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ABSTRACT 

Undoped and boron (B) doped zinc oxide (ZnO) thin films are synthesized onto glass 

substrate by spray pyrolysis technique (SPT) at various substrate temperatures (300 - 450 

°C). Concentration of B are varied between 0.50 and 1.50 at% at the step of 0.25 at% during 

preparation of B doped ZnO (ZnO: B) thin films. The effect of change of substrate 

temperature and doping concentration of B on the structural, optical and electrical properties 

of the ZnO thin films is studied. Scanning electron microscopy (SEM) is used to study the 

surface morphology of ZnO and ZnO: B thin films. The SEM images show that the glass 

substrates are nicely covered by fibrous and non-fibrous film. Nanofibers of various 

thicknesses (200- 550 nm) are observed around the nucleation center of the thin films in the 

SEM images. Energy dispersive X-ray (EDX) analysis illustrates that the ZnO and ZnO: B 

films are very close to nominal composition. Quantitative analysis shows that at% of B 

increases with the increase of B concentration in ZnO: B thin films. X-ray diffraction (XRD) 

patterns of ZnO and ZnO: B thin films show polycrystalline hexagonal wurtzite type of 

crystal structure. The reflections for (100), (002), (101) and (110) planes are found, among 

which (002) is the dominant peak. Lattice constants (𝑎 and c) are calculated for the prominent 

peaks. The values of 𝑎 are found between 3.2365 and 3.2624 Å and those of c are found 

between 5.1877 and 5.3089 Å. The c/𝑎 ratio is very close to that for an ideal hexagonal 

structure. Crystallite size of the thin films varies from 27 to 88 nm. Crystallite size decreases, 

whereas microstrain and dislocation density increase with the increase of B concentration in 

ZnO: B thin films. Transmittance and absorbance of ZnO and ZnO: B thin films are measured 

by UV-visible spectroscopy and optical band gap, refractive index, extinction coefficient, 

dielectric constants and optical conductivity are calculated from those data. Transmittance 

and optical band gap (3.11 - 3.33 eV) increase and refractive index, extinction coefficient, 

dielectric constants and optical conductivity decrease with increasing B concentration. 

Electrical resistivity of ZnO: B thin films are measured at room temperature and in the range 

of temperature 298 – 423 K by linear four point probe method. Resistivity of ZnO: B thin 

films decrease both with the increase of B concentration and temperature. Activation energy 

of ZnO: B thin films are obtained between 0.27 and 0.52 eV. 
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CHAPTER 1 

INTRODUCTION 
 

1.1 Introduction 

Transparent conducting oxide (TCO) thin films have been an interesting topic in the 

field of materials research in past years. Among the other TCO‟s, Zinc oxide (ZnO) is a 

popular one due to its interesting structural, chemical, optical, electrical, etc. properties.  

Research work based on synthesis and characterization of ZnO and ZnO-based alloys (such 

as AlZnO, BZnO, CuZnO, MgZnO, CdZnO, CoZnO, MnZnO, etc.) are being encouraged 

more and more in recent years. ZnO has many practical applications such as light-emitting 

diodes (LEDs), ultraviolet (UV) photodetectors, UV-blue semiconductor laser, window 

layers, heat reflectors in solar cells, flat panel displays, electro-chromic devices, various gas 

sensors, surface acoustic wave devices, etc. [1-6]. Growth and characterization of ZnO crystal 

were being investigated extensively in the early years from 1950-1960 [7]. In early 1990‟s 

the research wave for this material was accelerated by the demand of new opto-electronic 

devices. Because of the unique characteristics, ZnO is considered to be a very promising 

alternative of III-V compound semiconductors (such as GaN, GaAs, InAs, etc) for fabrication 

of opto-electronic devices in the blue to UV range. Most of the recent interests on ZnO 

materials have been focused on the future potentials of UV-blue LEDs and UV-blue lasers.  

ZnO is a II-VI compound semiconductor with some important properties. The crystalline 

structure of ZnO is hexagonal wurtzite type with lattice constants of ɑ=3.253 Å and c=5.215 

Å [8]. It has large exciton binding energy of 60 meV and direct band gap energy of 3.3 eV at 

room temperature [8, 9]. It has high transparency, high electron mobility, n-type electrical 

conductivity and low resistivity [9, 10]. Such attractive properties make it useful in 

fabrication of UV laser diode and other exciton related LEDs to be operated at room 

temperature. ZnO is one of the “hardest” materials in II-VI compound semiconductors due to 
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the higher melting point and larger cohesive energy. The constituent elements of ZnO are 

abundant and relatively of low cost. It is nontoxic, thus causes no harmful effect to the 

environment. Interfacial energy between ZnO and sapphire or other oxide substrates is such 

that two-dimensional growth is favored, which results in high quality films at lower 

temperature. 

Various deposition techniques, such as chemical vapor deposition (CVD) [10], pulsed laser 

deposition (PLD) [11], rf-magnetron sputtering [12], Sol-gel [13], molecular beam epitaxy 

(MBE) [14], spray pyrolysis [15], atomic layer deposition [16], etc. have been used to 

synthesize ZnO thin films. Each of the techniques has its advantages and limitations. Spray 

pyrolysis technique (SPT) is one of the simplest and low cost techniques among the different 

methods. Besides, this technique might be used for large-area thin film deposition without 

any high vacuum system. 

ZnO and doped ZnO thin films are being synthesized and characterized elaborately in last 

few years. ZnO can form alloy with many transition metals (Cr, Mn, Fe, Co, Ni, Cu, etc.), 

poor metals (Al, Ga, Cd, In, etc.) and non-metals (B, N, F, etc.). Doping causes changes in 

structural, optical and electrical properties of ZnO. The main purposes for the preparation of 

ZnO alloys are band gap tuning and construction of the super-lattice hetero-structures with 

less lattice mismatches. The fabrication and characterization of these hetero-structures are 

key to realization of ZnO-based devices as the alternatives for III-V semiconductors (such as 

GaN, GaAs). For example Mg doping in ZnO causes increase in band gap value. Band gap 

shifts in ZnO due to doping may be attributed to Berstain-Moss (BM) effect [17, 18]. When 

Mg ions substitute Zn ions in their regular lattice sites and the number of conducting carriers 

increase in the structure, the band structure of ZnO is strongly affected. As a consequence the 

band gap value is increased due to Mg doping. Although the common stable phases of ZnO 

has hexagonal and MgO has cubic crystal structures, these two materials can still be alloyed 
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with each other to form MgO-ZnO compounds. The crystal structures of such alloys can be 

either hexagonal wurtzite type or fcc depending on the relative concentrations of Mg and Zn. 

Research on ZnO- based alloys may reveal some unique features of ZnO and extend its field 

of application. 

 

1.2 A Brief Review of Research on Zinc Oxide Thin Films 

 Pure ZnO thin films [19] were prepared on silicon (1 0 0) and fused silica substrates 

by chemical SPT at various substrate temperatures. It was found that at low temperature the 

growth rate was controlled by activated process. Maximum growth rate of 15.01 nm/min was 

obtained at the substrate temperature 543 K and the ZnO thin films were very smooth with 

preferred c-axis orientation, high electrical resistivity (~ 400 Ω-cm) and an optical 

transmittance of 90 %. At higher substrate temperature the film surfaces were rough. All the 

ZnO thin films prepared at 473 K showed polycrystalline hexagonal wurtzite structure. 

Optical band gap of ZnO thin films was found between 3.33 and 3.31 eV with the increase of 

substrate temperature from 473 to 573 K. Godbole et. al. [20] prepared ZnO thin films on 

glass substrates by SPT at the substrate temperature of 400 °C.  They characterized ZnO thin 

films of different thicknesses by X-ray diffraction (XRD) and atomic force microscopy 

(AFM). They found polycrystalline nature of the thin films in XRD analysis. The grain size 

decreased and roughness of the film increased with the increase the film thickness. From the 

resistivity-temperature measurements they found that the activation energy decreased with 

the increase in thickness of the film. ZnO thin films were prepared [4] from methanolic 

solution of zinc acetyl-acetonate as a precursor and sapphire (0 0 1) as a substrate by SPT. 

XRD analysis revealed polycrystalline character of prepared films with preferential growth 

orientation along c-axis. The roughness of prepared films was assessed by AFM and 

represented by roughness root mean square (RMS) value in the range of 1.8 - 433 nm. The 
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surface morphology was mapped by SEM showing periodical structure with several local 

defects. ZnO films were transparent in the UV region and the band gap of was found to be 

3.35 eV. Raman spectroscopy confirmed wurtzite structure and the presence of compressive 

stress within its structure as well as the occurrence of oxygen vacancies. The resistivity of 

ZnO films was measured by Van der Pauw method. Resistivity was found to be 8 × 10–2 Ω-

cm with carrier density of 1.3 × 1018 cm–3 and electron mobility of 40 cm 2V–1 s–1. Kumar et 

al. [21] prepared polycrystalline ZnO thin films on glass substrate at the substrate 

temperature of 250 °C using aqueous solution of zinc acetate by SPT. The result of XRD 

clearly revealed polycrystalline nature of ZnO films with hexagonal wurtzite structure with 

the (0 0 2) preferential orientation and the grain size was computed to be 0.43 nm. The films 

exhibited excellent optical properties with transmittance of about 80 %, low absorbance and 

reflectance in the visible region. Refractive index, extinction co-efficient and energy band 

gap were calculated and the developed films had a direct band gap value of 3.2 eV. Islam et 

al. [22] prepared ZnO thin films of different thicknesses SPT onto glass substrate at 200 °C 

from an aqueous zinc acetate solution. SEM micrograph shows that films are uniform and 

nanofiber structures appear around the nucleation center. The films show direct band gap 

between 3.3 and 3.4 eV. The films exhibit low absorbance in the vis-NIR region from 450 to 

1000 nm. Salaken et al. [23] studied the structural and optical properties of Fe-doped ZnO 

thin films prepared by SPT. Results of the XRD analysis suggested that the doped Fe ions 

exist mainly in the form of Fe3+ as FeCl3 was used as dopant and the preferred orientation 

was along (1 0 1) direction. SEM and UV-vis spectroscopy revealed that ZnO the film was 

more homogeneous and more transparent for 3 at% Fe-incorporation. Taskin et al. [24] 

investigated the structural and optical properties of Co-doped ZnO thin films synthesized by 

SPT with different dopant concentrations. Co-doped ZnO films showed good crystalline 

structure suggesting the substitution of Zn ion by Co ion as evident from XRD and UV-vis 
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spectrum. Nanofibers were observed in both pure and Co doped ZnO thin films by SEM. The 

optical transmissions of the films were found to decrease from 80 to 70 % with the increase 

of Co doping. The films showed a decrease in direct band gap with increasing doping 

concentration in the range 3.2 – 2.7 eV. The conductivity increased with the increase of Co 

concentration. 

Textured and low-resistivity ZnO thin films [10] were prepared onto glass substrate by 

metalorganic chemical vapor deposition (MOCVD) at the substrate temperatures between 

100 and 300 °C. The B2H6 gas was used for an n-type doping. It was found that the electrical 

properties of films were strongly dependent on growth conditions and film thickness. The 

film with the thickness 2 μm deposited at the substrate temperature of 150 °C had the sheet 

resistivity of 10 Ω-cm. The crystal orientation and grain structure changed with the increase 

of B2H6 flow rate. Kumar et al. [25] reported the structural, transport and optical properties of 

ZnO: B thin films grown on glass substrate by sol-gel spin coating process. It is observed 

from the XRD analysis results that the crystalline quality of the film is improved with 

increasing B concentration. A crystallite size of ~17 nm is obtained for B doped films. A 

minimum resistivity of 7.9 x 10-4 Ω-cm is formed at 0.6 at% of B concentration in the ZnO: B 

films. Optical interference pattern in transmittance spectra shows good homogeneity with a 

transparency of ~ 88% in the visible region and the band gap of the films is increased from 

3.24 to 3.35 eV with increasing B concentration. Avis et al. [26] studied the effect of B 

doping on the structural and electrical properties of ZnO thin films deposited on glass 

substrate by DC magnetron sputtering method. XRD and Raman intensities were analyzed to 

see the change in the structure and Hall Effect was measured to have an insight into the 

carrier concentration and the Hall mobility for the B doped ZnO films. B doped ZnO film 

exhibited a sheet resistance of 0.9 kΩ/square, Hall mobility of 22 cm2/Vs and carrier 

concentration of 4.8 × 1019 cm−3.  



 

6 
 

Undoped and boron (B) doped ZnO (ZnO: B) thin films [27] were prepared by SPT. The 

films obtained with 0.8 wt% doping of B exhibited low resistivity and average transmittance 

was found to be 90 %. XRD analysis showed that the ZnO: B thin films were crystalline and 

well oriented along the (0 0 2) plane. Highly transparent and conducting ZnO: B thin films 

were deposited by Yadav et al. [28] using spray CVD technique. The structural analysis 

showed that the films were polycrystalline with preferential orientation along [0 0 2] 

direction. For 0.8 at% B doping concentration the films exhibited higher carrier concentration 

≈ 1020 cm-3 with lower resistivity of 0.39 x 10-3 Ω-cm and optical transmittance ≈ 90%. Pawar 

et al. [29] prepared highly transparent and conducting ZnO: B thin films on glass substrate 

using chemical SPT. Low angle XRD analysis showed that the films were polycrystalline 

with a hexagonal wurtzite structure and had preferred orientation in [0 0 2] direction. The 

films with resistivity 2.54 x 10-3 Ω-cm and optical transmittance ~ 90% were obtained at 1 

at% B doping concentration. The optical band gap of ZnO: B films were found to be 3.27 eV.  

On the basis of the literature survey it is seen that a lot of research work has been carried on 

the preparation and characterization of pure and doped ZnO thin films. A range of deposition 

techniques have been used for the synthesis of B doped ZnO thin films under various 

deposition conditions. The effect of variation of substrate temperature and film thickness on 

the structural, optical and electrical properties of B doped ZnO thin films deposited by SPT 

have not been explored extensively. So, the aim of the present work is to study those above 

mentioned properties elaborately.  

 

1.3 Objectives of The Present Work 

 The objectives of the present study are to synthesize ZnO and ZnO: B thin films by 

locally fabricated SP system and to characterize those thin films by using various 

experimental techniques. The effect of substrate temperature and dopant concentration on the 
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structural, optical and electrical properties of the thin films is to be studied elaborately. 

Because the quality of thin films can be controlled by controlling these parameters, the thin 

films from aqueous solutions might have great advantages on economy and capacity of large 

area deposition. It is expected that optically transparent and homogeneous thin films can be 

synthesized by using this low cost technique. These thin films may have expected electrical 

and optical properties to find applications in sensors, electronic and optoelectronic devices, 

etc. 

In the present work ZnO and ZnO: B thin films would be synthesized on to glass 

substrate by a SPT. Based on these research challenges discussed above, the objectives of this 

work are as follows: 

1. ZnO and ZnO: B thin films would be synthesized at various substrate temperatures 

with different B concentrations. 

2. Surface morphology of the ZnO and ZnO: B thin films would be studied by scanning 

electron microscopy (SEM). 

3. Chemical composition of the ZnO and ZnO: B thin films will be studied by energy 

dispersive X-ray (EDX) analysis. 

4. Crystal structure of the ZnO and ZnO: B thin films would be studied by XRD. 

5. Direct current (DC) electrical conductivity of the thin films would be determined by 

linear four point probe method.  

6. Transmittance, absorbance, optical absorption coefficient, optical band gap (Eg), 

refractive index, dielectric constants, etc. would be determined from UV-visible 

spectra.  

Finally, the structure-property behavior in relation to B concentration and substrate 

temperature would be discussed. This may indicate a better scope to find applications of the 

material in different devices. 



 

8 
 

References  

[1 ] Nakamura, S., Fasol, G., “The Blue Laser Diode”, Springer: Berlin, (1997). 

[2 ] Bagnall, D. M., Chen, Y. F., Zhu, Z., Yao, T., Koyama, S., Shen, M. Y., Goto, T., 

“Optically pumped lasing of ZnO at room temperature”, Appl. Phys. Lett., 70, 2230-

2232, (1997). 

[3 ] Tripathi, B., Patel, M., Ray, A., Kumar, M., “Influence of optical properties of ZnO thin 

films deposited by spray pyrolysis and rf magnetron sputtering on the output 

performance of silicon solar cell”, IOP Conf. Series: Mater. Sci. Eng.43, 012002, 1-5, 

(2013). 

[4 ] Nádherný, L., Sofer, Z., Sedmidubský, D., Jankovský, O.  Mikulics, M., “ZnO thin 

films prepared by spray-pyrolysis technique from organo-metallic precursor”, Ceramics 

– Silikáty, 56 (2), 117- 121, (2012). 

[5 ] Shakti, N., Gupta, P.S., “Structural and Optical Properties of Sol-gel Prepared ZnO 

Thin Film”, Appl. Phys. Res. 2 (1), 21, (2010). 

[6 ] Gorla, C. R., Emanetoglu, N.W., Liang, S., Mayo, W.E., Lu, Y., Wraback, M., Shen, 

H., “Structural, optical, and surface acoustic wave properties of epitaxial ZnO films 

grown on (01 2) sapphire by metalorganic chemical vapor deposition”, J. Appl. Phys. 

85, 2595, (1999). 

[7 ] White, E. A. D., “Current Topics in Materials Science”, Vol.3 (edited by E. Kaldis ), 

North-Holland Publishing Company: Amsterdam, (1981). 

[8 ] Khan, Z. R., Khan, M. S., Zulfequar, M., Khan, M. S., “Optical and Structural 

Properties of ZnO Thin Films Fabricated by Sol-Gel Method”, Mater. Sci. Appl. 2, 340- 

345, (2011). 

[9 ] Janotti, A., Van de Walle, C.G., “Fundamentals of zinc oxide as a semiconductor”, Rep. 

Prog. Phys., 72, 126501,1-29, (2009) 

[10 ] Wenas, W.W., Yamada, A., Takahashi, K., Yoshino, M., Konagai, M., “Electrical and 

optical properties of boron-doped ZnO thin films for solar cells grown by metalorganic 

chemical vapor deposition”, J. Appl. Phys., 70(11), 7119- 7123, (1991). 



 

9 
 

[11 ] Zhao, L., Lian, J., Liu, Y., Jiang, Q., “Structural and optical properties of ZnO thin 

films deposited on quartz glass by pulsed laser deposition”, Appl. Surf. Sci., 252, 8451- 

8455, (2006). 

[12 ] Kim, K. K., Song, J. H., Jung, H. J., Park, S. J., “The grain size effects on the 

photoluminescence of ZnO/α-Al2O3 grown by radio-frequency magnetron sputtering”, 

J. Appl. Phys., 87, 3573- 3575, (2000). 

[13 ] Nagase, T., Ooie, T., Nakatsuka, Y., Shinozaki, K., Mizutani, N., “A Novel Method for 

the Preparation of Green Photoluminescent Undoped Zinc Oxide Film Involving 

Excimer Laser Irradiation of a Sol-Gel-Derived Precursor”, Jpn. J. Appl. Phys., 39, 

L713-L715 (2000). 

[14 ] Chen, Y. F., Bagnall, D., Yao, T. F., “ZnO as a novel photonic material for the UV 

region”, Mater. Sci. Eng. B. 75, 190- 198, (2000). 

[15 ] Studenikin, S. A., Golego, N., Cocivera, M., “Optical and electrical properties of 

undoped ZnO films grown by spray pyrolysis of zinc nitrate solution”, J. Appl. Phys. 

83, 2104-2111, (1998). 

[16 ] Yamada, A., Konagai, M., “Atomic Layer Deposition of ZnO Films and Their 

Application to Solar Cells”, Sol. Stat. Phenomena. 67(8), 237-248, (1999). 

[17 ] Burstein, E., “Anoma1ous Optical Absorption Limit in InSb”, Phys.Rev., 93, 632-633, 

(1954). 

[18 ] Ziabari, A. A., Rozati, S.M., “Carrier transport and band gap shift in n-type degenerate 

ZnO thin films: The effect of band edge Nonparabolicity”, Physica B., 407, 4512–4517, 

(2012). 

[19 ] Ayouchi, R., Martin, F., Leinen, D., Barrado, J. R. R., “Growth of pure ZnO thin films 

prepared by chemical spray pyrolysis on silicon”, J. Cryst. Growth, 247, 497-504, 

(2003). 

[20 ] Godbole, B., Badera, N., Shrivastava, S., Jain, D., Ganesan, V., “Growth Mechanism of 

ZnO Films Deposited by Spray Pyrolysis Technique”, Mater. Sci. Appl., 2, 643- 648, 

(2011). 



 

10 
 

[21 ] Kumar, R. A., Manivannan, V., Krishnaraj, S., “Growth and Characterization of ZnO 

Nano thin films using Spray Pyrolysis”, Int. J. Res. Pure Appl. Phys., 3(4), 39-42, 

(2013). 

[22 ] Islam, M. R., Podder, J., “Optical properties of ZnO nano fiber thin films grown by 

spray pyrolysis of zinc acetate precursor”, Cryst. Res. Technol., 44(3), 286-292, (2009). 

[23 ] Salaken, S. M., Farzana, E., Podder, J., “Effect of Fe-doping on the structural and 

optical properties of ZnO thin films prepared by spray pyrolysis”, J. Semicon., 34(7), 

073003,1-6, (2013). 

[24 ] Taskin, M., Podder, J., “Structural, Optical and Electrical Properties of Pure and Co- 

Doped ZnO Nano Fiber Thin Films Prepared by Spray Pyrolysis”, App. Sci. Report. 2 

(3), 107-113, (2014). 

[25 ] Kumar, V., Singh, R.G., Purohit, L.P., Mehra, R.M., “Structural, Transport and Optical 

Properties of Boron-doped Zinc Oxide Nanocrystalline”, J. Mater. Sci. Technol., 27(6), 

481-488, (2011). 

[26 ] Avis, C., Kim, S. H., Kim, K. H., Jang, J., Hong, S. J., Nam, Y. D., Hur, J. H., “B-Ion 

Doping Effect in ZnO Thin-Films”, J. Korean Phys. Soc. 54(1), 535-538, (2009). 

[27 ] Lokhande, B. J., Patil, P.S., Uplane, M.D. “Studies on structural, optical and electrical 

properties of boron doped zinc oxide films prepared by spray pyrolysis technique”, 

Physica B., 302–303, 59-63, (2001). 

[28 ] Yadav, S. C., Uplane, M. D., “Synthesis and properties of Boron doped ZnO thin films 

by spray CVD technique at low substrate temperature”, Int. J. Eng. Sci. Technol., 4(12), 

4893-4898, (2012). 

[29 ] Pawar, B. N., Jadkar, S.R., Takwale, M.G., “Deposition and characterization of 

transparent and conductive sprayed ZnO: B thin films”, J. Phys. Chem. Sol., 66, 1779-

1782, (2005). 

 

 

  



 

 

 

 

 

 

 

 

CHAPTER 2 

MATERIALS AND DEPOSITION TECHNIQUES 

  



 

11 
 

CHAPTER 2 

MATERIALS AND DEPOSITION TECHNIQUES 

In this chapter, basic properties and applications of ZnO are discussed in brief. The structural, 

optical and electrical properties of ZnO are discussed in details. In this work, B has been used 

as the dopant material. So, it is very important to know the basic properties of B and its oxide 

compound (B2O3). There is a short discussion on B in this chapter. Basic principles of various 

this film deposition techniques are also been discussed later. 

 

2.1 Properties of Zinc Oxide 

ZnO has attracted much attention of the scientists as a promising material. ZnO has 

been widely studied since the year 1935 [1]. ZnO based electronic and optoelectronic devices 

are very popular. It is a very nice coating material and also used in pressure sensors. There 

are many more uses of ZnO which make it an important material for research. Table: 1 shows 

some basic properties of ZnO. 

Table: 1. Basic properties of ZnO 

Name of the Property Value/Type 
Molecular formula ZnO 
Material type II-VI compound 

semiconductor 
Molar mass 81.408 g/mol 
Appearance White solid 
Odor Odorless 
Density 5.606 g/cm3 
Melting point 1975 °C (decomposes) 
Boiling point 1975 °C (decomposes) 
Solubility in water Insoluble 
Band gap (room temperature) 3.3 eV (direct)  
Exciton binding energy (room 
temperature) 

60 meV 

Dielectric constant 8.5 
Refractive index(nD) 2.0041 
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From Table 1 it is seen that ZnO has a wide band gap of 3.3 eV and a large exciton binding 

energy of 60 meV at room temperature. These two properties make ZnO an important 

material for blue and ultra-violet optical devices. ZnO has several advantages over gallium 

nitride (GaN) in this application range. ZnO has the ability to grow on single crystal 

substrates.  ZnO is non-toxic and thermally stable; hence it is widely used as coating material. 

There are some other good aspects of ZnO such as its broad chemistry leading to many 

opportunities for wet chemical etching, low power threshold for optical pumping, radiation 

hardness and biocompatibility. Collectively, these properties of ZnO make it one of the ideal 

candidates for a variety of devices. Its applications range from sensors and ultra-violet laser 

diodes to display systems. Extensive research on ZnO and the alloys based on ZnO may 

discover more new type of applications of the material.  

 

2.1.1 Structure of zinc oxide 

ZnO shows crystallization in two major forms, hexagonal wurtzite [2] and cubic zincblende. 

The wurtzite structure is most stable at ambient conditions and thus most commonly found in 

ZnO. The zincblende form can be stabilized by growing ZnO on substrates with cubic lattice 

structure. For both the cases, the Zn and O form tetrahedrons, the most characteristic 

geometry for Zn (II). ZnO converts to the rocksalt motif at relatively high pressures about 10 

GPa [3]. Hexagonal and zincblende polymorphs have no inversion symmetry. Lattice 

symmetry properties result in piezoelectricity of the hexagonal and zincblende ZnO, and 

pyroelectricity of hexagonal ZnO. The lattice constants are a = 3.25 Å and c = 5.2 Å; their 

ratio c/a ~ 1.60 is close to the ideal value for hexagonal cell c/a = 1.633 [4]. As in most group 

II-VI materials, the bonding in ZnO is largely ionic (Zn2+–O2–). The radii of Zn2+ and O2- are 

0.074 nm and 0.140 nm, respectively. This property accounts for the preferential formation of 
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wurtzite rather than zincblende structure [5] as well as the strong piezoelectricity of ZnO. 

Because of the polar Zn-O bonds, Zn and O planes are electrically charged.  

Figure 2.1 shows a hexagonal wurtzite unit cell of ZnO. The number of the nearest neighbors 

in wurtzite is four. Each O (or Zn) ion is tetrahedrally surrounded by four Zn (or O) ions. 

Furthermore each ion also has twelve next-nearest neighbors of the same type of ions. The O-

Zn distance of the nearest neighbors is 1.992 Å in the direction parallel to the c-axis of the 

hexagonal unit cell and 1.973 Å in the other three directions of the tetrahedral arrangement 

[6]. The tetrahedral arrangement of the nearest neighbors indicates the covalent bond between 

the Zn and O atoms. The covalent radii of Zn and O were reported to be 1.31 Å and 0.66 Å, 

respectively [7] ZnO is an- isotropic crystal with the symmetry of point group of C6v (or 

6mm). Group C6v is the point group of the hexagonal wurtzite structure, which includes 

rotations by ±60°, ±120°, and ±180° around the hexagonal axis and two sets of three 

equivalent mirror planes that are parallel to the hexagonal axis. 

 

Figure 2.1: The hexagonal wurtzite structure of ZnO  

There are 12 phonon modes corresponding to 4 atoms per unit cell in a single crystal wurtzite 

ZnO. Phonon modes are important for understanding the thermal, electrical and optical 

properties of the crystal. There are one longitudinal acoustic (LA), two transverse-acoustic 

Zn 

O 

The shadowed regions 
represent tetrahedron 
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(TA), three longitudinal-optical (LO) and six transverse-optical (TO) branches. The A1 and 

E1 branches are Raman and infrared active, while the two E2 branches (non-polar) are only 

Raman active. The E2
low mode is associated with the vibrations of the Zn sub-lattice, whilst 

the E2
high mode is associated with the oxygen atoms only. The B1 branches are always 

inactive. The phonon modes of ZnO have been extensively studied and modeled.  

 

2.1.2 Optical properties 

Energy Band structure and lattice dynamics influence the optical properties of ZnO very 

strongly. To understand optical properties of ZnO it is necessary to know the excitonic 

behavior of the material. Excitonic recombinations in bulk n-type ZnO is explained nicely by 

the work of Meyer et al. [8]. This work gives a comprehensive treatment and analysis of the 

excitonic spectra obtained from ZnO, and assigns many defect related spectral features and 

donor–acceptor pair (DAP) emission. A broad defect related peak extending from about 1.9 

to 2.8 eV is also a common optical feature of ZnO. Known as the green band, the origin of its 

luminescence is still not well understood and has in the past been attributed to a variety of 

different impurities and defects. Figure 2.2 shows a typical photoluminescence spectra of n-

type ZnO measured at 4.2 K. The excitonic, DAP and extended green band emission can all 

be clearly seen, as can the phonon replicas produced from the LO phonons. Due to the lack of 

available data on p-type ZnO, a corresponding spectrum is not shown here.  
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Figure 2.2: Photoluminescence spectrum of n-type bulk ZnO (HeCd excitation) showing 

excitonic, donor acceptor pair and green-band emission [8] 

  

Figure 2.3: Refractive-index dispersion of ZnO for (a) E ┴ c and (b) E ║ c below the 

fundamental absorption edge [9] 

Numbers of works have been reported on the determination of fundamental optical properties 

of ZnO, such as refractive index and dielectric constants of this material [9-11]. The 

measurements are all carried out using spectroscopic ellipsometry. The values have been 

determined for the dielectric constants of ZnO are shown in Table: 2. 
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Table: 2. Static (εo) and high frequency dielectric constant (ε∞) data for ZnO [10, 11]. 

Film [10]               Bulk [10]                   Bulk [9] 
 

εo E ┴ C 7.46 7.77  

E║ C 8.59 8.91  
ε∞ E ┴ C 3.7 3.6 3.68 

E║ C 3.78 3.66 3.72 

 

2.1.3 Electrical properties 

ZnO is an n-type semiconductor. The electrical properties of ZnO vary a lot due to carrier 

concentration. The background carrier concentration depends a lot upon the quality of the 

layers, but is usually~1016 cm−3. The largest reported n-type doping is ~1020 electrons cm−3 

and largest reported p-type doping is ~1019 holes cm−3. But such a heavy doping cause high 

level of p-type conductivity and has not been verified experimentally [12]. ZnO has the value 

of exciton binding energy (60 meV) at room temperature (300 K). Such a large value of 

exciton binding makes ZnO very suitable in fabrication of optoelectronic devices. ZnO has a 

large and direct band gap of 3.3 eV at 300 K which makes useful for high power and high 

temperature operations. The ZnO-devices make less noise; have high breakdown voltage and 

ability to sustain large electric field. The electron effective mass is 0.24m0, and the hole 

effective mass is 0.59m0. The corresponding electron Hall mobility at 300K for low n-type 

conductivity is µ=200 cm2 V−1 s−1, and for low p-type conductivity is 5–50 cm2 V−1 s− [13].  

 

2.2 Properties of Boron 

 Boron (B) is a metalloid with the atomic number 5. It is the only non-metal in group 

13 of the periodic table. General properties of B are showed in the Table: 3. B is similar to 

carbon (C) in its capability to form stable covalently bonded molecular networks. Even 

nominally disordered (amorphous) B contains regular B icosahedra which are, however, 

bonded randomly to each other without long-range order. Crystalline B is a very hard, black 

material with a high melting point of above 2000 °C. It exists in four major polymorphs: á-
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rhombohedral and â-rhombohedral (á-R and â-R), ã and â-tetragonal (â-T); á-tetragonal phase 

also exists (á-T), but is very difficult to produce without significant contamination. â-

rhombohedral B is the most thermodynamically stable allotrope of B [14]. 

Table: 3. Properties of boron 

Name of the property Value/ Type 
Atomic mass 10.81 
Crystal structure Rhombohedral 
Allotropes α-, β-Rhombohedral, β-Tetragonal, γ-

Orthorhombic 
Appearance Black-brown 
Phase Solid 
Density (when liquid at melting point)  2.08 g·cm−3 
Melting point 2076 °C 
Boiling point 3927 °C 
Atomic radius  0.09 nm (empirical) 
Ionic radius   0.041 nm  
Electrical resistivity ~106 Ω·m (at 20 °C) 

 

Chemically, B behaves more similarly to silicon than to aluminum. Crystalline B is 

chemically inert and resistant to attack by boiling hydrofluoric or hydrochloric acid. The rate 

of oxidation of B depends upon the crystallinity, particle size, purity and temperature. B does 

not react with air at room temperature, but at higher temperatures it burns to form B trioxide 

(B2O3) [15]. B is a very suitable candidate for p-type doping in semiconductors. Because it 

has three valance electron and can easily contribute holes to the material and help to increase 

p-type conductivity. But, in the case of ZnO it acts as n type doping since it replaces Zn in its 

lattice sites. 

 

2.3 Applications of Zinc Oxide 

ZnO is an attractive material for applications in electronics, photonics, sensing and 

acoustics. It is a key element in various industrialized processes such as paints, cosmetics, 

pharmaceuticals, plastics, batteries, electrical equipment, rubber, soap, textiles, floor 
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coverings, etc. Growth technologies of ZnO single crystals, epitaxial layers, nanostructures, 

and nanoparticles are improving day by day. In future, ZnO devices will become increasingly 

functional and exotic. ZnO-based nanostructures including nanowire arrays hold a host of 

opportunities for flat screen displays, field emission sources, gas, chemical [16] and 

biological sensors, and as UV light emitters and switches [16–19]. Epitaxial layers and single 

crystals will be important for the development of optoelectronic (blue and ultraviolet light 

emitters and detectors) [20], piezoelectric [21] and spintronic [22] devices, and together with 

GaN may form the light source of the 21st century [23]. Epitaxial layers of ZnO are 

promising forms of semi-conducting transparent thin film [24], which again can be 

significant for solar cells, gas sensors, displays and wavelength selective applications. ZnO 

nanoparticles have caused revolution in the development of improved sunscreens, paints and 

coatings to name just a few. Additionally, the radiation hardness of ZnO to high energy 

proton irradiation makes it an ideal candidate for space applications [25].  

ZnO already possesses a wide range of applications, due to its unique properties which are 

being explored and applied, recently. It can be predicted that in future ZnO devices will 

become necessary part of our everyday lives. 

 

2.4 Thin Film Deposition Techniques  

Thin films can be synthesized by several physical and chemical techniques. In this 

section, there will be a brief description of some commonly used deposition techniques 

for thin films on a variety of commercially available substrates. The following chart 

(Figure 2.4) represents the classifications of thin film deposition techniques precisely. 
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Figure 2.4: Types of deposition techniques 

 

2.4.1 Physical techniques 

Physical deposition uses mechanical or thermodynamic means to produce a thin film of solid. 

An everyday example is the formation of frost. Since most engineering materials are held 

together by relatively high energies, and chemical reactions are not used to store these 

energies, commercial physical deposition systems tend to require a low-pressure vapor 

environment to function properly. 

 

2.4.1.1 Vacuum evaporation method 

Vacuum evaporation is a well known and widely used technique of thin film preparation. 

In this technique, material is first thermally vaporized and then condensed on a substrate. 

Among the numerous deposition parameters substrate temperature, evaporation rate and 

the vacuum quality affect the microstructure and surface morphology of the coating. 

Thermal evaporation technique allows precise control over thickness multiplayer interface 

stacks of any complexity can be prepared with great precision. The evaporation of a 

material required to be heated at a sufficiently high temperature to produce the desired 
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vapor pressure. The rate of free evaporation of a vapor atom from a clean surface of unit 

area in vacuum is given by the Langmuir-Dushman Kinetic theory equation [26]. 

                  Ne=3.513×1021 pe/(MT)1/2   [ molecules cm-2s-1] 

where pe is the equilibrium vapor pressure (in Torr) if the evaporation under saturated 

vapor conditions at a temperature T and M is the molecular weight of the vapor species.  

Vacuum evaporation requires a system with a known vacuum and its residual gas 

analysis. A diffusion pump backed by a rotary pump system continues to be the 10 -6- 10-8 

Torr workhorse in thin film technology largely because of its modest price, simplicity, 

and high speed. By using special diffusion pump oil (e,g., polyphenyl ether), a cryogenic 

baffle, and an all-metal system, ultrahigh vacuum (UHV) in the range 10 -8 -10-10 Torr are 

easily obtained. Vapor species may be created by kinetic ejection from the surface of a 

material (called target of cathode) by bombardment with energetic and nonreactive ions.  

 

 

 

                  S-substrate 

                  B-boat 

                  H-heater 

                  V-vacuum pump 

         

Figure 2.5: Schematic diagram of thermal or vacuum evaporation coating system 

A simple arrangement of vacuum evaporation chamber is shown in Figure 2.5. The material 

to be evaporated lies in a high melting point metallic boat B through which a high current is 

S 

H 

B 

V 
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passed and the evaporated material is deposited on the substrate S attached to a heater H. This 

arrangement chamber is pumped to high vacuum, through V. 

2.4.1.2 Sputtering 

Sputtering [27] means the ejection of atoms from the surface of a material by bombardment 

with energetic particles. Figure 2.6 shows schematic diagram of sputtering system. During 

sputtering an atom or molecule is knocked out of a target material by accelerated ions which 

are produced from excited plasma. The atom or molecule is then condensed on a substrate 

either in its original or in a modified form. In sputtering the material is released from the 

source at much lower temperature than evaporation. The substrate is placed in a vacuum 

chamber with the source material, named a target, and an inert gas (such as argon) is 

introduced at low pressure. 

 

 

 

 

 

 

 

 

Figure 2.6: A diagram of sputtering system 

The chemically inert atoms are ionized in a glow discharge which is called plasma. The gas 

ions are accelerated towards the surface of the target, causing atoms of the source material to 

break off from the target in vapor form and condense on all surfaces including the substrate. 

If the plasma ions are accelerated by a DC field then the sputtering technique is called DC 

and if an RF field is used then the technique is called RF sputtering. If magnets with 

alternating polarity are arranged behind or sometimes at the sides of the target to enable 
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lower pressures to be used and thus a cleaner film to be created, it is called magnetron 

sputtering. As for evaporation, the basic principle of sputtering is the same for all sputtering 

technologies.  

2.4.1.3 Epitaxial growth 

„„Epitaxy” is a Greek word. „„Epi” means on and „„Taxi” means arrangement. Basically 

Epitaxy means growth of film with a crystallographic relationship between film and 

substrate. Among the various Epitaxial Growth methods, Molecular Beam Epitaxy (MBE) 

[28] is frequently used for its advantages over other methods. MBE is a technique for 

epitaxial growth via the interaction of one or several molecular or atomic beams that occur on 

a surface of a heated crystalline substrate .In Figure 2.7 a schematic diagram of a typical 

MBE system is shown. The solid sources materials are placed in evaporation cells to provide 

an angular distribution of atoms or molecules in a beam. The substrate is heated to the 

necessary temperature and, when needed, continuously rotated to improve the growth 

homogeneity. Ultra high vacuum (UHV) > 10
-8 

Pa is the essential environment for MBE. 

Therefore, the rate of gas evolution from the materials in the chamber has to be as low as 

possible. MBE can achieve precise control over both chemical composition and doping 

profile. Single crystal multi-layer structure with dimension in the order of atomic layers can 

be grown using MBE.  

 

 

 

 

 

Figure 2.7: Schematic diagram of MBE system 
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2.4.1.4 Physical vapor deposition  

Physical Vapor Deposition (PVD) [29] is a method to deposit thin films by the condensation 

of a vaporized material onto various surfaces (e.g., onto semiconductor wafers). The coating 

method involves purely physical processes such as high temperature vacuum evaporation 

rather than involving a chemical reaction at the surface to be coated as in chemical vapor 

deposition. One of the main industrial fields where PVD is extensively used is the fabrication 

of semiconductor devices. PVD covers a number of deposition technologies in which 

material is released from a source and transferred to the substrate. PVD comprises the 

standard technologies for deposition of metals. A typical PVD set up is shown in Figure 2.8. 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: A diagram of physical vapor deposition technique 

It is far more common than CVD for metals since it can be performed at lower process risk 

and cheaper in regards to materials cost. The quality of the films is inferior to CVD, which 

for metals means higher resistivity and for insulators more defects and traps. The step 

coverage is also not as good as CVD. 
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2.4.2 Chemical techniques 

Here, a fluid precursor undergoes a chemical change at a solid surface, leaving a solid 

layer. An everyday example is the formation of soot on a cool object when it is placed inside 

a flame. Since the fluid surrounds the solid object, deposition happens on every surface, with 

little regard to direction; thin films from chemical deposition techniques tend to be 

conformal, rather than directional. 

 

2.4.2.1 Chemical vapor deposition 

Chemical Vapor Deposition (CVD) [30] is an extremely versatile process that can be used 

to process almost any metallic or ceramic compound. During CVD thin films are developed 

on a substrate by using chemical reactions. Reactive gases are supplied into a vacuum 

chamber at approximately ambient temperatures and these gases react on a substrate and form 

a thin film or a powder. The reactions though which form a solid material do not always 

occur on or close to the heated substrate, heterogeneous reactions, but in the gas phase as 

well, homogeneous reactions. Gaseous by-products are removed from the chamber. CVD 

coatings are usually only a few microns thick and are generally deposited at fairly slow rates, 

usually of the order of a few hundred microns per hour. A schematic diagram of CVD 

process is shown in Figure 2.9. 
 

 

 

 

 
 

Figure 2.9: Schematic diagram of a CVD process 

http://en.wiktionary.org/wiki/Precursor
http://en.wikipedia.org/wiki/Conformal_film
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The most important CVD techniques are:                                                                          

 Metal Organic Chemical Vapor Deposition (MOCVD) 

 Plasma Enhanced Chemical Vapor Deposition (PECVD) 

 Atmospheric Pressure Chemical Vapor Deposition (APCVD) 

 Low Pressure Chemical Vapor Deposition (LPCVD) 

 Electron-Cyclotron Resonance CVD (ECRCVD) 

Some of them are discussed bellow.                                                            

In plasma enhanced CVD (PECVD), deposition rates can be enhanced if the deposition 

occurs in glow-discharge plasma. During PECVD thin films are deposited from a vapor (gas 

state) onto a substrate. Plasma of the reacting gases is created and then several chemical 

reactions are taking place. In general the plasma is created by an RF frequency or by a DC 

discharge between two electrodes. Figure 2.10 describes a PECVD process schematically. 

 

 

 

 

                                           

             

 

Figure 2.10: The Plasma –Enhanced Chemical Vapor Deposition Process 

It enables the deposition of dielectric films such as oxides and nitrides on wafers with small 

feature sizes and line widths at low temperature and on devices which are not able to 

withstand the high temperatures of a thermally activated reaction. PECVD is additionally 

used in amorphous silicon thin film deposition e.g. for photovoltaic panels.  
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In low pressure CVD (LPCVD), the deposited films are either amorphous, in the case of the 

inorganic dielectrics, or polycrystalline, in the case of polysilicon or metals. The material 

properties can depend on the exact process, including the conditions such as temperature, 

pressure, etc. The LPCVD process produces layers with excellent uniformity of thickness and 

material characteristics. A schematic diagram of LECVD system is shown in Figure 2.11. 

 

Figure 2.11: A schematic diagram of an LECVD system 

2.4.2.2 Spin coating 

In this process the material to be deposited is dissolved in liquid form in a solvent. The 

material can be deposited to the substrate by spraying or spinning. A typical Spin coating 

process involves depositing a small puddle of a liquid drop onto the center of a substrate and 

then spinning the substrate at high speed (typically around 3000 rpm). Centripetal 

acceleration will cause the drop to spread to, and eventually off, the edge of the substrate 

leaving a thin film of the material on the surface. Final film thickness and other properties 

will depend on the nature of the liquid drop (viscosity, drying rate, percent solids, surface 

tension, etc.) and the parameters chosen for the spin process. This is particularly useful for 

polymer materials, which may be easily dissolved in organic solvents, and it is the common 

method used to apply photo resist to substrates (in photolithography).  Factors such as final 

rotational speed, acceleration, and fume exhaust contribute to how the properties of coated 
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film are defined. One of the most important factors in spin coating [31] is repeatability. 

Subtle variations in the parameters that define the spin process can result in drastic variations 

in the coated film. In recent years, the casting technology has also been applied to form films 

of glass materials on substrates. The spin casting process is illustrated in the Figure 2.12. 

 

 

 

 

 

 

Figure 2.12: The spin coating process 

Casting is a simple technology which can be used for a variety of materials (mostly 

polymers). The control on film thickness depends on exact conditions, but can be sustained 

within +/-10% in a wide range. If you are planning to use photolithography you will be using 

casting, which is an integral part of that technology. There are also other interesting materials 

such as polyimide and spin-on glass which can be applied by casting. 

 

2.4.2.3 Sol-gel technique 

Sol-gel method [32] is a wet chemical route for the synthesis of colloidal dispersions of 

oxides which can be altered to powders, fibers, thin films and monoliths. In general, sol-gel 

method consists of hydrolysis and condensation reactions. Sol-gel coating is a process of 

preparation of single or multi-component oxide coating which may be glass, glass ceramic or 

crystalline ceramic depending on the process. Also, the nanomaterials used in modern 
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ceramic and device technology require high purity and facilitate to control over composition 

and structure. Figure 2.13 shows the general scheme of Sol-gel synthesis.  

 

 

 

 

 

 

 

 

                          

 

 

 

 

 

Fig 2.13: Generalized scheme of Sol-gel synthesis 

The sol-gel coating is one of the interesting methods because it has many advantages. 

Examples are as the followings- 

 The chemical reactants for sol-gel process can be conveniently purified by distillation 

and crystallization.  

  All starting materials are mixed at the molecular level in the solution so that a high 

degree of homogeneity of films can be expected. 

 Organic or inorganic salts can be added to adjust the microstructure or to improve the 

structural, optical and electrical properties of oxide films. 
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 The sol-gel coating is almost exclusively applied for fabrication of transparent layers 

with a high degree of planarity and surface quality. 

 

2.4.2.4 Chemical bath deposition  
The chemical bath deposition (CBD) technique [33] involves the controlled precipitation 

from solution of a compound on a suitable substrate.  Figure 2.14 shows a schematic diagram 

of CBD process. This deposition takes place in a beaker with DI water where it is heated 

between temperatures of 85 to 90 ⁰C. The technique offers many advantages over the more 

established deposition techniques, such as CVD, MBE and spray pyrolysis. The extent of the 

heterogeneous reaction on the substrate surface is limited by two major factors, the 

competing homogeneous reaction in solution and deposition of material on the CBD reactor 

walls. Chemicals, namely Cadmium Acetate, Ammonium Acetate, Ammonium Hydroxide, 

and Thiourea are poured individually and its chemical reaction results in the deposition of 

CdS onto all surfaces in the bath, including the surfaces of the ITO coated glass. Typically, 

for a 20-minute run, a thickness of 800-1000 Å can be achieved. The substrate is usually 

annealed before another deposition of other materials takes place. 

 

Figure 2.14: Chemical Bath Deposition Process 
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2.4.2.5 Electroplating 

The chemical electroplating is one of the most widely used methods to deposit oxide and 

sulfides on metals. Black nickel and black chrome is the two well-known selective 

absorbers prepared on commercial scale by electroplating. In the plating process, 

parameters like pH of the solution, temperature of the bath, current density and plating 

time effect the micro structure topology and composition of the coatings. By varying the 

current while plating one can obtain a stack of numerous finely divided layers with a 

continuous gradient of composition resulting in a continuous gradient of refractive index.  

 

2.4.2.6 Spray pyrolysis technique 

SPT [34] is a process in which a thin film is deposited by spraying of an ionic solution, 

usually aqueous, containing soluble salts of the constituent atoms of the desired compound on 

a heated surface, where the constituents react to form a chemical compound. Hydrolysis and 

pyrolysis are the main chemical reactions involved in this process. The chemical reactions are 

selected such that the products other than the desired compound are volatile at the 

temperature of deposition. It is an excellent, low-cost, simple and rapid method for the 

deposition of thin films of semiconductor alloys and complex compounds and is suitable for 

industrial applications. It has been used for about 35 years for the manufacture of conductive 

glass. This process is particularly useful for the deposition of transparent conducting oxides 

on glass and is sensitive to variables particularly temperature, and the measurement at the 

surface is uncertain. Not only the physical and electronic properties of the film vary with 

temperature, but the deposition efficiency decreases with increased temperature, 

stoichiometry is also affected, particularly for alloys. In spite of these difficulties, spray 

pyrolysis is an excellent method for the deposition of large-area thin films. 

Viguie and Spitz classified chemical SP process according to the type of reaction. In process 
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 The droplet resides on the surface as the solvent evaporates, leaving behind a solid 

that may further react in the dry state. 

 The solvent evaporates before the droplet reaches the surface and the dry solid 

impinges on the surface, where decomposition occurs.  

 The solvent vaporizes and the vapor diffuses to the substrate, there to undergo a 

heterogeneous reaction. (They identify this process as true chemical vapor 

deposition.). 

 The enter reaction takes place in the vapor state.  

The apparatus needed to carry out the chemical spray process consists of an optimizer the 

spray solution and a substrate heater. Figure 2.15 shows a schematic diagram of an SPD set 

up. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15:  Schematic diagram of an SPD set up 
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2.4.2.6 Electrodeposition 

The occurrence of chemical changes owing to the passage of electric current through an 

electrolyte is termed electrolysis and the deposition of any substance on an electrode as a 

consequence of electrolysis is called electrodeposition. The phenomenon of electrolysis is 

governed by the following two laws, first enunciated by Faraday in 1833: (i) the 

magnitude of chemical change occurring is proportional to the quantity of electricity 

passed and (ii) the masses of different species deposited at or dissolved from electrodes 

by the same quantity of electricity are in direct proportion to equivalent weights [35]. The 

two laws can be combined and expressed mathematically as 

 

                                                       W =IEt/F 

 

Where W is the mass (in g) of the substance deposited, I is the current (in A), E is the 

chemical equivalent weight (in g), and t is the reaction time (in s). F is a constant called 

the Faraday, equal to 96500 C and is the amount of charge required to deposit one 

equivalent of any ion from a solution. 

          In a laboratory, a low cost electrodeposition method can be easily developed and 

used for the preparation of cadmium sulfide thin film. This method is not only simple but 

also has optimum material utilization rate and low energy consumption. Since the 

materials are dissolved in a solution and the deposition process is carried out at a 

relatively low temperature, potential safety hazard during the deposition in minimized. In 

addition, the deposition system can be easily scaled up for large area film deposition. 
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CHAPTER 3 

THEORIES RELATED TO CHARACTERIZATION TECHNIQUES 
 

Generally, the structural, optical and electrical properties of thin films are elucidated using 

different techniques. In this section, the basic principles of some of the characterization 

methods are discussed briefly. These techniques include XRD for structural characterization, 

SEM for surface morphology, EDX spectroscopy for the film compositional study, and UV-

vis spectroscopy for the optical characterization. 

3.1 Structural Characterization 

The term structure encloses a variety of concepts, which describe on various scales, the 

arrangement of the building blocks of materials. On an atomic scale, one deals with the 

crystal structure, which is defined by the crystallographic data of the unit cell. These data 

contain the shape and dimensions of the unit cell and the atomic position within its Bravais 

structure. They are obtained by diffraction experiments. On a coaster scale, one deals with the 

microscopic observations of the microstructure, which characterizes the size, shapes and 

mutual arrangements of individual crystal grains. It also includes the morphology of the 

surface of the materials. Microstructure and surface morphology observation of coatings, 

which are too 'thick for direct transmission also depends heavily on the high resolving power 

of electron microscopy. Suitable technique is surface replication and SEM [1-4]. Frequently 

one has to determine whether a given deposit is a single crystal or polycrystalline either with 

a random distribution of orientation with respect to the coating plane. For a single crystal 

coating, it is important to know its orientation relationship with respect to the substrate [5].  
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3.1.1 X-ray diffraction  

XRD is one of the oldest and effective tools for understanding structure of crystalline 

materials. It provides extensive information about the crystal structure. X-rays are the 

electromagnetic waves with the wavelength between 1-100Å. The wavelength of an X-ray is 

thus of the same order of magnitude as the lattice constant of crystals. When X-rays are 

incident on a crystal surface, they are reflected from it.  

 

Figure 3.1: Bragg‟s law of X-ray diffraction 

The reflection obeys the following Bragg‟s law, 

2dsinθ = nλ      (3.1)     

where d is the distance between crystal planes; θ is the X-ray angle of incidence; λ is the 

wavelength of the X-rays and n is a positive integer. Bragg‟s law also suggests that the 

diffraction is only possible when a boundary condition is satisfied. The boundary condition 

is, λ< 2d. 

XRD is the most specific technique for studying the crystal structure of solids. Generally, it 

does not require any elaborate sample preparation and is essentially nondestructive to 

samples [6, 7]. XRD is a suitable tool to determine the crystal structure of any unknown 

materials, whether the sample is a single crystal or polycrystals [6], either with a random 
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distribution of orientations or with a preferred orientation with respect to the film plane. 

Thicknesses of surface thin films are about 1000Å and those can be investigated using XRD 

[8, 9]. Thicker films can be characterized by reflection high-energy electron diffraction 

(RHEED). Analysis of the diffraction patterns obtained by these techniques and comparison 

with standard ASTM data can reveal the existence of different crystallographic phases in the 

film, their relative abundance, the lattice parameters, and any preferred orientations.   

3.1.1.1 Lattice constants 

The interplanar spacing for the hexagonal system is given as 

1

dhkl
=  

4

3
 

h2++hk +k2

a2
 +

l2

c2
 

1

2                               (3.2)      

where, h, k and l are the indices of the crystal planes; dhkl is the interplanar spacing and it is 

related to the diffraction angle θ as  

 1

dhkl
=

2sin θhkl

λ
                                                     (3.3)   

The wavelength (λ) of X-ray is used 1.54178 Å for CuKα line.  

To determine the exact lattice parameter for each sample, Nelson-Riley [10] method was 

used. The Nelson-Riley function F (θ) is given by, 

F θ =  
1

2
  

cos 2θ
sin θ

 +   
cos 2θ

θ
                          (3.4)          

The values of lattice constant '𝑎' of all the peaks for a sample are plotted against F(θ). Then 

using a least square fit method exact lattice parameter ' 𝑎 ' is determined. The point where the 

least square fit straight line cut the y-axis (i.e. at F(θ) = 0) is the actual lattice parameter of the 

sample. 
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3.1.1.2 Crystallite size 

The crystallite size (D) of the deposited the thin films is estimated using Scherrer formula 

[11], 

D =  
𝑘𝜆

βcos θ
                                 (3.5) 

Here k is taken as 0.94, λ the wavelength of X-ray used and β the full width at half maximum 

(FWHM) of the highest peak in XRD pattern. 

3.1.1.3 Microstrain  

The origin of the strain in the thin film is related to the lattice misfit, which in turn depends 

upon the deposition conditions.  The strain developed in the film is known as microstrain (ε) 

and it is calculated from the relation as follows [12], 

ε =
(βcos θ)

4
                                                            (3.6) 

3.1.1.4 Dislocation density 

Dislocation is an imperfection in a crystal associated with the misregistry of the lattice in one 

part of the crystal with that in another part. Unlike vacancies and interstitial atoms, 

dislocations are not equilibrium imperfections, i.e. thermodynamic considerations are 

insufficient to account for their existence in the observed densities. In fact, the growth 

mechanism involving dislocation is a matter of importance. In the present study, the 

dislocation density is estimated from Williamson and Smallman method using the relation 

[12, 13] 

δ =
15ε

aD
                                                                  (3.7) 
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3.2 Surface Morphology 

3.2.1 Working principle of an electron microscope 

Electron Microscopes function exactly as their optical counterparts except that they use a 

focused beam of electrons instead of light to "image" the specimen and gain information as to 

its structure and composition. The basic steps involved in all electron microscopes are shown 

in Figure 3.2. A stream of electrons is formed (by the Electron Source) and accelerated 

toward the specimen using a positive electrical potential. This stream is confined and focused 

using metal apertures and magnetic lenses into a thin, focused, monochromatic beam. This 

beam is focused onto the sample using a magnetic lens. Interactions occur inside the 

irradiated sample, affecting the electron beam. These interactions and effects are detected and 

transformed into an image. The above steps are carried out in all electron microscopes 

regardless of type.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Schematic diagram of an electron microscope 
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3.2.2 Scanning electron microscopy  

SEM is a type of microscope that form images the sample surface by scanning it with a high-

energy beam of electrons in a raster scan pattern. It is a powerful microscope that uses 

electrons rather than light to form an image of objects such as fractured metal components, 

foreign particles and residues, polymers, thin films electronic components, biological 

samples, and countless others. The shorter wavelength of electrons permits image 

magnifications of up to 100,000X, as compared to about 2,000X for conventional light 

microscopy. An SEM also provides a greater depth of field than a light microscope, allowing 

complex, three-dimensional objects to remain sharp and in focus. 

In a typical SEM, an electron beam is thermoionically emitted from an electron gun fitted 

with a tungsten filament cathode. Other types of electron emitters include lanthanum 

hexaboride cathodes, which can be used in a standard tungsten filament SEM. if the vacuum 

system is upgraded. Field emission guns (FEG) of the cold-cathode type using tungsten 

single crystal emitters or the thermally-assisted Schottky type, using emitters of zirconium 

oxide can also be used. The electron beam, which typically has an energy ranging from a 

few hundred eV to 40 keV, is focused by one or two condenser lenses to a spot about 0.4 

nm to 5 nm in diameter. The beam passes through pairs of scanning coils or pairs of 

deflector plates in the electron column, typically in the final lens, which deflect the beam in 

the x and y axes so that it scans in a raster fashion over a rectangular area of the sample 

surface. The size of the interaction volume depends on the electron's landing energy, the 

atomic number of the specimen and the specimen's density. The energy exchange between 

the electron beam and the sample results in the reflection of high-energy electrons by elastic 

scattering, emission of secondary electrons by inelastic scattering and the emission of 

electromagnetic radiation, each of which can be detected by specialized detectors. The beam 

current absorbed by the specimen can also be detected and used to create images of the 
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distribution of specimen current. Electronic amplifiers of various types are used to amplify 

the signals which are displayed as variations in brightness on a cathode ray tube. The raster 

scanning of the CRT display is synchronized with that of the beam on the specimen in the 

microscope, and the resulting image is therefore a distribution map of the intensity of the 

signal being emitted from the scanned area of the specimen. The image may be captured by 

photography from a high resolution cathode ray tube, but in modern machines is digitally 

captured and displayed on a computer monitor and saved to a computer's hard disc.  

 

Figure 3.3: A scanning electron microscope with EDS set up 

In this work, a thermal field emission gun scanning electron microscope (FEG-SEM) of 

model JEOL JSM-7600F is used (Figure 3.3). It has an ultrahigh resolution for fine surface 

morphology of nanostructures (secondary electron image resolution 1.0 nm at 15 kV). It 

contains built-in r-filter enabling user selectable mixture of secondary electron (SE) and 

backscattered electron (BSE) images. It has Gentle Beam (GB) mode for accelerating voltage 

in kV, top-surface imaging, reduced beam damage and charge suppression allows 

examination of charging specimens without additional coating. New low-angle backscattered 

electrons detector allows imaging of specimens at extremely low accelerating voltage (kV) 

with high spatial resolution. Scanning transmission electron microscopy detector allows both 
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bright-field and dark-field imaging of thin, electron transparent samples with sub 0.8 nm 

resolution. For EDS this field emission SEM (FESEM) set up is connected to a Aztec 

Synergy system (Oxford AZtec energy/AZtec HKL) with X-MAX50 silicon drift detector 

which provides high counts rate and allows Nanoanalysis, Mapping, Crystal Orientation. 

 

3.3 Elemental Analysis 

Energy Dispersive X-ray spectroscopy (EDS) is the elemental analysis of the thin film by 

studying the energy dispersive table i.e. studying the net counts and net weight percentage we 

can analysis the elemental percentage. Studying the EDX table we also get the information 

about the elements in the thin film. 

 

3.3.1 Energy dispersive x-ray spectroscopy 

EDS is an analytical technique used for the chemical characterization of a sample. It is one of 

the variants of X-ray fluorescence (XRF) analysis. As a type of spectroscopy, it relies on the 

investigation of a sample through interactions between electromagnetic radiation and matter, 

analyzing X-rays emitted by the matter in response to being hit with charged particles. Its 

characterization capabilities are due in large part to the fundamental principle that each 

element has a unique atomic structure allowing x-rays that are characteristic of an element's 

atomic structure to be identified uniquely from each other. 

To stimulate the emission of characteristic X-rays from a specimen, a high energy beam of 

charged particles such as electrons or protons (see PIXE), or a beam of X-rays, is focused 

into the sample being studied. At rest, an atom within the sample contains ground state (or 

unexcited) electrons in discrete energy levels or electron shells bound to the nucleus. The 

incident beam may excite an electron in an inner shell, ejecting it from the shell while 

creating an electron hole where the electron was. An electron from an outer, higher-energy 
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shell then fills the hole, and the difference in energy between the higher-energy shell and the 

lower energy shell may be released in the form of an X-ray. The number and energy of the X-

rays emitted from a specimen can be measured by an EDS. As the energy of the X-rays are 

characteristic of the difference in energy between the two shells, and of the atomic structure 

of the element from which they were emitted, this allows the elemental composition of the 

specimen to be measured. 

 

3.4 Optical Characterization 

3.4.1 Beer-Lambert law 

The Beer-Lambert law (or Beer's law) [14] is the linear relationship between absorbance and 

concentration of an absorbing species. The general Beer-Lambert law is usually written as: 

A = abc      (3.8)  

where A is the measured absorbance, “a” is a wavelength-dependent absorptivity coefficient, 

b is the path length, and c is the analyzed concentration. When working in concentration units 

of molarity, the Beer-Lambert law is written as:    

A= εbc       (3.9)                                  

where „ε‟ is the wavelength-dependent molar absorptivity coefficient with units of M-1 cm-1. 

Experimental measurements are usually made in terms of transmittance (T), which is defined 

as:  

T = I / Io                (3.10) 

Where, I is the light intensity after it passes through the sample and Io is the initial light 

intensity. The relation between A and T is: 

A = -log T = - log (I / Io) = log (I0/I)            (3.11) 
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Modern absorption instruments can usually display the data as either transmittance in % or 

absorbance. 

The Beer-Lambert law can be derived from an approximation for the absorption coefficient 

for a molecule by approximating the molecule by an opaque disk whose cross-sectional area, 

σ, represents the effective area seen by a photon of frequency   . If the frequency of the light 

is far from resonance, the area is approximately 0, and if   is close to resonance the area is a 

maximum. Taking an infinitesimal slab, dz, of sample (Figure 3.4):  

 

 

 

 

 

 

 

 

 

Figure 3.4: Absorption of light by a sample 

Io is the intensity entering the sample at z=0, Iz is the intensity entering the infinitesimal slab 

at z, dI is the intensity absorbed in the slab, and I is the intensity of light leaving the sample. 

Then, the total opaque area on the slab due to the absorbers is ζN A dz. Then, the fraction of 

photons absorbed will be ζN A dz / A. So,  

dI

IZ
=  −ςNdz                                    (3.12)                         

Integrating this equation from z = 0 to z = b gives:  

I0 Iz I-dI I 

Absorbing species of 
cross-sectional area, σ 

Total area, A 

dz 
z 

Path length, d 

N = molecules/cm3 
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ln(I) - ln(Io) = - ζ  N b  

or,  - ln(I / Io) = -ζ N b  

Since N (molecules/cm3) (1 mole / 6.023x1023 molecules) 1000 cm3 / liter = c (moles/liter) 

and 2.303*log(x) = ln(x)  

Then, - log (I / Io) = ζ(6.023x1020 / 2.303) cb  

Or, A = ε bc = - log (I / Io)        (3.13) 

Where, ε = σ (6.023x1020 / 2.303) = σ( 2.61x1020) , and ε is called  the molar absorptivity. 

Thus the intensity of the transmitted light can be expressed as I=I0 e-d   where d is the path 

length through the sample and  is the absorption coefficient. This equation can be written as, 

α =  
2.303 A

d
                              (3.14)                             

3.4.2 Electronic transitions 

The absorption of UV or visible radiation corresponds to the excitation of outer electrons. 

There are three types of electronic transition which can be considered;  

1. Transitions involving π, ζ,  and n electrons  

2. Transitions involving charge-transfer electrons  

3. Transitions involving d and f electrons (not covered in this Unit)  

When an atom or molecule absorbs energy, electrons are promoted from their ground 

state to an excited state. In a molecule, the atoms can rotate and vibrate with respect to 

each other. These vibrations and rotations also have discrete energy levels, which can be 

considered as being packed on top of each electronic level (Figure 3.5). 
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Figure 3.5: Vibrational and rotational energy levels 

Absorbing species containing π, σ, and n electrons   

Absorption of ultraviolet and visible radiation in organic molecules is restricted to certain 

functional groups (chromophores) that contain valence electrons of low excitation energy. 

The spectrum of a molecule containing these chromophores is complex. This is because the 

superposition of rotational and vibrational transitions on the electronic transitions gives a 

combination of overlapping lines. This appears as a continuous absorption band. Possible 

electronic transitions of π, ζ,  and n electrons are discussed below (Figure 3.6). 

 

 

 

 

 

 

 

 

Figure 3.6:   Possible electronic transitions 
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σ → σ* Transitions 

An electron in a bonding ζ orbital is excited to the corresponding antibonding orbital. The 

energy required is large. For example, methane (which has only C-H bonds, and can only 

undergo ζ  → ζ * transitions) shows an absorbance maximum at 125 nm. Absorption maxima 

due to ζ  → ζ * transitions are not seen in typical UV-Vis. spectra (200 - 700 nm). 

n → σ* Transitions 

Saturated compounds containing atoms with lone pairs (non-bonding electrons) are capable 

of n → ζ * transitions. These transitions usually need less energy than ζ  → ζ * transitions. 

They can be initiated by light whose wavelength is in the range 150 - 250 nm. The number of 

organic functional groups with n → ζ * peaks in the UV region is small. 

n → σ* and π→π* Transitions 

Most absorption spectroscopy of organic compounds is based on transitions of n or π 

electrons to the π* excited state. This is because the absorption peaks for these transitions fall 

in an experimentally convenient region of the spectrum (200 - 700 nm). These transitions 

need an unsaturated group in the molecule to provide the π electrons. Molar absorbtivities 

from n → π* transitions are relatively low, and range from 10 to100 L mol-1 cm-1. π → π* 

transitions normally give molar absorbtivities between 1000 and 10,000 L mol-1 cm-1 . The 

solvent in which the absorbing species is dissolved also has an effect on the spectrum of the 

species. Peaks resulting from n → π* transitions are shifted to shorter wavelengths (blue shift) 

with increasing solvent polarity. This arises from increase of the lone pair, which lowers the 

energy of the n orbital. Often (but not always), the reverse (i.e. red shift) is seen for π → π* 

transitions. This is caused by attractive polarization forces between the solvent and the 
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absorber, which lower the energy levels of both the excited and unexcited states. This effect 

is greater for the excited state, and so the energy difference between the excited and 

unexcited states is slightly reduced - resulting in a small red shift. This effect also influences 

n → π* transitions but is overshadowed by the blue shift resulting from the increase of lone 

pairs. 

3.4.3 Direct and indirect optical transitions 

In solid state physics and related applied fields, the band gap, also called an energy gap or 

stop band, is a region where a particle or quasiparticle is forbidden from propagating. For 

insulators and semiconductors, the band gap generally refers to the energy difference between 

the top of the valence band and the bottom of the conduction band (Figure 3.7). Fundamental 

absorption refers to the annihilation or absorption of photons by the excitation of an electron 

from the valence band up into the conduction band, leaving a hole in the valence band. Both 

energy and momentum must be conserved in such a transition. 

 

 

                                                                                                                                                                       

                                                                                                                                            

 

                              

 

 

 

Figure 3.7: Direct and indirect transitions between valance and conduction bands with 

extrema at different values of momentum (k) 
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In the case of an indirect-band gap semiconductor, the minimum energy in the conduction 

band and the maximum energy in the valence band occur at different values of crystal 

momentum. Photon energies much larger than the forbidden gap are required to give direct 

transitions of electrons from the valence to the conduction band. However, transitions can 

occur at lower energies by a two-step process involving not only photons and electrons but 

also a third particle, a phonon.  

To estimate the nature of absorption a random phase model is used where the k momentum 

selection rate is completely relaxed. The integrated density of states N (E) has been used and 

defined by  

N E =   g E dE
+∞
−∞

                (3.15)     

The density of states per unit energy interval may be represented by  

g E =
1

V
 δ E − En               (3.16) 

Where, V is the volume, E is the energy at which g(E) is to be evaluated and En is the energy 

of the nth state. 

If gν  Ep and gc  (E-Eopt), where energies are measured from the valance band mobility 

edge in the conduction band (mobility gap), and substituting these values into an expression 

for the random phase approximation, the relationship obtained  

ν2 I2 (ν)  (h ν-E0)p+q+1, where I2 (ν) is the imaginary part of the complex permittivity. If the 

density of states of both band edges is parabolic, then the photon energy dependence of the 

absorption becomes,  

αhν  ν2I2 (ν)  (h ν-Eopt)2 

So, for higher photon energies the simplified general equation which is known as Tauc 

relation is,  

 αhν = B(hν – Eopt)n                        (3.17) 
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where hν is the energy of absorbed light, n is the parameter connected with distribution of the 

density of states and B, a constant or Tauc parameter and here n = 1/2 for direct and n = 2 for 

indirect transitions [15]. 

The above equation can be written as  

d  ln(αhν) 

d hν 
=

n

hν−Eopt
                        (3.18) 

When finding the n, type of transition can be obtained from the absorption spectrum. A 

discontinuity in the d[ln(αhν)]/d(hν) versus hν plot at the band gap energy (Eopt or Eg), i.e. at 

hν = Eg can be observed. The discontinuity at a particular energy value gives the band gap Eg. 

Thus from the straight-line plots of (αhν)2 versus hν and (αhν)1/2 versus hν the direct and 

indirect energy gaps of  thin films can be determined. 
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3.4.4 Refractive index and extinction coefficient 

One of the most important optical constants of a material is its refractive index, which in 

general depends on the wavelength of the electromagnetic wave, through a relationship called 

dispersion. In materials where an electromagnetic wave can lose its energy during its 

propagation, the refractive index becomes complex. Refraction of light at the interface 

between two media of different refractive indices n1 and n2 is shown in Figure 3.8. 

 

 

 

                                

 

 

 

Figure 3.8: Refraction of light at the interface between two media of different refractive 

indices 

 

The real part is usually the refractive index (n) and the imaginary part is called the extinction 

coefficient (k). In this section, n and k will be presented in detail along with some common 

dispersion relations. n of an optical or dielectric medium, is the ratio of the velocity of light 

(c)  in vacuum to its velocity v in the medium; n=c/v [16]. Using this and Maxwell‟s 

equations, one obtains the well known Maxwell‟s formula for the refractive index of 

substance as n =  εμr   where  is the static dielectric constant or relative permittivity and μr 

the relative permeability. As μr = 1 for nonmagnetic substances, one gets, n =  ε, which is 

very useful in relating the dielectric properties to optical properties of materials at any 

particular frequency of interest. As  depends on the wavelength of light, n also depends on 

the wavelength of light, and this dependence is called dispersion. In addition to dispersion, an 
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electromagnetic wave propagating through a medium experiences attenuation, which means it 

loses its energy, due to various loss mechanisms such as the generation of phonons (lattice 

waves), photo generation, free carrier absorption, scattering, etc. In such materials, the 

refractive index becomes a complex function of the frequency of the light wave. The complex 

refractive index, denoted by n*, with real part n, and imaginary part k, called the extinction 

coefficient, is related to the complex relative permittivity () by: 

 n∗ = n − jk =  ε =  εr − jεi    (3.19) 

Where εr  and εi are, respectively, the real and imaginary parts of . Equation (3.19) gives 

 n2 − k2 = εr  and  2nk = εi     (3.20) 

In explicit terms, n and k can be obtained as: 

n = (1/2 ½) [(r
2 + i

2)1/2+ r]1/2    (3.21) 

k = (1/21/2) [(r
2+ i

2)1/2- r]1/2    (3.22) 

The optical constants n and k can be determined by measuring the reflectance from the 

surface of a material as a function of polarization and the angle of incidence. For normal 

incidence, the reflection coefficient, r, is obtained as 

r =
1−n∗

1+n∗
=

1−n+jk

1+n−jk
      (3.23) 

The reflectance R is then defined by: 

R =  r 2 =  
1−n+jk

1+n−jk
 

2

=
 1−n 2+k2

 1+n 2+k2
    (3.24)  

And refractive index can be calculated by using following equation  

n =  
1+R

1−R
 +  

4R

 1−R 2
− k2               (3.25) 

Notice that whenever k is large, for example over a range of wavelengths, the absorption is 

strong, and the reflectance is almost unity. The light is then reflected, and any light in the 

medium is highly attenuated. 
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Extinction coefficient can be determined from the relation as follows 

k =
αλ

4π
         (3.26) 

Optical conductivity [17] of the thin films is calculated by using the following equation 

ςopt =
αnc

4π
          (3.27) 

 

3.4.5 Instrumentation  

A diagram of the components of a typical spectrometer is shown in the following Figure 3.9. 

The functioning of this instrument is relatively straightforward. A beam of light from a 

visible and/or UV light source (colored red) is separated into its component wavelengths by a 

prism or diffraction grating. Each monochromatic (single wavelength) beam in turn is split 

into two equal intensity beams by a half-mirrored device. One beam, the sample beam 

(colored magenta), passes through a small transparent container (cuvette) containing a 

solution of the compound being studied in a transparent solvent. The other beam, the 

reference (colored blue), passes through an identical cuvette containing only the solvent.  

The intensities of these light beams are then measured by electronic detectors and compared. 

The intensity of the reference beam, which should have suffered little or no light absorption, 

is defined as I0. The intensity of the sample beam is defined as I. Over a short period of time, 

the spectrometer automatically scans all the component wavelengths in the manner described. 

The ultraviolet (UV) region scanned is normally from 200 to 400 nm, and the visible portion 

is from 400 to 800 nm.  
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Figure 3.9: Schematic diagram of the components of a spectrometer 

If the sample compound does not absorb light of a given wavelength, I = I0. However, if the 

sample compound absorbs light then I is less than I0, and this difference may be plotted on a 

graph versus wavelength, as shown on the right. Absorption may be presented as 

transmittance or absorbance. If no absorption has occurred, T = 1.0 and A= 0. Most of the 

sample compound does not absorb light of a given wavelength, I = I0. However, if the sample 

compound absorbs light then I is less than I0, and this difference may be plotted on a graph 

versus wavelength, as shown on the right. Absorption may be presented as transmittance or 

absorbance. If no absorption has occurred, T = 1.0 and A= 0. Most spectrometers display 

absorbance on the vertical axis, and the commonly observed range is from 0 (100% 

transmittance) to 2 (1% transmittance). The wavelength of maximum absorbance is a 

characteristic value, designated as λmax. Different compounds may have very different 

absorption maxima and absorbances. Intensely absorbing compounds must be examined in 
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dilute solution, so that significant light energy is received by the detector, and this requires 

the use of completely transparent (non-absorbing) solvents. The most commonly used 

solvents are water, ethanol, hexane and cyclohexane. 

 

Figure 3.10: A UV-vis spectrophotometer 

 

3.4.6 Experimental procedure 

In this work, the optical properties of the thin films are studied by UV-visible spectroscopic 

measurements. UV-visible absorption spectra were recorded using a dual beam UV-visible 

spectrophotometer (SHIMADZU UV-1601) shown in Figure 3.10 in the wavelength range of 

190-1100 nm at room temperature. The transmission and absorption spectra were recorded 

both for the ZnO and ZnO: B thin films of concentration 0.50 - 1.50 at%. A blank glass slide 

was used as the reference during the optical absorption measurement of thin films. 
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3.5 Electrical Characterization 

Electrical characterization of a semiconductor involves the measurement of the resitivity 

(ρ). The techniques for measuring ρ are very well known and have been documented in 

several literatures [18, 19]. Some methods of resistivity measurement are as follows:  

i. Direct method, 

ii. Two-point method, 

iii. Linear four-probe method, 

iv. Van der Pauw technique, etc.  

Some of these methods are discussed in the following section. 

 

3.5.1 Direct method 

The resistivity of a thin film can be measured easily by using direct method. If the current I is 

flowing along L and voltage drop across L is V, then R=V/I and then by using the following 

equation, one can easily determine the resistivity (ρ) if the thickness of the film t is known 

ρ =
RWt

L
     (3.19) 

If W = L, i.e. film having square shape, then ρ and corresponding conductivity (ζ)  are defined 

by the following equations, 

ρ = Rt      (3.20) 

ζ =1/ρ      (3.21) 

Thus one can easily determine the resistivity as well ζ  by measuring the sheet resistance R 

and film thickness t.    
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3.5.2 Two point probe method 

Two point probe method is usually used for a relatively uniform specimen, to nullify the 

effect of contact resistance. The simple circuit diagram is shown in Figure 3.11. To avoid 

heating of the sample, current in the circuit must be kept low; the voltmeter must have high-

input impedance. Measurement should be made far away from the contact so that minority 

carriers may be recombined before they reach probes. 

        

 

 

 

 

 

Figure 3.11: Circuit arrangement of resistivity measurement by two point probe method 

Contact noise due to sample current through the probe contacts avoided and since the cutting 

can be done with a dye in an ultrasonic cutter, the probe spacing will be constant from sample 

to sample. The current I through the sample and the voltage drop V between the probes can 

be measured. And resistivity can be evaluated from,         

ρ =  
A

d 
 

V

I
        (3.22) 

where d is the probe spacing and A is the cross-sectional area of the sample. 

3.5.3 Linear four point probe method  

One of the most general techniques for resistivity measurement is the linear four point probe 

method. The four probes should be collinear with equal spacing. Current is supplied through 

the outer probes and the voltage drop between the inner two probes is measured (Figure 3.12 
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and 3.13). The resistivity of a sample, relatively large compared to the probe spacing may be 

estimated from the following equation, 

 ρ =
2π 

V

I
 

1

S₁
+

1

S2
−

1

 S₁+S₂ 
−

1

 S₂+S₃ 
 
    (3.23) 

 

 

                 I 

                                     I 

                                 

             

 

                                                               

Figure 3.12: Circuit of linear four point probe for measuring resistivity 

where, S1, S2 and S3 are the probe spacing. When the probes are equally spaced, i.e., S1= 

S2=S3=S. Then Eq (3.23) becomes, 

 ρ =  2πS  
V

I
        (3.24)   

The right hand side of the equation should be multiplied by correction factors of sheet 

resistance (C.F.1), film thickness (C.F.2) and temperature (C.F.3) [20]. Since, the thin films 

were square in shape and the ratio of the side of the square (D) and the probe distance (S) is 

<3, C.F.1 is not required here.  The film thickness t is much less than S and t/S<0.4, thus 

C.F.2 is 1. Temperature correction for room temperature condition is ~1.0. So, equation 

(3.24) can directly be used for calculation of resistivity. 
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Figure 3.13:  Experimental set up for electrical measurement 

3.5.4 Van der Pauw technique 

Electrical resistivity of metal and semiconductor film of any shape may be measured by using 

Van der Pauw method [21]. The resistivity of film having any arbitrary shape can be uniquely 

determined by using this method. To explain this method, let us consider the Figure 3.14, if 

A, B, C, and D are any four sufficiently small, ohmic contacts arranged successively on the 

circumference of a film of any arbitrary shape.                                                                                                                                               

 

 

 

 

 

 

Figure 3.14: Experimental arrangements for measuring resistivity by   using Van der Pauw‟s 

method 

If a current IAB entering into the film through the contact A and leaving it from the contact B 

and produces a potential difference VDC between points D and C then 

Film 

I 

V 

A B 

C D 



 

61 
 

RAB ,CD =
VDC

IAB
        (3.24)           

Similarly, we can write 

RCD ,AB =
VBA

ICD
        (3.25) 

RBC ,DA =
VAD

IBC
        (3.26) 

RDA ,BC =
VCB

IDA
        (3.27) 

Using reciprocal theorem Van der Pauw (1958) showed that 

ρ = 4.543t  
RAB ,CD +RBC ,DA

2
 f               (3.28)            

The correction factor f has been calculated by Van der pauw and is equal to unity when 

RAB ,CD ≅ RBC ,DA  and then equation (3.28) becomes, 

ρ = 2.266t (RAB ,CD + RBC ,DA ) (Ω-m)  (3.29) 

Where, t is the film thickness in cm. and corresponding conductivity is defined as, 

ρ =
1

ς
 (Ω-m)-1                                      (3.30) 
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3.5.5 Factors affecting resistivity measurement  

The effects of the following factors are remarkable in the measurement of resistivity: 

a. Length to breadth ratio, L/b of the film 

b. Current electrodes 

c. Current density 

d. Microscopic inhomogenity of the film 

e. Sensitivity of the measuring devices 

f. Electrical contact resistivity 

 

3.6.7 Activation energy 

The energy required to transfer charge from one initially neutral island to another is known as 

activation energy and denoted by E. This is equivalent to the electrostatic binding energy of 

the charge to the island. When these charge carriers are excited to at least this energy from 

the Fermi-level there will be tunneling from one island to another. These islands or small 

particles are called crystallites. The activation energy is related with film conductivity [22] 

and given by the relation  

ς = ς0exp(−∆𝐸/2𝐾𝐵𝑇)                  (3.33) 

Where, ζ 0 is the conductivity at 00C and KB is the Boltzmann constant and T is the absolute 

temperature. Equation (3.33) can be written as 

lnς = −
∆E

2KB T + lnς0                        (3.34) 

Equation (3.34) is equivalent to a straight line equation, y = mx+c. So that E  can be 

determined from the slope of the straight line. From the graph of lnζ vs.1/T, E  can be 

calculated by using the relation 
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∆E = − 
lnς

1

T

 × 2KB  (eV)          (3.35) 

3.6 Thickness Measurements 

Thickness is one of the most significant film parameters. It may be measured either by in-situ 

monitoring of the rate of deposition, or after the film is taken out of deposition chamber. The 

methods are chosen on the basis of their convenience, simplicity and reliability. In-situ 

monitoring generally allows both monitoring and controlling of the deposition rate and film 

thickness. Other technique is thickness measurement with the help of optical interference. 

Since the film thicknesses are generally of the order of a wavelength of light, various types of 

optical interference phenomena have been found to be most useful for measurement of film 

thicknesses. Multiple-Beam interferometry technique (Tolansky method) [23] was employed 

for the measurement of thickness of the thin films. A brief description of the method is given 

below. This method utilizes the resulting interference effects when two silvered surfaces are 

brought close together and are subjected to optical radiation. This interference technique, 

which is of great value in studying surface topology in general, may be applied simply and 

directly to film-thickness determination. When a wedge of small angle is formed between 

unsilvered glass plates, which are illuminated by monochromatic light, broad fringes are seen 

arising from interference between the light beams reflected from the glass on the two sides of 

the air wedge. At points along the wedge where the path difference between these two beams 

are an integral and odd number of wavelengths, bright and dark fringes occur respectively. If 

the glass surfaces of the plates are coated with highly reflecting layers, one of which is 

partially transparent, then the reflected fringe system consists of very fine dark lines against a 

bright background.  A schematic diagram of the multiple-beam interferometer along with a 

typical pattern of Fizeau fringes from a film step is shown in Figure 3.15.  As shown in this 

figure, the film whose thickness is to be measured is over coated with a silver layer to give a 
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good reflecting surface and a half-silvered microscope slide is laid on top of the film whose 

thickness is to be determined. A wedge is formed by the two microscope slides and light 

multiply reflected between the two silvered surfaces forms an interference pattern with a 

discontinuity at the film edge as shown in Figure 3.15. The thickness of the film “d” can then 

be determined by the relation, 

𝑑 =  
𝜆

2
×

𝑏

𝑎
       (3.36) 

where,  is the wavelength and b/a is the fractional discontinuity identified in the Figure 3.15. 

In general, the sodium light is used, for which  = 5893 Ǻ. Figure 3.16 shows an image of the 

fringes formed during interference. 
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Figure 3.15: Interferometer arrangement for producing reflection Fizeau fringes of equal 

thickness 

          

    
Figure 3.16: Interference pattern observed during measurement of film thickness 
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CHAPTER 4 

SAMPLE PREPARATION 

4.1 Preparation of Thin Films 
 

Thin film preparation consists of four sequential steps (Figure 4.1). A source of film 

material is supplied. The material is transported to the substrate and deposition takes place. 

The films are characterized by various experimental techniques and finally the results are 

analyzed to evaluate the process.  

 

 

 

 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

Figure 4.1: Steps of thin film processes 

Spray pyrolysis (SP) is one the most common techniques used for deposition of thin films. In 

this work, ZnO and ZnO: B thin films are prepared by using a locally fabricated SP 
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deposition (SPD) unit. This chapter includes a brief discussion on the SPD unit and various 

steps of preparation of ZnO and ZnO: B thin films on glass substrate by SPD technique.  

4.1.1    Experimental details 
 

4.1.1.1 Preparation of masks 
 

The direct deposition of thin film pattern requires a suitably shaped aperture, commonly 

referred to as a mask. For the purpose of various experimental studies, film of specific size 

and shape are required. Mask is made from stainless steel plate with the desired pattern cut 

into it. The aperture is made in a bath machine.  

 

 

 

                            

   

 Figure 4.2: Mask for the sample 

The mask is placed in proximity to the substrate, thereby allowing condensation of the 

evaporated only in the exposed substrate areas. The mask is prepared in such a way that the 

edge of the mask is smooth so that it is helpful for determining the film thickness accurately 

(Figure 4.2). 
 
 

4.1.1.2 Heater 

The heater „H‟ is an ordinary hot plate 2 kW nichrome wire heater. The top of the plate is 

covered with a piece of asbestos sheet having a small open area at the center where a mica 

sheet is attached. A thick stainless steel plate „G‟ (Figure 4.3) is placed on this mica sheet. 

Substrate is placed on this susceptor plate „G‟ to have a uniform temperature throughout the 

substrate surface. An electrical voltage variac controls the heater power.   

 

4.1.1.3 The design of the reactor 

The design of the reactor is shown is Figure 4.3. It is a vertical batch type reactor composed 

of a galvanized iron enclosure „E‟, heater „H‟ and heat susceptor „G‟. For the rapid expulsion 

of the by-product gases there are opening at the side and at the top of the reactor. It helps 

focusing the incoming sprayed solution towards the substrate „S‟ and also provides a chimney 

action to the exhaust gas upwards.  
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4.1.1.4 The fume chamber 
 

It is a large type chamber with a slanting top and is provided with a chimney. There is an 

exhaust fan fitted at the mouth of the chimney to remove the unused gases from the chamber. 

The slanting top and the sidewalls are made of glass and wood. There are airtight doors in the 

front side. The chamber has purging facilities. The whole spray system and the reactor are 

kept inside this fume chamber at the time of film deposition because of the safety grounds 

and to check air current disturbances at the deposition site. These two points just stated are 

very important for the spray process when deposition is carried out in open- air atmosphere. 

 

4.1.1.5 Air compressor 
 

It is reservoir type electrical air compressor. A rotary pump in this section mode draws 

atmospheric air and keeps it reserved in a large capacity air tank. At the outlet of the tank a 

pressure gauge is attached which records the pressure of the air at the time of supplying it 

from the tank. There is a bypass control valve which can keep the output pressure constant. 

 

 

4.1.1.6 Spray head/ nozzle 

The single spray nozzle consists of capillary tubes (stainless steels) fitted perpendicular to the 

other tube as shown in Figure 4.3. When compressed air is passed rapidly through the upper 

tube „P‟ in direction tangential to the mouth of the lower tube „A‟, a partial vacuum is created 

at the front part of the tube „A‟ whose other end is kept immersed in the spray liquid. Due to 

this partial vacuum the liquid rises up through the tube „A‟ and the compressed air drives it 

away in the form of fine spray particles. The thinner spray nozzle would give the finer spray 

particles. A very fine needle shaped capillary tube was used for the spray nozzle and it may 

vary from nozzle to nozzle. 
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 T.C. = Thermocouple F = Beaker filled with solution P = Upper tube 

 H = Heater                                  G = Graphite Block A = Lower tube 

      S = Substrate 

Figure 4.3: Schematic diagram of the experimental setup of spray pyrolysis technique 

4.2 Substrate and Substrate Cleaning 

For thin film deposition, several types of substrates are used. Substrate may influence 

various the properties of thin films [1]. Generally, glass, quartz, plastic and ceramic 

substrates are used for polycrystalline films. However, in the present work, thin films are 

deposited on glass substrates. The most commonly microscope glass slides having 5 cm long, 

2 cm wide and 0.1 cm thickness are used. These are fine smooth high quality microscope 

glass slides. The cleaning of substrate has a major influence on the properties of the thin film 

deposited onto them. Surface contaminations manifest it in pinholes, which can cause open 

resistor or localized high resistance. The following procedures are used for substrate cleaning. 

The gross contamination of each of the substrates are first removed by warm aqueous 

solution of sodium carbonate and then washed with distilled water. After washing in distilled 

water, the substrates are dipped at first into nitric acid for some time and again washed in 

distilled water. These are then dipped into chromic acid for some time. Taking them out of 

Pressurized 
air 
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chromic acid bath one by one and then these are washed and thoroughly rinsed with 

deionized water for several times. Finally, these are dried in hot air and preserved for use. 

During the whole process the substrates are always held by slide holding forceps. 

 

4.3 Working Solution 

The working solution is prepared by taking zinc acetate dihydrate [Zn (CH3COO)2. 

2H2O] as a  source material. The most commonly used solvents are distilled water and 

methanol. As Zn (CH3COO)2. 2H2O dissolves in water at room temperature, water is taken as 

solvent. Since, the spray system used in the present experiment operates via a partial vacuum 

path as the mouth of the spray nozzle, the concentration of the solution prepared by the 

solvent is made in such a way that it could be at least be drawn by the nozzle. If the solution 

concentration is high the spray rate will be low. A typical value of solution concentration 0.1 

M is used in this work. In order to prepare the ZnO: B thin films, the aqueous solution of zinc 

acetate and boric acid (H3BO3) are used as the precursor solution.  
 

4.4 Deposition Parameters  

 In the SPD technique the structure, composition and other characteristics of the 

deposited thin films depend on a number of process variables (deposition parameters). The 

deposition parameters such as the substrate temperature (Ts), type and concentration of 

solution (C), flow rate of the solution (Sr), deposition time (td), quality of the substrate 

material, size of atomized particles, carrier air pressure (Pa) and substrate to spray outlet 

distance (ds), etc. affect  the properties of thin films. It is obvious that Ts is the most important 

deposition parameter and it must be controlled with great care. 

For the deposition of ZnO and ZnO: B thin films onto glass substrates, the deposition 

parameters td, Sr, ds, Pa, and C are kept constant. ZnO and ZnO: B thin films are deposited at 

various substrate temperatures (Ts) from 300 to 450 °C. ZnO: B thin films are prepared by 

changing the B doping concentration between 0.50 and 1.50 at% at constant values of Ts. The 

effect of these two film parameters on the structural, optical and electrical properties of ZnO 

and ZnO: B thin films are studied in this work.  

 
 

4.5 Rate of Deposition 

The rate of flow of the working solution can be controlled by a suitable designing of 

nozzle „A‟ and adjusting the air flow rate. In preparing ZnO and ZnO:B thin films, the 

solution flow rate is maintained about 0.50 ml/min. 
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4.6 Thickness Control  

Thickness plays an important role in the properties of thin films unlike a bulk material 

[2-4]. In the present SPD process, the deposition time plays the main role in controlling the 

thickness of the thin films, provided the other parameters, remain constant. Since the 

deposition is carried out in normal atmosphere a direct and insitu control of thickness is not 

so easy. To control the film thickness therefore calibration chart may be used. These charts 

are generally plots of deposition time vs. thickness, and can be prepared at different constant 

substrate temperatures prior to the preparation of particular experimental samples using the 

same solution and deposition variables.  
 

4.7 Sample Deposition  

It has been stated earlier that SPD is a low cost technique for preparing ZnO thin films 

[5-7], which consist basically of spraying solution on a heated substrate. The apparatus 

needed to carry out the chemical spray process consists of a device to atomize the spray 

solution and a substrate heater. Figure 4.3 shows a schematic diagram of SPD unit and Figure 

4.4 shows the experimental setup for SPD used in this work. A considerable amount of (about 

100 ml) solution is taken in the container „F‟ fitted with the spray nozzle „A‟. The clean glass 

substrate with a suitable mask was put on the susceptor of the heater „H‟. The distance 

between the tip of the nozzle and the surface of the glass substrate was kept 25 cm. Before 

supplying the compressed air the substrate temperature „Ts‟ was to be kept at a level slightly 

higher than the required substrate temperature because at the onset of spraying a slight fall of 

temperature is likely. The temperature of a substrate was controlled by controlling the heater 

power using a variac. The substrate temperature was measured by placing a copper 

constantan thermocouple on the substrate. When compressed air is passed through „P‟ at 

constant pressure of 0.50 bar, vacuum is created at the tip of the nozzle and the solution is 

automatically carried to the reactor zone in the form of spray and film is deposited on the 

heated substrate [8-10]. The solution is adjusted such that about 5 minutes of spray produces 

ZnO and ZnO: B thin films of thickness about 200 nm. The possible chemical reaction that 

takes place on the heated substrate to produce ZnO may be as follows: 

 

Zn (CH3COO)2 .2H2O                                        

          +                                                   Zn1-xBx O + CO2  + CH4   + Steam 

   H3BO3 

 

    Decomposes to 

Δ 
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Figure 4.4: Experimental set up of Spray Pyrolysis unit at the Department of Physics, 

BUET 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.8 Introduction 

The results obtained from various experimental measurements on ZnO and ZnO: B thin films 

are represented and discussed in this chapter.  

5.9 Surface Morphology 

SEM images of ZnO and ZnO: B thin films are presented in Figures 5.1 to 5.9. The SEM 

images of the thin films are taken at 1, 2.5, 5, and 30 k magnifications. In lower 

magnification, it is seen in Figure 5.1 that the scanned area is nicely covered with fibrous and 

non-fibrous ZnO thin films. SEM images discovered that sprayed particles are adsorbed on 

the glass substrate into clusters as the primary stage of nucleation. In higher magnification 

images, clusters appear as nanofibers around the nucleation center. Analogous type of feature 

was reported by Ilican et al. [1] for indium doped ZnO thin films deposited onto glass 

substrate at substrate temperature (Ts) of 350 ⁰C by SPT and Caglar et al. [2] for ZnO: B thin 

films deposited onto ITO substrate by Sol-gel method, respectively. Figure 5.2 shows the 

SEM images of ZnO thin films which are deposited at the Ts of 350, 400 and 450 °C. SEM 

images 0.50 and 0.75 at% ZnO: B thin films (Figure 5.3 and 5.4) exhibit that the nanofibers 

are thicker and more closely spaced compared to those in ZnO thin films (Figure 5.2). The 

thickness of the nanofibers decreases in 1.00 and 1.50 at% ZnO: B thin films (Figure 5.5 and 

5.6). The distance between nanofibers increases due to the increase of substrate temperature 

from 350 to 450 °C. At x 30 k, it is observed that the shapes of the particles forming the 

nanofibers are almost circular for the ZnO and ZnO: B thin films except for 1.50 at% B 

doping. Figure 5.7 shows that the nanofibers are not so compact and smooth for 1.50 at% 

ZnO: B thin films with respect to others. Thicknesses of the nanofibers are measured at x 30 

k (Figure 5.8). Thickness of the nanofibers increases slightly with the increase of Ts. The 
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average thickness of the nanofibers increases with the increase of B doping up to 0.75 at% 

and then it decreases for 1.00 and 1.50 at% of B doping. The average thickness of the 

nanofibers in ZnO and ZnO: B thin films vary from 200 to 550 nm. The droplet size is found 

between 10 – 28 μm (Figure 5.9).   

 

 

Figure 5.1: SEM image (x 1 k) of ZnO thin film deposited at 300 °C 

 

   
(a)                                             (b)                                              (c) 

 

Figure 5.2: SEM images (x 5 k) of ZnO thin films deposited at the Ts of (a) 350, (b) 400 

and (c) 450 °C 
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(a)                                                (b)                                              (c) 

 

Figure 5.3: SEM images (x 5 k) of 0.50 at% ZnO: B thin films deposited at the Ts of (a) 

350, (b) 400 and (c) 450 °C 

 

     
(a)                                                (b)                                              (c) 

 

Figure 5.4: SEM images (x 5 k) of 0.75 at% ZnO: B thin films deposited at the Ts of (a) 

350, (b) 400 and (c) 450 °C 
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(a)                                                (b)                                              (c) 

 

Figure 5.5: SEM images (x 5 k) of 1.00 at% ZnO: B thin films deposited at the Ts of (a) 

350, (b) 400 and (c) 450 °C 

 

     
  (a)                                                 (b)                                               (c) 

 

Figure 5.6: SEM images (x 5 k) of 1.50 at% ZnO: B thin films deposited at the Ts of (a) 

350, (b) 400 and (c) 450 °C   
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  (a)                                                 (b)                                               (c) 

 

Figure 5.7: SEM images (x 30 k) of (a) 0.50, (b) 1.00 and (c) 1.50 at% ZnO: B thin films 

deposited at the Ts of 450 °C   

 

 

 
 

Figure 5.8: SEM image (x 30 k) shows nanofiber thickness  
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Figure 5.9: Droplet size is shown in an SEM image (x 2.5 k) 

 

 

5.10 Elemental Analysis 

Elemental analysis of ZnO and ZnO: B thin films are carried out by EDX spectroscopy. EDX 

spectra of ZnO and ZnO: B thin films are showed in Figures 5.10 (a) - (e) and the quantitative 

analysis of the elements are presented in the Tables 4. Two strong peaks corresponding to Zn 

and O are observed in the spectrum of ZnO thin film (Figure 5.10). It confirms the high 

purity of the ZnO thin film. There are small peaks for B impurity in the EDX spectra and 

quantitative analysis shows the increase in at % of B with the increase of concentration of B. 

It can be noticed in EDX analysis for ZnO: B thin film that at % of Zn is decreased with the 

increase of concentration of B. The quantity of O is not much affected due to increase of B 

doping. Thus, successful incorporation of B is confirmed by EDX analysis. 
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     (e) 
Figure 5.10: EDX spectra of (a) ZnO, (b) 0.50, (c) 0.75, (d) 1.00 and (e) 1.50 at% ZnO: B 

thin films deposited at Ts = 300 °C 

 

Table: 4. The EDX analysis of ZnO and ZnO: B thin films 

 

 

 

 

 

 

Sample  

Elements  

B  Zn  O  

Ts (°C) 
350  400  450  350  400  450  350  400  450  

at% 

ZnO -  -  -  48.45  49.79  47.95  51.55  50.21  52.05  

0.50 at% ZnO: B  2.61  3.08  2.58  38.68  43.47  43.83  58.71  53.45  53.60  

0.75 at% ZnO: B 3.25  2.50  10.18  45.38  50.60  46.89  51.37  46.89  46.67  

1.00 at% ZnO: B 6.99  16.61  8.82  37.74  38.96  40.86  55.27  45.08  52.22  

1.50 at% ZnO: B 8.81  10.82  13.08  40.86  37.46  44.93  50.33  51.71  41.99  

C
ou

nt
s 

keV 
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5.11 X-ray Diffraction 

The XRD patterns of ZnO and ZnO: B thin films, synthesized at the Ts of 300, 350, 400 and 

450 °C are illustrated in the Figure 5.11. All the films show polycrystalline nature. The 

reflections are observed for (100), (002), (101), and (110) planes indicating hexagonal 

wurtzite type of crystal structure of the thin films. Among these peaks first three are well 

defined, but (110) peak is less intense one. No peak corresponding to B impurity is observed, 

that means B has substituted Zn from their lattice sites without changing the hexagonal type 

of structure. For the ZnO and ZnO: B thin films deposited at higher Ts the peaks are sharp 

and intensities of the peaks increase up to 1.0 at% B doping. ZnO: B thin films show 

preferred orientation along [002] direction [2]. It can be said that doping causes texturing 

along c-axis. The (110) peak is not found in the XRD patterns of 1.00 at% ZnO: B thin films 

(Figure 5.14), but there is increase in the intensities of the other peaks. The XRD patterns of 

1.50 at% ZnO: B thin films show peaks with less intensities compared to other ZnO: B thin 

films. Decrease in intensity can be attributed as the deterioration of crystalline quality [3].  

Lattice constants 𝑎 and c of ZnO and ZnO: B thin films are calculated by the equations (3.2) 

and (3.4). The values of 𝑎 and c are found from the Nelson-Riley plot. The values of 𝑎 and c 

and the c/ 𝑎 ratio of ZnO and ZnO: B thin films are presented in Tables 5 and 6. The lattice 

constants are comparable to the standard values for ZnO [4]. For all the films the lattice 

constants increase and decrease such that c/𝑎 ratio is comparable to that for an ideal 

hexagonal structure [5]. Crystallite size is calculated for the predominant peak (002) by using 

equation (3.5) and it is plotted against the B doping concentrations in Figure 5.12. Average 

crystallite size is determined between 27 and 88 nm. Maximum crystallite size is found for 

0.50 at% ZnO: B thin films and then it decreases with the further increase of B concentration 

[6]. Larger crystallite size indicates less dislocation per unit area and minimum strain inside 

the crystallite. Microstrain (ε) and dislocation density (δ) are calculated by the equations (3.6) 

and (3.7) and these are plotted as a function of B concentration in Figure 5.12. Decrease of ε 

and δ with the increase of B concentration signifies less deformation of the crystallites at 

higher B concentration [7]. 
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Figure 5.11: XRD patterns of ZnO and ZnO: B thin films deposited at the Ts of (a) 300, (b) 

350, (c) 400 and (d) 450 °C 
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Table: 5. Lattice constants of ZnO and ZnO: B thin films deposited at various Ts 

B concentration 

(at%) 

𝑎 (Å) c (Å) 

Ts (°C) Ts (°C) 

300 350 400 450 300 350 400 450 

0 3.2365 3.2482 3.2571 3.1823 5.2752 5.2947 5.2828 5.1877 

0.50 3.2474 3.2484 3.2624 3.2371 5.2967 5.2947 5.3089 5.2689 

1.00 3.2438 3.2392 3.2536 3.2388 5.2824 5.2796 5.2938 5.2760 

1.50 3.2409 3.2497 3.2421 3.2464 5.2767 5.2874 5.2797 5.2854 
 

 

Table: 6. c/𝑎 ratio for ZnO and ZnO: B thin films deposited at various Ts 

B concentration 

(at%) 

c/𝑎 

Ts (°C) 

300 350 400 450 

0 1.6299 1.6300 1.6293 1.6301 

0.50 1.6310 1.6299 1.6272 1.6276 

1.00 1.6284 1.6299 1.6270 1.6289 

1.50 1.6281 1.6270 1.6284 1.6280 

 

 

0.0 0.5 1.0 1.5
20

30

40

50

60

70

80

90

 

 

C
ry

s
ta

ll
it
e
 s

iz
e
, 
D

 (
n
m

)

B concentration (at%)

 300
o
C

 350
o
C

 400
o
C

 450
o
C

0.0 0.5 1.0 1.5
0

1

2

3

 

 

M
ic

ro
s
tr

a
in

, 

 x

 1
0

3

B concentration (at%)

 300
0
C

 350
0
C

 400
0
C

 450
0
C

   
                       

(a) (b) 



 

87 
 

0.0 0.5 1.0 1.5
0

1

2

3

4

 

 

D
is

lo
c
a
ti
o
n
 d

e
n
s
it
y
, 

 (

1
0

3
/n

m
2
)

B concentration (at%)

 300
0
C

 350
0
C

 400
0
C

 450
0
C

 
 

Figure 5.12: Variation of (a) crystallite size, (b) microstrain and (c) dislocation density with 

B concentration for ZnO: B thin films deposited at different Ts 

 
5.12 Optical Properties 

5.12.1 Transmittance 

Optical transmittance (T %) of ZnO and ZnO: B thin films are showed in the Figures 5.13 

and 5.14. The maximum T of 89 % is found for the ZnO thin films (Figure 5.17 a). T 

decreases for 0.50 at% of B concentration (Figure 5.13 b) and it increases with the increase of 

B concentration up to 1.00 at% (Figure 5.13 c, 5.13 d), then it decreases for 1.50 at% of B 

doping (Figure 5.13 e). It is noticed in Figure 5.14 that for all the thin films deposited at the 

Ts of 450 °C, have higher T values. The higher T for films grown at 450 °C may be attributed 

to the enhancement of crystalline quality of the ZnO thin films [8]. The higher value of T of 

86 % is found for the 1.00 at% ZnO: B thin film deposited at Ts  of 450 °C as seen in Figure 

5.14. Pawar et al. have found high T of about 90 % for 1.00 at% ZnO: B thin film deposited 

by SPT under different deposition conditions [9]. This higher value of T can be attributed to 

the decrease in free carrier absorption due to the elevated carrier mobility of the film [10]. 

The overall transmittance behavior of the ZnO and ZnO: B thin films indicate uniformity of 

the film thickness and less absorbing nature of the surface [11].    
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Figure 5.13: Variation of transmittance (%) with wavelength for (a) ZnO, (b) 0.50, 

(c) 0.75, (d) 1.00 and (e) 1.50 at% ZnO: B thin films deposited at various Ts 
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Figure 5.14: Variation of transmittance with wavelength for ZnO and ZnO: B thin 

films deposited at Ts=450°C 

 

5.12.2 Absorption co-efficient 

Absorption co-efficient (α) of ZnO and ZnO: B thin films are calculated from the absorbance 

data using equation (3.14). α is plotted against photon energy in the Figure 5.15. It can be 

seen from those graphs that α of the ZnO and ZnO: B thin films are lower in the visible 

region of solar spectrum because of higher transmittance of thin films in this region. The 

value of α for are lower for ZnO thin films deposited at various Ts except for that deposited at 

Ts  of 300 °C. ZnO thin films deposited at Ts of 300 °C has the lowest crystallite size as 

observed in Figure 5.12, may be due to this reason it shows higher value of α than other ZnO 

thin films. The higher α is found for 0.50 at% ZnO: B thin films. α decreases up to 1.00 at% 

B doping and again it increases for 1.50 at% B doping in ZnO. All the ZnO thin films 

deposited at Ts of 450 °C show the lower α values. It has already been found that the 

crystallite size of ZnO and ZnO: B thin films deposited at Ts of 450 °C are higher as shown in 

Figure 5.12. Bigger size of crystallites may be the reason less absorption of light at the 

crystallite boundaries.   
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Figure 5.15: Variation of absorption co-efficient with photon energy for (a) ZnO, (b) 

0.50, (c) 0.75, (d) 1.00 and (e) 1.50 at% ZnO: B thin films deposited at various Ts                                                    
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5.12.3 Optical band gap 

Optical band gap (Eg) of the ZnO and ZnO: B thin films are determined from the Tauc 

relation represented by the equation (3.17). Tauc plots are showed in the Figures 5.21 and 

5.22 a. The extrapolations of the linear portion to the intercept of energy axis at (αhν)2 = 0 are 

used to find out the Eg of ZnO and ZnO: B thin films. Band gap values of ZnO have been 

reported between 3.1 and 3.3 eV for ZnO single crystal [12]. The Eg value is found between 

3.11 and 3.33 eV, the results obtained are in good agreement with those obtained for single 

crystal ZnO. Eg is found in this range for ZnO: B thin films deposited onto glass substrate at 

Ts of 450 oC by SPT [9] and also by Sol-gel method [13]. The Eg has increased slightly with 

B concentration and the maximum Eg of 3.33 eV is obtained for 1.00 at% ZnO: B thin film 

deposited at the Ts of 450°C. Increase of Eg may be attributed to the Burstein- Moss (B-M) 

effect [14]. B-M effect states that in a heavily doped semiconductor the donor electrons 

occupy energy levels at the bottom of the conduction band. Pauli principle prevents energy 

states from being doubly occupied and optical transitions are vertical. Thus, the valence 

electrons require an additional energy to be excited to the higher energy states in the 

conduction band to conserve linear momentum, as a result Eg is shifted. Ziabari et al. has 

explained the shift of Eg in ZnO due to p-type doping by Fermi level calculations [15] and 

corroborated the results with experiments. 
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Figure 5.16: Tauc plots of (a) ZnO, (b) 0.50, (c) 0.75, (d) 1.00 and (e) 1.50 at% ZnO: 

B thin films deposited at various Ts 
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Figure 5.17: Variation of optical band gaps with B concentrations in ZnO thin films 

deposited at various Ts 

5.12.4 Refractive index 

Refractive index (n) of the ZnO and ZnO: B thin films is calculated by the equation (3.25) 

and plotted against photon wavelength in Figures 5.18. The values of n become constant in 

the visible region of spectrum. Table 7 shows the n for ZnO and ZnO: B thin films at the 

wavelength of 750 nm which is approximately the middle of the plateau region of the graphs. 

The n value decreases with the Ts and B concentration up to 1.00 at% of B doping. For 1.50 

at% ZnO: B thin films higher n of 2.66 is found. Since speed of light is inversely proportional 

to n, high value of n of a material indicates that light speed decreases when it passes through 

the material. It is found that 1.50 at% ZnO: B shows higher α value in the visible region. 1.00 

at% ZnO: B thin films show lower n than others and it can be said that light moves faster 

through the films in the visible region and those exhibits higher transmittance. The values of 

n run between 1.2 – 2.72, these values are consistent with those obtained for ZnO [16] and 

ZnO: B thin films synthesized by SPT under some different deposition condition by other 

workers [6].  
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Table: 7. Refractive index for ZnO and ZnO: B thin films deposited at various Ts 

Sample Refractive index (n) at the wavelength of 750 nm  

 

 

 

 

ZnO 

B concentration 
(at%) 

Ts (°C) 

300  350  400  450  

0  2.54  2.27  2.26  1.74  

0.50  2.63  2.59  2.49  2.23  

0.75  2.62  2.47  2.61  2.45  

1.00  2.53  2.06  1.94  1.82  

1.50  2.66  2.59  2.57  2.56  
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Figure 5.18: Variation of refractive index with wavelength for (a) ZnO, (b) 0.50, (c) 

0.75, (d) 1.00 and (e) 1.5 at% ZnO: B thin films deposited at various Ts 

 

5.12.5 Extinction co-efficient 

Variation of extinction coefficient (k) with wavelength for ZnO and ZnO: B thin films are 

shown in Figure 5.19. Equation (3.26) is used to calculate k of ZnO and ZnO: B thin films. 

All the thin films show lower absorption in the visible region of solar spectrum and 

absorption peaks are found in the UV region near the wavelength 380 nm. Similar type of 

nature k has been observed for ZnO: B thin films deposited by Sol-gel dip coating method 

[18]. The k values of are lower for ZnO thin films deposited at various Ts, since those are 

highly transparent. The k decreases due to B doping, lower values of k is found for 1.0 at% 

ZnO: B thin films and k increases for 1.5 at% B doping in ZnO. All the ZnO and ZnO: B thin 

films deposited at Ts = 450 °C show the lower values of k, because those have higher T 

values as discussed before. 
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Figure 5.19: Variation of extinction coefficient (k) with wavelength for (a) ZnO, (b) 0.50, (c) 

0.75, (d) 1.00 and (e) 1.50 at% ZnO: B thin films deposited at various Ts 
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5.12.6 Optical conductivity 

Optical conductivity (ζ opt) of ZnO and ZnO: B films is calculated by the formula in equation 

(3.27). For all the thin films, ζ opt increases with photon energy as exhibited in Figure 5.20. 

ζ opt of ZnO and ZnO: B thin films may have changed due to the formation of coordination 

complexes when photon is absorbed by the thin films [18].The ζ opt is the increase of electrical 

conductivity with photon energy. It is a frequency dependent quantity which inversely related 

to the Eg values. For the larger Eg material ζ opt is expected to be lower. Lower values of ζ opt 

are found for the ZnO and ZnO: B thin films deposited at Ts= 450 ºC, since those have higher 

value of Eg as shown in Figure 5.17. For the films deposited at Ts= 300 ºC, ζ opt is higher 

because of their relatively lower value of Eg. The ζ opt decreases with B concentration between 

0.50 – 1.00 at%. For 1.50 at% ZnO: B thin films, there is a slight increase in ζ opt, it is 

consistent with the variation of band gap with B concentration. 
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Figure 5.20: Variation of optical conductivity with photon energy for (a) ZnO, (b) 

0.50, (c) 0.75, (d) 1.00 and (e) 1.50 at% ZnO: B thin films deposited at various Ts 
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5.12.7 Dielectric constants and dielectric loss 

Real and imaginary parts of dielectric constants (εr and εi) are calculated using the equation 

(3.20). εr and εi represent the absorption associated with the free carrier absorption [17]. εr is 

associated with the refractive index and it shows how much a material slow down the light 

while passing through it. εi gives the idea to what extent dielectric material absorbs energy 

from electromagnetic field of light due to dipole motion. Figures 5.21 and 5.22 exhibit that 

ZnO and ZnO: B thin films deposited at Ts of 450 ºC have lower values of εr and εi  and those 

decrease with B doping up to 1.0 at% and increase slightly for 1.5 at% B doping in ZnO thin 

films. Similar type of dielectric properties are observed for ZnO: B thin films deposited by 

Sol-gel dip coating method [18]. 

Dielectric loss tangent (tanδ) has been calculated by the equation (5.1), 

tanδ =
εi

εr
     (5.1) 

tanδ of ZnO and ZnO: B thin films are plotted against wavelength in Figure 5.23. The tanδ 

values are found less for the ZnO thin films deposited at Ts= 450 ºC. tanδ decreases with the 

increase of B concentration up to 1.0 at% B doping and then it increases in the case of 1.50 

at% ZnO: B. Decrease of tanδ indicates more loss of  photon energy in the medium and vice 

versa. The variation of tanδ with photon wavelength is consistent with the nature of 

absorption in the ZnO and ZnO: B thin films. 
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Figure 5.21: Variation of real part of dielectric constant with wavelength for (a) ZnO, 

(b) 0.50, (c) 0.75, (d) 1.00 and (e) 1.50 at% ZnO: B thin films deposited at various Ts 

(a) (b) 

(c) (d) 

(e) 



 

101 
 

 

300 400 500 600 700 800 900 1000 1100 1200
0.0

0.5

1.0

1.5

2.0

D
ie

le
c
tr

ic
 c

o
n
s
ta

n
t,
 

i

Wavelength,  (nm)

 T
s
=300 

o
C

 T
s
=350 

o
C

 T
s
=400 

o
C

 T
s
=450 

o
C

 

300 400 500 600 700 800 900 1000 1100 1200
0.0

0.5

1.0

1.5

2.0

D
ie

le
c
tr

ic
 c

o
n

s
ta

n
t,
 

i

Wavelength,  (nm)

 T
s
=300 

o
C

 T
s
=350 

o
C

 T
s
=400 

o
C

 T
s
=450 

o
C

 

 

300 400 500 600 700 800 900 1000 1100 1200
0.0

0.5

1.0

1.5

2.0

D
ie

le
c
tr

ic
 c

o
n
s
ta

n
t,
 

i

Wavelength,  (nm)

 T
s
=300 

o
C

 T
s
=350 

o
C

 T
s
=400 

o
C

 T
s
=450 

o
C

 

300 400 500 600 700 800 900 1000 1100 1200
0.0

0.5

1.0

1.5

2.0

D
ie

le
c
tr

ic
 c

o
n
s
ta

n
t,
 

i

Wavelength,  (nm)

 T
s
=300 

o
C

 T
s
=350 

o
C

 T
s
=400 

o
C

 T
s
=450 

o
C

 

 

300 400 500 600 700 800 900 1000 1100 1200
0.5

1.0

1.5

2.0

D
ie

le
c
tr

ic
 c

o
n
s
ta

n
t,
 

i

Wavelength,  (nm)

 T
s
=300 

o
C

 T
s
=350 

o
C

 T
s
=400 

o
C

 T
s
=450 

o
C

 
 

Figure 5.22: Variation of imaginary part of dielectric constant with wavelength for (a) 

ZnO, (b) 0.50, (c) 0.75, (d) 1.00 and (e) 1.50 at% ZnO: B thin films deposited at various Ts 
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Figure 5.23: Variation of dielectric loss tangent with wavelength for (a) ZnO, (b) 

0.50, (c) 0.75, (d) 1.00 and (e) 1.50 at% ZnO: B thin films deposited at various Ts 
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5.13 Electrical Properties 

 

5.13.1 I-V characteristics 

Electrical resistivity of ZnO and ZnO: B thin films are measured by inline four point probe 

method.  I-V characteristics curves of the ZnO thin films are shown in the Figure 5.24. The 

data for I-V characteristics are taken for the supply voltages in the range 0 – 20 V and the 

corresponding current and voltage drops are measured.  I-V graphs are almost linear in nature 

and the conduction process is ohmic [2]. The resistivities of the thin films are calculated 

using the I-V graphs. Resistivity decreases with B concentration up to 1.0 at% of B doping 

and then it increases for 1.5 at% B doping (Figure 5.25), similar nature is observed for ZnO: 

B in some published works [6, 13] Resistivity is found between 1.97 x 103 and 1.71 x 104 Ω-

m. The ZnO and ZnO: B thin films deposited at 450 ºC show lower resistivity than others. 

The minimum resistivity is found for 1.00 at% ZnO: B thin films, similar result is found for 

ZnO: B thin films prepared by Sol-gel method [19].  
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Figure 5.24: I-V characteristic graphs of (a) ZnO, (b) 0.50, (c) 0.75, (d) 1.00 and (e) 1.50 

at% ZnO: B thin films deposited at various Ts 
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Figure 5.25: Variation of resistivity of ZnO thin films with (a) B concentration and 

(b) substrate temperature 

5.13.2 Temperature dependence of electrical conductivity and activation energy 

Activation energy (ΔE) of ZnO and ZnO: B thin films are calculated by plotting the 

electrical conductivity against inverse of absolute temperature as shown in Figure 5.26. 

The slopes of the graphs are used in equation (3.34) to find out the activation energies of 

ZnO and ZnO: B thin films. ∆E of ZnO and ZnO: B thin films are plotted as a function of 

B concentration in Figure 5.27. Rise and fall in ∆E values are seen in the range of 

concentration 0 – 1.50 at%. ∆E decreases with B doping concentration from 0 to 0.75 at% 

of B doping and it increases for 1.00 at% of B doping and then it decreases for 1.50 at% 

of B doping. Higher value of ∆E indicates that reaction is very sensitive to temperature 

[20]. ZnO and ZnO: B thin films deposited at lower Ts have higher average ∆E values 

than those deposited at higher Ts. It indicates that electrical conduction mechanism is 

faster in ZnO and ZnO: B thin films deposited at lower Ts. Again it is seen that for 1.00 

at% ZnO: B thin films have higher ∆E. It may be attributed to less resistivity and more 

crystalline structure of the films. The values of ∆E are found between 0.27 and 0.52 eV, 

the result is consistent with those obtained for ZnO: B thin films synthesized onto ITO 

substrate by Sol-gel method [2] and for the same material deposited by spray CVD [11].  
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Figure 5.26: Electrical conductivity versus 1000/T graphs of ZnO and ZnO: B thin films 

deposited at (a) 300, (b) 350, (c) 400 and (d) 450 ⁰C 
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Figure 5.27: Variation of activation energy with B concentration for ZnO: B thin films 
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CHAPTER 6 

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

6.1 Conclusions 

In the present work, ZnO and ZnO: B thin films with B concentrations of 0.50, 0.75, 1.00 and 

1.50 at% are synthesized onto glass substrates at Ts of 300, 350, 400 and 450 °C. The thin 

films have thicknesses between 150 and 278 nm. The influence of variation of Ts and B 

concentration on structure and various physical properties of ZnO and ZnO: B thin films are 

studied elaborately.  

SEM images of the ZnO and ZnO: B thin films exhibit that the substrate is nicely covered 

with fibrous and non-fibrous films within the field of view. Nanofibers are formed around the 

nucleation centers and those are more densely placed in the ZnO: B thin films than those in 

the ZnO thin films. Nanofiber thickness increases with the increase of Ts and B concentration 

from 0 to 0.75 at% and that decreases for 1.00 and 1.50 at% of B doping. The shape of 

particles forming the nanofibers is changed from circular to elliptical for 1.50 at% ZnO: B 

thin films. EDX analysis reveals that the ZnO and ZnO: B thin films are stoichiometric and B 

is successfully incorporated into ZnO thin films.  

ZnO and ZnO: B thin films are polycrystalline hexagonal wurtzite type of crystal structure 

with preferential orientation along (002) plane. No peak corresponding to B impurity is 

found, that means B has substituted Zn from their lattice sites without changing the 

hexagonal type of structure. For the ZnO and ZnO: B thin films deposited at higher Ts the 

peaks are sharp and intensities of the peaks increase up to 1.0 at% B doping. 𝑎 and c values 

of ZnO and ZnO: B thin films increase and decrease such that c/𝑎 ratio is comparable to that 

for an ideal hexagonal structure. Average crystallite size is found between 27 and 88 nm for 

ZnO: B thin films. It decreases with the increase of B doping concentration. ε and δ decrease 

with the increase of B concentration. 
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ZnO and ZnO: B thin films disclose that the T is higher for the ZnO thin films. T increases 

with B concentration between 0.50 -1.00 at% and then it falls for 1.5 at% of B doping. It is 

observed that the thin films deposited at the Ts of 450 °C have higher T. Higher T may be 

attributed to the enhancement of crystalline quality of the ZnO thin films. The higher value of 

T is found to be 86% for the 1.0 at% ZnO: B thin film deposited at Ts of 450 °C. The overall 

T behavior of the ZnO and ZnO: B thin films indicate the uniformity of the film thickness 

and less absorbing nature of the surface. Optical band gap of ZnO and ZnO: B thin films are 

found between 3.11 and 3.33 eV. Optical band gap increases with the increase of Ts and B 

concentration between 0 and 1.00 at%. Refractive index of ZnO and ZnO: B thin films is 

found between 1.2 and 2.72. Refractive index of the thin films decreases with the increase of 

Ts and B concentration up to 1.00 at%. k decreases with the increase of B doping up to 1.00 

at% and then it increases for 1.5 at% of B doping. ZnO and ZnO: B thin films deposited at 

higher Ts have lower k. εr, εi, tanδ and ζ opt of the ZnO and ZnO: B thin films follow the same 

trend as k. 

Electrical resistivity of the ZnO and ZnO: B thin films run between 1.97 x 103 and 1.71 x 104 

Ω-m at room temperature. Resistivity decreases with the rise of temperature for all the thin 

films. ΔE of the thin films is higher for the films deposited at lower Ts. It is observed that ΔE 

decreases with the increase of B doping from 0 to 0.75 at% and then it increases for 1.50 at% 

of B doping. 

In conclusion it can be inferred that ZnO and ZnO: B thin films synthesized by SPT have 

good surface morphology, well crystalline quality, high transparency and low resistivity. B 

doping causes change in almost all the physical properties of ZnO. The results obtained in 

this work are in good agreement with those obtained by other workers for the same material. 

ZnO: B thin films can be suitable for optoelectronic applications. 
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6.2 Suggestions for Further Work 

This is the first time that ZnO: B thin films have been synthesized in our laboratory. In order 

to improve the quality of the thin film of this material and their characterization more works 

are required, for example: 

i. Characterization of ZnO: B thin films synthesized by changing other deposition 

parameters.   

ii. Study of the surface by Atomic force microscopy.  

iii. Investigation of electrical properties at low temperature. 

iv. Measurement of temperature dependent Hall effect. 

v. Study the annealing effect. 

 

 


