gas sensor at 473 K. 

 

 

 

 

 

 

 

 

 

 

Figure (4.75): The plot response time and recovery time with operating temperature 

for a concentration of 0.36 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

NO2 gas sensor at 473 K. 
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Figure (4.76): The plot response time and recovery time with operating temperature 

for a concentration of 0.48 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

NO2 gas sensor at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.77): The plot of response time and recovery time with the operating 

temperature for Bi2O3 pure for H2S gas sensor at 573 K. 
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Figure (4.78): The plot response time and recovery time with operating temperature 

for a concentration of 0.12 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

H2S gas sensor at 573 K. 

 

Figure (4.79): The plot response time and recovery time with operating temperature 

for a concentration of 0.24 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

H2S gas sensor at 573 K. 

12

13

14

15

16

17

18

19

20

21

22

23

40

50

60

70

80

90

200.0 220.0 240.0 260.0 280.0 300.0

R
es

p
o
n

se
 T

im
e 

(s
)

R
ec

o
v
e
ry

 T
im

e 
(s

)

Operation Temperature (0C)

Recover time (sec)

Response time(sec)



Chapter Four                                            Results and Discussion 

127 
 

 

Figure (4.80): The plot response time and recovery time with operating temperature 

for a concentration of 0.36 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

H2S gas sensor at 573 K. 

 

Figure (4.81): The plot response time and recovery time with operating temperature 

for a concentration of 0.48 wt.% ZnO nanoparticles for (Bi2O3 :ZnO) thin films for an 

H2S gas sensor at 573 K. 
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Figure (4.82): The plot of response time and recovery time with the operating 

temperature for Bi2O3 pure for NO2 gas sensor at 573 K. 

 

Figure (4.83): The plot response time and recovery time with operating temperature 

for a concentration of 0.12 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

NO2 gas sensor at 573 K. 
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Figure (4.84): The plot response time and recovery time with operating temperature 

for a concentration of 0.24 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

NO2 gas sensor at 573 K. 

 

Figure (4.85): The plot response time and recovery time with operating temperature 

for a concentration of 0.36 wt.% ZnO nanoparticles for (Bi2O3:ZnO thin films for an 

NO2 gas sensor at 573 K. 
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Figure (4.86): The plot response time and recovery time with operating temperature 

for a concentration of 0.48 wt.% ZnO nanoparticles for (Bi2O3:ZnO) thin films for an 

NO2 gas sensor at 573 K. 
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Table (4.9): The gas sensor characteristics results to H2S gas of (Bi2O3:ZnO) thin 

films at 473 K. 

 

 

 

 

 

 

 

 

 

 

Con. ZnO 

NPs wt.% 

Operation 

Temperature 

C)0( 

Sensitivity 

(%) 

Response time 

 (sec) 

Recover time 

(sec) 

pure 

200 0.7769 18.9 52.2 

250 6.7729 20.7 46.8 

300 4.4531 27 44.1 

0.12 

200 3.0379 11.7 53.1 

250 32.9189 18 52.2 

300 20.6716 21.6 49.5 

0.24 

200 9.5179 14.4 96.3 

250 38.0110 18.9 56.7 

300 15.0289 27 40.5 

0.36 

200 2.4729 17.1 84.6 

250 51.7435 19.8 52.2 

300 28.1609 24.3 43.2 

0.48 

200 22.0588 9.9 51.3 

250 68.4337 16.2 46.8 

300 40.4025 23.4 39.6 
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Table (4.10): The gas sensor characteristics results to NO2 gas of (Bi2O3:ZnO) thin 

films at 473 K. 

 

 

 

 

 

 

 

 

 

 

 

 

Con. ZnO 

NPs wt.% 

Operation 

Temperature 

C)0( 

Sensitivity 

(%) 

Response time 

 (sec) 

Recover time 

(sec) 

Pure 

200 9.0871 17.1 53.1 

250 40.5764 18.9 45.9 

300 4.4531 22.5 40.5 

0.12 

200 13.9325 12.6 51.3 

250 67.0525 18 50.4 

300 20.6716 21.6 47.7 

0.24 

200 9.5179 20.7 93.6 

250 86.3337 21.6 62.1 

300 28.9855 22.5 54 

0.36 

200 23.7001 19.8 87.3 

250 89.4860 20.7 56.6 

300 28.1609 22.5 45.9 

0.48 

200 22.0588 9 44.1 

250 99.9022 11.7 36.9 

300 41.3015 20.7 33.3 
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Table (4.11): The gas sensor characteristics results to H2S gas of (Bi2O3:ZnO) thin 

films at 573 K. 

 

 

 

 

 

 

 

 

 

 

 

Con. ZnO 

NPs wt.% 

Operation 

Temperature 

C)0( 

Sensitivity 

(%) 

Response time 

 (sec) 

Recover 

time 

(sec) 

Pure 

200 9.3283 19.26 49.5 

250 36.4664 20.7 45.9 

300 3.1822 21.6 41.4 

0.12 

200 11.2449 15.3 53.1 

250 49.1794 18.9 49.5 

300 0.6944 21.6 45 

0.24 

200 14.8871 12.6 90.9 

250 64.6743 18.9 50.4 

300 5.2023 22.5 40.5 

0.36 

200 27.8787 18 81.9 

250 72.8715 19.8 50.4 

300 8.6690 21.96 44.1 

0.48 

200 30.8343 8.1 53.1 

250 81.2949 9 41.4 

300 6.5510 13.5 32.4 



Chapter Four                                            Results and Discussion 

134 
 

Table (4.12): The gas sensor characteristics results to NO2 gas of (Bi2O3:ZnO) thin 

films at 573 K. 

 

 

 

 

 

 

 

 

 

 

Con. ZnO 

NPs wt.% 

Operation 

Temperature 

C)0( 

Sensitivity 

(%) 

Response time 

 (sec) 

Recover 

time 

(sec) 

Pure 

200 13.5658 17.1 46.8 

250 56.7510 18 43.2 

300 13.5004 20.7 41.4 

0.12 

200 14.2449 14.4 46.8 

250 74.9113 18 44.1 

300 27.1929 19.8 43.2 

0.24 

200 14.8871 17.1 81 

250 86.0514 19.8 61.2 

300 33.3333 20.7 49.5 

0.36 

200 26.611 11.7 79.2 

250 99.5240 15.3 45.9 

300 29.4158 18 38.7 

0.48 

200 35.5101 7.2 53.1 

250 153.9753 15.3 41.4 

300 34.1147 19.8 28.8 
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5.1 Conclusions 

According to the results that showed the effect of adding zinc oxide 

on the synthetic materials, optical and electrical properties, and the gas 

sensor, the following conclusions were reached: 

1- X-ray diffraction showed that the ZnO concentration decreases the 

average crystal size. Furthermore, the average stress and dislocation 

values are calculated using the XRD data. 

2- The results of the structural properties of the FTIR spectrum of the thin 

films showed that all the peaks of most of the absorption bonds remain in 

the same location of the wavelengths, i.e., no chemical reaction occurred. 

3- AFM images of thin films appear to be a uniform granular surface. When 

the ZnO percentage increases, the roughness average and the root mean 

square (RMS) also increases, where RMS is increases from 1.04 nm to 

5.12 nm for annealing temperature 473 K and from 0.571 nm to 2.22 nm 

for annealing temperature 573 K. 

4- SEM images showed that (Bi2O3:ZnO) films show uniform density, 

aggregates, or pieces randomly distributed grains on the top surface 

morphology of the films, but when the doping ratio of ZnO nanoparticles 

to compounds is increased, they form a continuous network inside the thin 

film. 

5- The absorbance and absorption coefficient of (Bi2O3:ZnO) thin films 

increases with the increasing concentrations of (ZnO) nanoparticles. 

Refractive index, extinction coefficient, and dielectric constant (real, 

imaginary) are increasing and optical conductivity with the increasing of 

concentrations nanoparticles. While The energy gap for direct transition 

(allowed, forbidden) of (Bi2O3:ZnO) thin films decreases with the 

increasing of the concentrations of (ZnO) nanoparticles. Also, the 

transmittance decreases with the increase in the additives (ZnO). Since the 
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transmittance is high in the visible light region, it can be used as a window 

glass for the solar cell. 

6- The increasing in the concentration of (ZnO) nanoparticles and an 

increasing in temperature leads to an increasing in the DC electrical 

conductivity of (Bi2O3:ZnO) thin films. The activation energy is lower 

when there is a higher concentration of (ZnO) nanoparticles. 

7- The dielectric constant, dielectric loss and A.C electrical conductivity of 

(Bi2O3:ZnO) thin films increase with increasing (ZnO) nanoparticles 

concentrations. The dielectric constant and dielectric loss of thin films are 

decreased with increasing frequency. A.C electrical conductivity is 

increased with the increase of the frequency. 

8-  The (Bi2O3:ZnO) gas sensor was successfully fabricated on a glass 

substrate and tested for two different gases, H2S and NO2. The results 

show H2S that annealed 573 K gas sensors have higher sensitivity and 

higher response time while it has lower recovery time compared to 

annealed 473 K gas sensors. While the annealed 573 K gas sensor NO2 

has higher sensitivity and response time, while it has a lower recovery 

time compared to the annealed 473 K gas sensor. 

9- When comparing the deposited films from (Bi2O3:ZnO ) for Gases H2S 

and NO2, it was found that the best results can be obtained at an annealing 

temperature of 573 K and for gas NO2. 
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5.2 Future Works 

1  -Prepare a thin film of Bi2O3 with different impurities such as (AL, Cu, and 

In) on a glass substrate and study the effect of doping on the physical and 

sensor properties of the prepared films. 

2 - Study the effect of the substrate type on the sensor properties of the thin 

film. 

3  -Studying thin films (Bi2O3:ZnO) as a photodetector application. 

4  - Study of (Bi2O3:ZnO) thin films as a UV detector. 

5- Studying different annealing temperatures for those used in this study and 

their effect on structural, optical and gas sensing properties. 

6- Study different thicknesses of the prepared films and their effect on gas   

sensing. 

7- A study of the effect of humidity on the gas sensitivity of thin films. 
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