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ABSTRACT 

 

 

 

STRUCTURAL AND OPTOELECTRONIC PROPERTIES OF SOL-GEL 

DERIVED NICKEL OXIDE THIN FILMS 

 

 
Saraç, Büşra Ekim 

M.S., Department of Metallurgical and Materials Engineering 

Supervisor: Prof. Dr. Caner DURUCAN 

Co-supervisor: H. Emrah ÜNALAN 

January 2017, 78 pages 

 
Nanocrystalline nickel (II) oxide (NiO) thin films were deposited on glass substrate 

by spin coating of sol-gel derived solutions. Thin film formation behavior and 

microstructural / physical properties of the films were investigated as a function of 

controllable processing parameters, such as thin film thickness and post deposition 

heat treatment (annealing temperature) in the range of 400 – 500 °C. Microstructural, 

morphological and optoelectronic properties of NiO films was examined by scanning 

electron microscopy, atomic force microscopy, X-ray diffraction, UV-Vis 

spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy, and 

temperature-dependent resistivity measurements. It was shown that microstructurally 

homogeneous and pristine film formation with controllable particle size of 10 – 30 

nm can be achieved in a reproducible manner through the sol-gel processing route. 
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Sol-gel derived films of variable thickness in the range of 60 – 170 (± 5 nm), exhibited 

a transparency of 80 % to 65 % in the visible range, negligible changing with 

annealing temperature. This work presents a parametric optimization approach of sol-

gel deposition of NiO thin films and their optoelectronic characteristics. 

Keywords: p-type transparent oxide thin films, nickel oxide, sol-gel, optoelectronic 

properties. 
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ÖZ 

 

 

 

ŞEFFAF / YARI İLETKEN NİKEL OKSİT İNCE FİLMLERİN SOL-JEL 

TEKNİĞİ İLE ÜRETİLMESİ 

 

 
Saraç, Büşra Ekim 

Yüksek Lisans, Metalurji ve Malzeme Mühendisliği Bölümü 

Tez Yöneticisi: Prof. Dr. Caner DURUCAN 

Ortak Tez Yöneticisi: Doç. Dr. H. Emrah ÜNALAN 

Ocak 2017, 78 sayfa 

 

 

Nanoparçacık yapıdaki nikel (II) oksit (NiO) ince filmler (kaplamalar) cam yüzeylere 

sol-jel tekniği kullanılarak döndürme yöntemiyle kaplanmıştır. Üretilen ince filmlerin 

oluşum davranışları, mikroyapısal ve fiziksel özellikleri ince film kalınlığına ve 

kaplama sonrası 400 – 500 °C arasındaki ısıl işlem sıcaklığına (tavlama sıcaklığına) 

göre incelenmiştir. İnce filmlerin mikroyapısal, morfolojik ve optoelektronik 

özellikleri taramalı elektron mikroskobu, atomik güç mikroskobu, X-ışını kırınımı 

yöntemi, UV-görünür bölge spektroskopisi, Raman spektroskopisi, X-ışını 

fotoelektron spektroskopisi ve sıcaklığa bağlı direnç değişimi ölçümleriyle 

incelenmiştir. İnce filmlerin mikroyapısal olarak yüzeye homojen ve düzgün dağılan 

10 – 30 nm arasındaki kristallenmiş nanoparçacıklardan oluştuğu ve sol-jel 
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yöntemiyle üretimin tekrarlanabilirliği gözlemlenmiştir. 60 - 170 nm (± 5 nm)  

arasında farklı kalınlıklarda üretilen ince filmlerin, görünür bölgede % 80’ den % 65’e 

kadar optik geçirgenliğinin olduğu gösterilmiştir. Bu çalışma, sol-jel yöntemiyle farklı 

parametreler doğrultusunda üretilen filmlerin mikroyapısal ve optoelektronik 

özelliklerindeki değişimi göstermektedir. 

Anahtar Kelimeler: p-tipi şeffaf iletken oksitler,  nikel oksit, sol-jel, optoelektronik 

özellikler 
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CHAPTER 1 

 

 

INTRODUCTION 
 

 

 

1.1. General Introduction and Rationale of the Thesis 

Metal oxides in various morphologies, shapes and sizes have received extensive 

attention due to their unique and tunable chemical and physical properties. They are 

essential materials for electronic and optoelectronic applications. On the other hand, it 

is known that reduction of particle size of a material to nanometer scale changes the 

properties of the matter and impart intriguingly new properties. Therefore, 

nanostructured metal oxides are promising materials to explore future electronics. 

NiO is a well known wide band gap (3.6-4.0 eV) semiconductor possessing p-type 

conductivity. It has been widely used in gas sensing [1], catalysis [2], electrochromic 

[3] and optoelectronic applications. Most of such electronic applications require thin, 

homogeneous and non-porous layers in order to exhibit low resistance and high carrier 

diffusion length. NiO thin films have been deposited onto glass substrates using 

various techniques like magnetron sputtering [4], pulsed laser deposition [5], chemical 

vapor deposition [6] and sol-gel process [7]. Among them, sol-gel method is promising 

with its low cost, simple equipment requirement and scalability. In addition, it allows 

the reproducible deposition of high purity thin films, practiced by spray, dip or spin 

coating techniques for the fabrication of thin film. Spin coating is a versatile and 

widely used technique for the fabrication of thin films on various planar substrates. 
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Spin coated NiO thin films have been deposited from aqueous solutions of nickel salts 

including nickel nitrate [1], sulphate [8], chloride [9] or organic precursors like acetate 

[10], nickel diacetate [11] and nickel 2-ethylhexonate [12] with the addition of proper 

agents or pH regulators. Nickel acetate is one of the most preferred nickel sources used 

in sol-gel based routes due to its relatively low decomposition temperature [13]. 

Structural, optical and electrical properties of NiO thin films deposited on different 

substrates have been studied with respect to annealing temperature for a chosen 

thickness [10,14]; whereas, the studies investigating the effect of thin film thickness 

on such properties are limited [15]. Optoelectronic devices like light emitting diodes, 

organic light emitting diodes employ NiO thin films as hole injection layers, while 

solar cells employ them as hole transport layers [14,16]. Compared to organic 

counterparts like poly(3,4-ethylenedioxythiophene)polystyrene sulfonate or poly(3-

hexylthiophene-2,5-diyl), inorganic NiO layers show excellent performance by means 

of device stability and efficiency [16,17]. Abundance of NiO is another advantage 

among its polymeric counterparts. Thin NiO layers used in these devices are expected 

to simultaneously exhibit sufficient electronic conduction, visible light transmission 

and hole transport ability when deposited in a thickness range of 50 – 100 nm [14, 18]. 

Deposition and formation of homogeneous, dense and crack free NiO films in this 

thickness requirement is of critically important for proper device function. 

In this study, a parametric investigation on the sol-gel deposition of NiO thin films 

were conducted with a special emphasize on reproducible controllability of thin film 

thickness. The effect of both film thickness and post deposition heat treatment 

(annealing) temperature on the morphological and optoelectronic properties of NiO 

thin films have been reported and discussed. 
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1.2. Background Information and Literature Review 

1.2.1. Transparent Conductive Oxides (TCOs) 

Transparent conducting oxides (TCOs) are degenerately doped wide band gap 

semiconducting metal oxides offering good electrical conductivity with high optical 

transparency to visible light. Most TCOs are binary or ternary compounds, having one 

or two metallic elements. By nature, number and atomic arrangements of metal cations 

in crystalline/amorphous oxide configuration, morphology and intrinsic/extrinsic 

defects constitute the electrical and optical properties of TCOs. In 1907, the first TCO 

thin film of CdO was reported by Badeker [19]. CdO thin film was firstly deposited 

by thermally oxidizing a vacuum sputtered film of cadmium. Although, CdO possesses 

high electron mobility due to its low effective electron mass, serious toxicity doubts 

about CdO restrict its usage. Then, ZnO, SnO2, In2O3 and their derivatives were also 

introduced as TCOs [20]. 

In todays technology, Al doped ZnO (AZO), tin doped In2O3 (ITO) and 

fluorine/antimony doped SnO2 (FTO/ATO) are commercially available and widely 

utilized in industrial applications such as photovoltaic cells [21], display devices [22], 

functional glasses [23], light emitting diodes [24] and electrochromic devices [25]. 

Representative device applications of metal oxides are given in Table 1.1. Not only 

the optical and electrical properties, but also the environmental stability, compatibility 

with the other materials and substrates used in device structure are essential factors for 

choosing suitable TCOs in device applications. Additionally, costs of the raw materials 

and deposition process are the other key parameters for utilization of the TCO 

materials. 
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Table 1.1. Applications of representative metal oxide materials in microelectronics, 

including transparent conducting oxides, diodes, random access memories, solar cells 

and organic photovoltaics, adapted from [26]. 

Application Metal Oxide Deposition 
Technique 

Processing 
Temperature (°C) 

p-n junction    
Diodes CuCrO2:Mg-ZnO PLD RT (laser annealing) 
Sensors WO3-SnO2 Sol-gel 200 

 ZnO-SnO2 Sol-gel 300 
 ZnO-SnO2 PECVD 350 

Solar Cells Ga2O3-Cu2O PLD RT 

 Cu2O-TiO2-ZnO 
(nanowire) Vapour + ALD 1,140 (HP O2) 

Random access 
memories CuxO ECP NA 

Transparent 
conducting oxides ZrO2 Sol-gel 600 

 NiO Sputtering 300 
 ITO Sputtering RT 
 AZO Sputtering RT 
 IZO Sputtering RT 
 GZO Sputtering RT 
 ZITO Sputtering RT 

Organic 
photovoltaics    

Electrode ITO Commercial NA 
 InCdO-ITO IAD RT 
 ZITO PLD RT 

Interfacial layer MoO3 Thermal evaporated NA 
 V2O5 Thermal evaporated NA 
 ZnO Sol-gel 150 
 NiO PLD RT 
 TiOx Sol-gel 150 

	  

Most of the conventional TCOs are n-type and commercial ones are also available, but 

the current p-type TCOs have not yet employed in practical/commercial industrial 

applications. Additionally, various possible applications of n-type TCOs are also 

incomplete due to the lack of their p-type counterparts. The recent studies on TCO 

technology have focused on developing novel p-type TCOs to deposit them as thin 

films. The most common p-type TCOs reported in literature are listed in Table 1.2. 
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High performance p-type TCOs would promise the improvement of optoelectronic 

devices and transparent electronic applications by the construction of p-n 

heterojunction structures accompanying common n-type TCOs.  

Table 1.2. List of various p-type TCOs with their optical and electrical properties, 

adapted from [27]. 

Materials Structure Growth 
methods 

D 
(nm) 

T 
(%) 

Eopt 
(eV) 

σ 
(S cm-1) 

µ             
(cm2 V-1 s-1) 

Sn:In2O3 (ITO) Bixbyite Sputtering 115 85 3.7 5900 30 
Cu2O Cubic PLD 650 --- 2.17 0.014 90 
CuBO2 Delafossite PLD 200 75 4.5 1.65 100 
CuAlO2 Delafossite PLD 500 28 3.5 0.95 10.4 
CuAlO2 Delafossite PLD 230 70 3.5 0.34 0.13 
CuCr0.95Mg0.05O2 Delafossite PLD 250 30 3.1 220 --- 
CuGaO2 Delafossite Sputtering 300 80 3.6 0.02 0.23 
CuScO2+x Delafossite PLD 110 40 3.7 15 --- 
CuIn0.93Ca0.03O2 Delafossite Sputtering 100 40 3.7 0.006 --- 
CuY1-xCaxO2 Delafossite PLD 100 41 3.5 1 --- 
SrCu2O2 Tetragonal Sputtering 120 80 3.3 0.048 --- 
La0.97Sr0.03CuOS Tetragonal PLD 150 60 3.1 20 --- 
La0.8Mg0.2CuOse Tetragonal Sputtering 40 --- 2.8 910 3.5 
ZnRh2O4 Spinel PLD 100-300 55 2.74 2.75 --- 
ZnIr2O4 Spinel PLD 100-300 61 2.97 3.39 --- 
MgxCr2-xO3 Corundum Solution 150 65 3.3 0.33 --- 
La0.75Sr0.25CrO3 Perovskite MBE 80 55 4.6 15 0.03 
La0.50Sr0.50CrO3 Perovskite MBE 50 43 4.6 56 0.04 
SnO Litharge PLD 20 --- 2.8 0.1 2.4 
SnO Litharge Sputtering 200 0.85 2.8 0.77 4.8 
Ba2BiTaO6 Perovskite PLD 120 90 4.5 0.005 30 
Li:NiO Rocksalt Sputtering 118 30 3.4 7.1 --- 

 

 

The electrical conduction mechanism of TCOs can be explained by the physics of 

semiconductors. Concentration (n) and the mobility (µ) of the charge carriers 

determines the electrical conductivity (σ) of TCO thin films by the relation of σ=neµ 

where e is the charge of the elementary particles. The parameter n is determined by the 

intrinsic mobile carrier generation of charge carriers (electrons or holes depending n-

type or p-type conduction mechanism, respectively) due to dopants or defects. 

According to the expression of µ=eτ/m*, free carrier relaxation time τ directly and the 

effective mass of carriers m* inversely depend on the mobility of carriers µ. τ  is mainly 
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effected by extrinsic elements like grain boundaries, vacancies or ionized dopants. The 

m* is a tensor with the components of energy (ε) and momentum (k) vectors. Therefore, 

curvature of conduction band minimum or valence band maximum in structure leads 

to small m* and then high µ. Conductivities of TCOs can be adjusted by selection of 

suitable dopant element with respect to their effective mass of carriers. The electron 

effective mass of the elements in their corresponding binary oxides is given in Figure 

1.1.  

 

  

Figure 1.1. Figure showing the computation of the elements which exhibit the lowest 

electron effective masses in their respective binary oxides [28]. 

On the other hand, µ is a limited parameter. If there is large separation between 

conduction band minimum and valence band maximum (~above 3eV), conduction 

band could not be occupied at room temperature thermally (kT~0.03 eV, where k is 

Boltzmann’s constant). Thus, stoichiometric crystalline TCOs behave as excellent 

insulators [29]. However, visible range of the spectrum is between 1.8 and 3.1 eV. 

Therefore, for transparency to the visible portion of the spectrum, the distance between 

conduction band minimum and valence band maximum of TCOs should be in this 
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energy range. This contradiction about the value of band gap is resolved by doping. It 

was observed that increase in the electrical conductivity without loss of optical 

transparency can be achieved by doping of TCOs [20]. 

However, the large concentration of charge carriers, leads to reduction in optical 

transparency and conductivity, so film thickness and doping rate should be considered 

in designation of TCOs. Effect of thin film thickness on the optical transmission and 

electrical resistivity of film is shown in Figure 1.2. 

 

 
 

Figure 1.2. Effect of ITO film thickness on PET substrate on optical transmission 

and resistivity [28]. 

An increase in film thickness and doping amount enhances the electrical conductivity 

up to some extend. Free charge carrier absorption become an essential mechanism in 

case of a high doping amount by means of optical properties. Excess amount of doping 

and high carrier/defect concentration due to increase in thickness enhance the density 

of defect sites (dopant). Therefore, characteristics of dopants gradually become 

dominant by scattering effect of these sites. The reductions of the mean free path of 
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charge carriers and then, relaxation time of free carriers decrease the conductivity of 

thin films [28]. Excess amount of doping and increase in thickness cause the shift of 

donor/acceptor level, by getting them closer to conduction band/valence band. Thus, 

optical band gap becomes wider, causing a change in the optical transparency of the 

resultant thin film [28]. Additionally, high concentration of charge carriers can cause 

imperfections in optical absorption at IR, visible and/or UV wavelengths due to the 

dominant free charge carrier absorption process [30].  

1.3. NiO Thin Films 

NiO has a rock salt type crystal structure presented in Figure 1.3 with the band gap 

around 3.4 - 4.0 eV and it is the first reported p-type TCO thin film deposited using 

RF magnetron sputtering by Sato et al. [31]. Conductivity of these films were nearly 

7.1 S cm-1 and optical transparencies to visible range were about 40%. 

 

Figure 1.3. Rock salt crystal structure of NiO, retrieved from [32]. 

1.3.1. Electrical Properties of NiO Thin Films 

Pure stoichiometric NiO is an excellent insulator. Conduction mechanism of NiO has 

not clearly explained yet, so there is no common agreement about it’s electrical 

properties [33]. Firstly, it was believed that stoichiometric NiO is Mott insulator [34]. 

Then, it is corrected that it behaves as Mott-Hubbard type insulator [35]; however, 
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when it is oxidized, it becomes a p-type conductor [36]. However, my conflicting 

results reveal that conduction mechanism and electronic structure of NiO is quite 

complex than that has been proposed [37, 38, 4, 39, 40, 41]. The conduction 

mechanism of NiO has been explained as percolative [37] , small polaronic [40] and 

grain boundary controlled [42, 38, 41]. Similarly, the conflictive results about Hall 

conductivity of NiO has been also reported [41, 43]. The highest p-type Hall mobility 

of NiO thin films deposited using RF magnetron sputtering was reported as 28.56 cm2 

V-1 s-1 by Chen et al [44]. Nevertheless, one can realize that measuring the Hall 

mobility is not reliable and trivial due to very low mobility values (�1cm2 V-1 s-1) of 

Ni1-xO and LixNi1-xO thin films. Although it has quite low conductivity, NiO is one of 

the most widely preferred p-type TCO in device applications [14, 26]. 

The huge differences between the studies about the electrical properties of NiO can be 

due to non-uniform composition of samples, inadvertent doping, or grain boundaries. 

Additionally, accurate measuring of the oxygen amount in the structure of the final 

composition is quite difficult, which leads to in inconsistent results. It has been also 

notified that oxidized NiO (such as Ni2O3 or introduction of Ni vacancies) is located 

at the grain boundaries of polycrystalline structure resulting in new pathways for 

additional conduction mechanism through grain boundaries [42, 38, 41]. Moreover, 

there are some reports reveal that thermal annealing, electron and ion impact also have 

significant influence on defect formation and concentration. These combined 

difficulties and conditions cause the inconsistencies and conflictions on the reported 

results. 

According to the latest studies, p-type conduction in NiO is provided by hole states 

induced through Ni vacancies in case of oxygen-rich environments [27]. The another 

way to enhance the conductivity of NiO is doping. Although there are many dopants 

reported in literature such as Ga, Cr, In, Mg, Ag, Na and Zn [45, 46], the most common 

practice is doping NiO with Li+ sites (LixNi1-xO) [47]. It has been concluded that, Li+ 

ions substitute Ni sites and crystal structure does not change if the doping is lower than 
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0.25 atomic ratio. Li+ ions constitute hole states at the top of valence band; however, 

the nature of hole state (Ni3+ or O) is a controversial issue due to strong electron 

correlation in the structure [48]. The significant reason of the conductivity limitation 

of Ni1-xO or LixNi1-xO is this strong electron correlation due to 3d orbitals. In literature, 

the highest conductivity values of Ni1-xO and LixNi1-xO have been reported as 7.1 S 

cm-1 [47].  Additionally, the temperature-dependent resistivity studies reveal that 

conductivity of Ni1-xO and LixNi1-xO obey Arrhenius relation. However, it is not clear 

that the conduction mechanism is whether through small polarons or band like [49, 42, 

50]. 

1.3.2. Optical Properties of NiO Thin Films 

NiO is green due to strong absorption in violet (2.75 – 2.95 eV) and red (1.75 eV). In 

case of an excess oxygen, namely Ni is oxidized by directly oxygen or doping with 

Li+, high absorption coefficient of the green range (1.75 – 2.75 eV) is expanded and 

NiO appears as black [51]. Band gap of NiO thin films changes with the deposition 

technique in between 3.4 and 4.3 eV. 

To understand the electronic structure of NiO, various optical experiments has been 

carried out such as photoemission or inverse photoemission studies [33, 39, 52]. 

Theoretical calculations about optical spectra have also been reported [53]. There are 

some significant points about conduction band, valence band and optical band gap of 

NiO to be noticed: 

• Ni 3d states dominates the conspicuous structure at valence band edge [39, 52]. 

• Ni 4s is located at the conspicuous structure of conduction band edge, but the 

structure on the small shoulder ((Ec-E) ~ 0.8 eV) is detected and considered as 

localized Ni states [54]. 

• The gap of band structure is clean due to its nature [39]; however, mid-gap 

structure is quite sensitive susceptible to thin film deposition and defects [39, 

54]. 
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1.4. Applications of NiO Thin Films 

Nanocrystalline NiO thin films are attractive materials due to their excellent durability, 

chemical stability, controllable conductivity with high transparency and catalytic 

properties. Additionally, NiO is quite compatible to be incorporated with the wide 

range of n-type TCOs due to its rock salt structure resulting in ease of lattice matching 

[27]. 

Transparent conducting NiO films are employed in wide range range of device 

applications, such as organic light emitting diodes (OLEDs), photovoltaic devices, thin 

film transistors (TFT), electrochromic devices and gas sensors. 

1.4.1. Organic Light Emitting Diodes (OLEDs) 

Organic light emitting diodes (OLEDs) are optoelectronic devices which emit light 

from the emissive electroluminescent layer composed of an organic compound when 

electrical current is passed. OLEDs were invented in 1987 [55] and now they are 

commercially used in wide-range applications, such as small screens for mobile 

phones, portable digital audio players, televisions for residential light. 

The multilayer OLEDs are thin film devices consisting basically organic emitting layer 

and hole transporting layer embedded between anode and cathode electrodes. The top 

electrode is generally highly reflecting whereas the bottom electrode has high 

transparency thin film deposited onto suitable transparent substrate. Simply, voltage is 

applied between anode and cathode electrodes. The holes are injected from cathode 

and electrons from the anode electrode by the electric current. The injected charges 

come together and recombine in emissive layer. Photons are created, so light is 

emitted, in a frequency corresponding to the energy gap between conduction band and 

valence band of this emissive layer. 

Highly efficient OLEDs are generally fabricated using thermal evaporation, but this 

technique has some restrictions in manufacturing such as high processing cost and lack 

of ability to deposit onto large areas. On the other hand, solution-processed OLEDs 
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offer low cost and large area applications on flexible substrates. Although, low 

efficiency is often a problem for solution-based processing, this challenge can be 

eliminated by charge blocking layers. However, solution-based techniques limit the 

deposition of multilayer structures due to dissolving or damaging the subsequent layer 

by its solvent [56]. There are many reports on solution-based OLEDs using poly(3,4-

ethylenedioxythiophene): poly(sterene sulfonate) (PEDOT:PSS) as hole injection 

layer by spin coating [57]. However, PEDOT:PSS is not able to effectively block 

electrons and excitons from emissive layer. Moreover, acidic nature of PEDOT:PSS 

can cause device instability [56]. Hence, a multilayer OLED usually requires a hole 

transporting layer for effective blocking of both electrons and excitons. Numerous 

organic hole transport materials have been also synthesized and experienced in 

OLEDs. However, most of them are not compatible with solution-based processing 

due to dissolving or washing away by the solvents of subsequent deposited layer. 

Although, cross-linkable  organic materials have been also tested as hole transport 

layer in OLEDs [58, 16], low efficiency has been observed due to low mobility of 

holes resulting the porous morphology of the films leading to reduction of cross-

linking. Therefore, NiO is an alternative inorganic p-type semiconducting thin film as 

hole transporting and injection layer instead of organic molecules. NiO exhibits 

excellent hole selectivity, electron blocking capability and large ionization potential 

with high optical transparency. There are several reports on utilizing of NiO in OLEDs 

using sputtering [59], thermal evaporation [60]  and most commonly solution-based 

processing [56]. The schematic structure of OLED with NiO hole transport/injection 

layer is depicted in Figure 1.4. 
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Figure 1.4. The schematic cross-section of OLED, adapted from [56]. 

1.4.2. Organic Photovoltaic Cells 

Photovoltaic (PV) cells employ the semiconducting materials to covert the light into 

electricity when exposed to light. Dye-sensitized solar cells (DSSC), organic solar 

cells and amorphous solar cells are commercially manufactured photovoltaics.  

Organic photovoltaics (OPVs) employing organic molecules for light absorption and 

excitons formation also require electron and hole blocking layers in order to efficiently 

extract charges and reduce recombination rates. In such devices active layers 

(absorber) are stacked between hole transport and electron transport layers as depicted 

in Figure 1.5. In OPVs, PEDOT:PSS is mostly preferred efficient organic hole 

transport layer with a work function of 5.2. eV. However, a considerable amount of 

studies on the disadvantages of PEDOT:PSS have been reported [61, 62, 63]. Besides 

PEDOT:PSS is an organic molecule possessing high tendency to degrade in presence 

of water and sunlight which limit long term usage in PV device applications. All these 

problems cause the instability, degradation and low device performance. 
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Figure 1.5. Device architecture of a typical bulk heterojunction solar cell with hole 

transport layer as PEDOT:PSS and NiO and energy band diagram of the 

corresponding layers [64]. 

On the other hand, NiO is a stable and robust ceramic material compared to organic 

PEDOT:PSS. Valence band maximum and work function of NiO are similar to that of 

PEDOT:PSS and NiO has been extensively utilized in wide range of OPVs as a hole 

transport/injection layer [14, 5, 65, 64, 66]. NiO has a wide band gap and deep valence 

band.  

1.4.3.  Thin Film Transistors (TFTs) 

Thin film transistors (TFTs) take commercially place in todays technology, such as 

flat panel displays, smart phones and computers. These devices facilitate the advancing 

of video system technology by enabling the large dimension displays. They are most 

commonly utilized as the pixel switching components in flat panel displays. 

Additionally, this technology finds several applications apart from the display 

technologies, such as X-Ray detection [67], microelectronic devices (memories) [68], 

chemical sensors [69] and bio-chemical sensors [70]. 

TFTs are kind of field effect transistors principally containing three terminals (source, 

gate and drain) and including semiconducting, conducting and dielectric layers. The 
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semiconducting material is located between source and drain terminals; whereas, the 

dielectric one is placed between the semiconducting material and the gate. The 

working principle is to regulate the electric current between drain/source electrodes by 

change in the potential between gate/source, producing free charge accumulation 

between dielectric and semiconductor layer [71]. 

TFTs can be fabricated in different structures depending on arrangement of layers 

determined by the deposition process, post-processing heat treatments or amount of 

lithographic masks employed. Most common TFT structures are staggered bottom-

gate, coplanar bottom-gate, staggered top-gate and coplanar top-gate. 

NiO is promising material to fabricate low cost p-type oxide TFTs. Solution-based 

processing techniques are rather attractive than vacuum-based processes due to their 

simplicity, low cost and high quality films. Solution-processed NiO based p-type TFTs 

have been reported many times [72, 73, 74]. The schematic representation of cross 

sectional solution-processed NiO based p-type TFT structure is provided in Figure 1.6. 

 

 Figure 1.6. Schematic cross-section of solution-processed NiO based TFT with a 

bottom-gate bottom-contact structure. NiOx based active layers and the AlOx gate 

insulator are deposited by spin coating [72]. 

1.4.4. Electrochromic Devices (ECDs) 

Color of electrochromic materials can be changed, evocated or bleached when 

appropriate electrical potential is applied to initiate redox process. Electrochromic 
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devices (ECDs) or cells can be considered as some kind of rechargeable thin film 

batteries. ECDs including smart windows can modulate transmitted/reflected visible 

electromagnetic waves so they are utilized in sunroofs, filters, antiglare car mirrors, 

architectural applications and aerospace applications [75].  

The generic structure of ECD is composed of a substrate that is coated with a 

transparent conducting material, the electrochromic coating, an electrolyte, an ion 

reservoir, an additional conductor and again a substrate [76]. The transparent 

conducting layer behaves as the electrode which provides the connection of device and 

external battery. Tin oxide (SnO2) or ITO thin films are mostly preferred materials 

coated on substrate as a transparent conductive electrode [77].  The electrochromic 

material is deposited onto transparent conductive substrate in thin film form. This 

electrochromic film is in contact with an ion conductive electrolyte whose other side 

is in contact with ion reservoir. The voltage is applied through this electrolyte and 

substrate coated with transparent conductive film. The electrical current drives the ions 

from reservoir into the electrochromic film over the electrolyte and injects the 

electrons from the conductive coating of the substrate. The optical characteristic of 

electrochromic layer is altered by the injected electrons due to their tendency to charge 

neutrality. The reverse voltage ejects the ions out from the reservoir and enables the 

leaving of electrons through the substrate; therefore, electrochromic material is 

converted to its original state. The schematic structure of ECDs is depicted in Figure 

1.7. 



 
 

17 
 

 

Figure 1.7. The fundamental structure of ECDs [17]. 

The electrochromic materials are divided into three groups. 

i. Cathodically coloring materials: These are colored in the reduced state and 

colorless in the oxidized state. 

(colorless) x M+ + xe- + WO3 ⇔ MxWO3  (colored) 

M is an alkali metal or hydrogen 

ii. Anodically coloring materials: These are colored in the oxidized state and 

colorless in the reduced state. 

(colorless) Ni(OH) ⇔ NiOOH + H+ + e-   (colored) 

iii. The electrochromic materials are colored in both oxidized and reduced states. 

NiO is an anodically coloring inorganic material. In oxidized state, the color of NiO 

turns to dark bronze [76]. A considerable amount of studies has been recently reported 

on NiO as a counter electrode for NiO/ WO3 electrochromic applications [17, 78]. It 

has not been clearly understood yet that the coloration mechanism of NiO is due to 

whether injection of hydroxyl or lithium ions, or extraction of protons [79].  
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1.5. Production Techniques for NiO Thin Films 

1.5.1. Pulsed Laser Deposition (PLD) 

Pulsed laser deposition (PLD) technique which is one of the physical vapor deposition 

methods offers to obtain high quality thin films with fine stoichiometry control. High 

purity and morphologically quite uniform NiO films can be deposited on different 

substrates such as Ni foil [80], quartz [81] or glass [66] and heteroepitaxial growth is 

also achievable by PLD technique [82]. PLD process is divided into three main steps: 

vaporization (ablation) of target materials, creation and transport of ablated plume and 

growth of the film on substrate. High power laser pulses focused by a series of lenses 

are used to ionize, melt and evaporate the material from the target surface. The fleeting 

bright plasma plume (consists of ions, electrons, other complex species etc.) that 

enlarges quickly away from the surface of a target is created by ablation process. 

Afterwards, thin film growth starts as a result of the subsequent collection, positioning 

and condensation of the ablated material on the surface of the substrate. The schematic 

illustration of PLD technique is given in Figure 1.8. 

PLD is capable of fabricating complex/functional oxide thin films by transferring the 

stoichiometry from surface of the target to that of substrate, produce high purity 

multilayered thin films by using different targets without break the vacuum and control 

the film thickness, on the order of typically ~100 Å/min, in real time by tuning the 

laser. On the other hand, some species in the plume with high energy can lead to the 

re-sputtering and kind of defects on both the surface of substrate and growing layer. 

Since high power of laser is able to eject the macro/microparticles from the surface of 

the target, this can cause developing undesired properties of single or multiple layer 

growth [83]. Moreover, the poor energy output/input ratio and inconvenience in 

deposition onto large surfaces make PLD almost limited to research based technique. 
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Figure 1.8. Schematic view of PLD system, retrieved from [84]. 

1.5.2. Sputtering 

In sputtering method, atoms and/or molecules are ejected from the target or source 

material to be deposited on various substrates as a result of the bombardment via high 

energy particles (ions). Ion bombardment is basically a physical process resulting in a 

charged sputtered plasma; therefore, sputtering method is one of the physical 

deposition techniques. Substrate is placed in the vacuum chamber full of an inert gas 

(commonly Argon), then plasma is created onto substrate by negative charge applied 

to a target material. Free electrons are transported from the negatively charged target 

material through the plasma atmosphere which collides with the identically charged 

Argon gas atoms. Because of the negatively charged target, Argon atoms are converted 

to positively charged ions with high velocity. The particles from the target material 

crossing over the vacuum chamber with collisions reach the surface of the substrate 

and form the thin film. The number of atoms ejected from the target is called as sputter 

yield and depends on mass ratio of ions/target atoms, energy/angle of bombarding ions 
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and surface binding energy of target atoms [85]. This technique offers uniformity, 

reproducibility, control of stoichiometry and grain size, deposition of wide-variety of 

metals, composites or insulators with high deposition rates. Sputtering does not need 

the high temperatures; whereas, high pressure (1-100mtorr) is required for vacuum 

chamber. On the other hand, substrate damages, degradation of some materials (e.g. 

organics) can be observed and target can be heated by the ion bombardment. 

Direct current (DC), pulse DC, radio frequency (RF), mid-frequency alternative 

current (MF-AC) and high power impulse magnetron sputtering (HIPIMS) are 

sputtering techniques classified by the power sources. Different types of sputtering 

methods such as magnetron, DC/RF reactive and ion beam sputtering are widely used 

for deposition of NiO thin films [86, 4, 87]. 

1.5.3. Chemical Vapor Deposition 

Chemical vapor deposition (CVD) technique uses gaseous phases of source material 

frequently diluted in carrier gases to form a thin film on desired substrate. Suitable one 

or more gasses produced from gasses (easiest), volatile liquids or sublimated solids, 

are delivered into reaction chamber at pressures usually of the order of 10 Pa. In 

reaction chamber, they reach to the surface of heated substrate and decompose 

thermally or react on or above the surface. On the growth sites, reactant gaseous 

species are diffused and condensed to form pristine solid film on the surface; however, 

the reactions without diffusion can cause the rough growth surface. By-products are 

produced during the chemical reactions on the surface and on the deposition of solid 

layer. Finally, by-products are desorbed and waste gasses are transported out of the 

reactor. Reaction temperature, melting point and stability at room temperature are 

critical parameters for source materials. The compatibility of substrate and source 

materials are also essential to carry out successive surface reactions and surface 

diffusion. 
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CVD covers large-scaled processes classified by operating pressure, physical 

characteristics, plasma methods etc. NiO thin films can be deposited using different 

types of CVD techniques, such as aerosol-assisted [6] and metal-organic CVD [88]. 

This technique offers high growth rates and purity, deposition of the materials that are 

hard to evaporate, reproducibility and fabrication of epitaxial films. On the other hand, 

high temperature requirement, complexity of the production process and 

toxic/corrosive gasses are the drawbacks of this technique. 

1.5.4. Chemical Spray Pyrolysis (CSP) 

Chemical spray pyrolysis (CSP) is one of the solution based coating technique to 

produce metallic and semiconductor thin or thick films. Apart from the many other 

thin film fabrication methods, this technique is quite simple and comparatively cost-

effective. Dense, porous or multi-layered films in any composition can be fabricated 

using this versatile method. 

Temperature control unit, substrate heater, deposition solution and atomizer are 

components of the CSP setup. Schematic diagram of spray pyrolysis setup is given in 

Figure 1.9. Different type of atomizers such as air blast, ultrasonic or electrostatic can 

be employed depending on properties of liquid and operating conditions to obtain 

coatings with desired properties. Atomized droplets of deposition solution spread over 

the surface of the substrates with respect to the temperature of substrate, volume and 

momentum of the droplets. The interaction of droplets with substrate surface, aerosol 

transport, evaporation of solvent and decomposition of precursor are consecutive or 

simultaneous processes of this processing technique and these processes are 

accompanied by decomposition temperature [89]. Therefore, temperature is the main 

parameter of CSP and significantly affects the microstructural, optical and electrical 

properties of the resultant thin film. Moreover, air flow rate, nozzle distance and 

viscosity of deposition solution are the other controllable processing parameter to 

produce high quality coatings. 
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Figure 1.9. The general simplified scheme for spray pyrolysis, retrieved from [90]. 

1.5.5. Sol-gel Processing 

Sol-gel processing is one of the main solution deposition techniques of thin films. ‘Sol’ 

includes metal alkoxides or metal salts as precursors (starting material) and their 

appropriate solvents. Moreover, sol may contain some functional additives such as 

stabilizers that chemically improves the homogeneity of sol. The liquid-filled solid 

network called ‘gel’ is originated by the linking colloidal particles with one another in 

3D structure. The transformation from sol to gel is most commonly induced by 

changing the pH value of the sol via catalysts such as acids and bases. The catalysts 

initiate the sol to gel transformation by effecting the overall hydrolysis and 

condensation rates. As a result, characteristic of gel, such as structure of the chains or 

groups, time required for gelation. The effect of pH value on structure of gelation is 

given in Figure 1.10. 
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Figure 1.10. Effect of pH on structure of gel [91] 

Sol-gel offers low temperature route for production of complex/functional oxide 

structures and deposition of sol onto complex-shaped or large surfaces [92]. It has 

several chemical and physical steps which are hydrolysis, condensation, drying and 

densification [93]. It is possible to fabricate high purity products such as micro and 

nano particles in different size/shape, fibers, membranes, powders and coatings by sol-

gel process. The schematic summary of the sol-gel process is given in Figure 1.11. 

There are three steps to form sol-gel based coatings as follows: 

i. Preparation of sol: sol particles forms by hydrolysis and condensation 

reactions at around room temperature. 

ii. Coating process: deposition of sol onto substrate by spray, dip or spin 

coating techniques. 

iii. Post deposition heat treatment: relatively high temperatures are applied to 

form crystalline and dense coatings. 
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This technique is promising with its low cost, simple equipment requirement and 

scalability. In addition, it allows stoichiometry-controlled production of 

multicomponent materials and the reproducible deposition of high purity thin films, 

practiced by spray, dip and spin coating techniques for the fabrication of thin film. 

 

 

Figure 1.11. The schematic of sol-gel method, retrieved from [94]. 

 

1.6. Sol-gel Based Coating Techniques 

1.6.1. Spray Coating 

Dilute sol is sprayed onto the surface of the substrate. Scanning speed and spray 

pressure are controllable parameters for deposition. Boiling point of the sol and 
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wetting of substrate surface are important deposition parameters. Spray coating 

enables deposition onto complex surfaces, provides fast processing and requires low 

volume of sol; thus, it is efficient and widely used coating technique in industry. 

1.6.2. Dip Coating 

Dip coating technique is the immersion of a substrate into the coating sol and 

subsequently withdrawing of substrate from sol or moving the sol away from the 

substrate for deposition of thin film. This technique allows the coating of both sides of 

the substrate simultaneously, large scale thin film production and offers the deposition 

of sol onto curved or complex-shaped substrates. Viscosity and density of sol and 

withdrawing speed of a substrate are determinants of the film thickness. The schematic 

illustration of the dip coating process is given in the Figure 1.12. Dip coating can be 

divided into four steps as follows: 

i. Immersion: the substrate is immersed into the coating sol at a constant rate. 

ii. Hold time: the dipped substrate is holding in the sol for a determinate 

period of time to allow the penetration of sol particles 

iii. Deposition: sol is deposited on the both sides of substrate while substrate 

is pulled up at a constant rate without any vibrations. Thickness of the film 

is dependent on this withdrawal speed such as, a thicker film is produced 

due to the higher speed. 

iv. Evaporation: draining of excess amount of sol and evaporation of a solvent 

from the deposited film. The evaporation process has already started 

throughout the deposition step, if solvent is volatile, such as alcohols.  

 



 
 

26 
 

 
 

Figure 1.12. Schematic illustration of dip coating technique, retrieved from [95]. 

1.6.3. Spin Coating 

Spin coating is widespread practice to obtain quite dense and uniform thin films from 

few nanometers to few micrometers in thickness on flat surfaces. Spin coating enables 

the production of single/multi-layered thin films quick, easy and reproducible; 

therefore, it is widely used in variety of industries and technological applications. 

However, the foremost weakness of this technique is that spin coating is applicable on 

flat surfaces only. 

This technique is mainly based on the draining by centrifugal force and evaporation of 

solvent deposited thin film. Duration and speed of spin, viscosity and surface tension 

of sol, volatility of the solvent used in formation of sol are detrimental parameters to 

achieve dense, smooth and uniform coatings. Spin coating process is composed of four 

steps which are deposition, spin-up, spin-off and evaporation. These steps are given in 

Figure 1.13. schematically. 

i. Deposition: to get completely wet surface, surface of the substrate is coated 

by excess amount of sol. 

ii. Spin-up: substrate is accelerated up to the final selected speed for desired 

time; therefore, by the effect of centrifugal force, sol covers all over the 

surface and excess of the sol is flung off the surface. 
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iii. Spin-off: substrate starts spinning at constant speed. In this step, viscous 

forces lead to fluid thinning mechanism and edge effects are commonly 

observed due to the high spin speed. 

iv. Evaporation: coating thinning mechanism dominates and almost all 

solvent evaporates simultaneously in this step of the processing; since, 

solvents used in composition of sol is typically volatile, such as alcohols. 

Transformation from sol to gel starts following evaporation of solvent. 

 

Figure 1.13. Schematic illustration of spin coating process, retrieved from [96]. 

1.7. Preparation of NiO Coating Sol: Processing Details 

1.7.1. Nickel Precursors 

Deposition sol of NiO is limited due to the lack of proper precursors having adequate 

solubility and stability in alcohol solvents. Nickel precursors employed in preparation 

of NiO coating sol can be broadly divided into two groups: nickel salts and organic 

compounds of nickel (alkoxides of nickel [(Ni(OR)2)n). Nickel sulphate heptahydrate 

(NiSO4.7H2O), nickel chloride (NiCl2) and nickel nitrate hexahydrate 

(Ni(NO3)2.6H2O) are widely used nickel salts as starting materials to obtain NiO thin 

films. The high availability and the low cost of nickel salts compared to the organic 

compounds make them mostly preferred nickel precursors. Although nickel salts are 
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almost insoluble in organic solvent, they have reasonable solubility and stability in 

alcohol solvents, water or diols. However, metal salts are disposed to decompose 

irregularly resulting non-uniform particle size distribution and leave microstructural 

residuals at low annealing temperatures after deposition. Higher annealing 

temperatures can be applied to remove residuals; however, it can also cause the 

formation of cracked to a porous microstructure resulting in the change in desired 

optical and/or electrical properties of the film. Additionally, serious doubts about 

thermal instability of nickel nitrate are restricted the use of this precursor in large-

scaled applications, although its high solubility in alcohol solvents [97]. 

Organic compounds of nickel are the other alternative Ni source for deposition of NiO 

thin films. Nickel acetate tetrahydrate (Ni(CH3COO)2.4(H2O)) and nickel 2-

ethylhexonoate (C16H30NiO4) are mostly preferred organic precursors to obtain coating 

sols. High cost and limited availability are the main drawbacks of metal-organic 

compounds. Moreover, high sensitivity of coating sols derived from organic 

precursors to environmental factors (e.g. temperature, humidity) limits their shell life 

and restricts their employment in industrial applications. On the other hand, 

organometallic compounds have high solubility and stability in organic solvents 

through their organic ligands and some of them also offer solubility in water and 

alcohol solvents. Furthermore, lower temperatures compared to the metal salts are 

sufficient to remove organic residuals from the microstructure. 

In general, there are limited number of nickel compounds (both salts and organics) 

used as precursor in NiO deposition sol. The number of suitable solvents providing 

complete dissolution of Ni precursors are insufficient; therefore, synthesis of different 

nickel complexes has been reported in literature [97]. Studies are especially focused 

on the synthesis nickel precursors derived from nickel alkoxides because of their high 

purities. Donor functionalized groups, such as dimethylaminoisopropoxide [OCH-

(Me)CH2NMe2] have been employed in order to achieve soluble nickel alkoxides 

complexes; however the product mixture could not be separated from its by-products. 



 
 

29 
 

Nickel β-diketonatalkoxides have also been synthesized as a nickel source material for 

sol-gel based coatings, but these compounds do not have solubility in alcohols. Then 

alcohol soluble Ni(II)-acetate and Ni(II)-acetylacetone complexes and their 

derivatives such as, [Ni(acac)2]3 (β-diketonate derivate)  and [Ni(acac)2(py)]2 (derived 

by nitrogen ligands) etc., have been synthesized. [Ni(acac)2(H2O2)] and [Ni(CH3-

CO2)2(H2O4)] are also known Ni(acac) complexes; however, they have poor solubility 

in alcohols at room temperature. 

In literature, the most promising organic nickel compound derived from Ni(ac) has 

been synthesized by the complete breakdown of [Ni(acac)2]3 to mononuclear structure 

[Ni(acac)2(dmaeH)] or Ni(CH3CO2)2(dmaeH)] by addition of 

[HOCH2CH2NMe2](dmaeH) containing both  donor functions of nitrogen and oxygen. 

Nickel complex of [Ni(acac)2(dmaeH)] or Ni(CH3CO2)2(dmaeH)] as a starting 

material have been used in deposition sol of  NiO thin film for electrochromic 

applications by several authors [11, 98].   

1.7.2. Solvents and Stabilizers 

In solution-based processing, main function of solvents is providing proper medium 

for ingredients. Solvents are responsible to initiate and control the molecular level 

reactions. The significant parameters of solvents such as density, boiling point, 

molecular weight and polarity are the determinants of the nature of sol and following 

thin film formation processes. Drying and annealing practices also depend on the 

solvent characteristics. In literature, suitable solvents of Ni salts are given as alcohols 

(ethanol, isopropanol, butanol etc.) [99], isopropanol/butanol-ethylene glycol mixtures 

[1], ethylene glycol [100]. Alcohols (isopropanol and ethanol) [12, 101], 2-

methoxyethanol [10], 3-methyphenol [102] and dimethylaminoethanol [11] are used 

for dissolution of organic compounds of nickel.  

Chelating agents and stabilizers are commonly used to organize the rate of subsequent 

reactions, such as hydrolysis and condensation, during the formation of deposition sol. 
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Bonding between the separate binding sites with the equal ligands (chelating or 

sequestering agents) around the single same central atom is called chelation.   

Supporting the chemical homogeneity of sol is the significant function of chelating 

agents via coordinating metal cations or ions through usually oxygen atoms. Thereby, 

metal cations/ions are homogeneously distributed in molecular level resulting the thin 

film formation with chemical structure in order. Regular structure leads to improve the 

desired properties of the resultant film. The other main role of chelating agent is 

reducing the rate of hydrolysis and condensation reactions. Especially for organic 

precursors, suppressing the rate of condensation and controlling subsequent reactions 

are essential to prevent the precipitation problems. The binding strength of ligands of 

chelating agent / precursor ratio has effects on the structural consequences for the final 

gel. If the number of –OR decreases, the sites are reduced for hydrolysis and less 

crosslinking are induced in the resultant gel. This control mechanism of metal 

cations/ions via chelating agents facilitates obtaining of different products from 

amorphous to crystalline in sol-gel processing [91, 103]. 

Mostly used chelating agents for NiO sols are 3-aminopropyl triethoxysilane [99] 

(APTES), N-[3-(trimethoxysilyl)propyl]-ethylendiamine (DAEPTMS) [99], 

amorphous polyethylene oxide (a-PEO) [100], sodium hydroxide [9], 

monoethanolamine (MEA) [10], acetic acid [8], glycerol [104], polyvinyl alcohol 

(PVA) [105], ammonium hydroxide [1] and dimethylaminoethanol (dmaeH) [97]. It 

was reported that the MEA and dmaeH are also used as stabilizer [10]. 

1.8. Parameters Affecting the Quality of Sol-gel Deposited NiO films 

There are some restrictions/problems in the deposition of NiO thin films by sol-gel 

processing. In this section, limitations are described and some of the solutions reported 

in literature are discussed. 
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1.8.1. Annealing Temperature 

Post deposition heat treatment (namely, calcination or annealing temperature) is one 

of the significant controllable parameter to fabricate thin films with desired 

microstructural, optical and electrical properties. Sol-gel deposited NiO thin films 

generally requires heat treatment in order to induce crystallization and remove 

inorganic/organic residuals. Annealing temperature is determined by the sol 

characteristics, i.e. nature of Ni precursor, solvent or chelating agent. More crystalline 

and conductive films are obtained with an increase in annealing temperature whereas 

the optical transparency of the films decreases. Annealing temperature can be roughly 

determined by the thermal decomposition temperature of precursor and temperature 

required to remove organic/inorganic residuals.  

NiO thin film annealed at 400 °C is composed of particle clusters with pores; therefore 

loose packaging is observed [100]. As temperature increases (450 °C and above), 

particles become well-packaged and highly crystalline resulting in the reduction of the 

density of pores and the grain boundaries. As a result of that, optical transparency of 

the NiO film in visible region change slightly and the shift in optical absorption 

spectrum is observed. Hence, the optical band gap (Eg) of the films decrease with 

increase in annealing temperature [102]. 

NiO thin films annealed at higher temperatures have higher electrical conductivity 

[106] that can be explained by an increase in both particle size and intimate particle 

contact. Charge carriers can easily find new pathways for conduction; therefore, 

decrease in the activation energy is observed. 

On the other hand, higher annealing temperatures can radically induce microstructural 

crack formation and increase surface roughness [100]. Additionally, strain point of 

glass substrate (572 °C) and diffusion of alkali ions (Ca+, Na+ etc.) from underlying 

glass to coating restricts to annealing temperatures above 550 °C [107]. Glass 

substrates (i.e. borosilicate or quartz) that do not include alkali ions are utilized in order 
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to overcome these limitations. Moreover, optical transparency is the other key 

parameter for substrates. Optical transmission region of the substrate should be 

correlated that of optical properties of thin film. For example, alkali free glass substrate 

is quite transparent to the visible part of spectrum; whereas, it has no optical 

transparency in UV region (300 nm and below). Thereby, quartz substrate may be 

utilized for investigations in UV region of the optical spectrum due to its high UV 

transparency. 

1.8.2. Thin Film Thickness  

Thin film thickness is controllable parameter in sol-gel processing which makes the 

thin film properties tunable. NiO thin films with various thicknesses between several 

nanometers to sub micrometers can be deposited by sol-gel processing. Increase in sol 

molarity and the number of coating operation (coating-drying cycle) increase thin film 

thickness. 

Thin film thickness increases almost linearly with the number of coating layers and 

molarity of coating sol [108, 109]. Relation between thin film thickness and coating 

layers is given in Figure 1.14. Thin film thickness can also be changed by the molarity 

of deposition sol. Especially in very thick thin films, dense and uniform films with 

precise thicknesses can be achieved by repeating the coating-drying cycle. Even 

repeating the coating process subsequently is not useful for industrial applications, this 

technique offers the precise control of thin film thickness and dense/uniform film 

formation.  
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Figure 1.14. Effect of number of layers on thickness of NiO thin films [110]. 

Increase in the number of operated layers enhances the grain size of NiO thin films. 

Variation of the grain size with the number of coating layers is given in Figure 1.15. 

Due to the increase in grain size, surface roughness of the films also increases. 

Mobility of the molecules on the surface is enhanced, so increase in grain size is 

observed when the number of coating layers increases [108, 110].  

On the other hand, increase in grain size promotes the electrical conductivity of the 

films. Resistivity of the film decreases with increase in thickness and grain size. 

Enhancement in electrical conductivity with increasing grain size can be explained by 

reduction in grain boundary scattering of charge carriers. 
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Figure 1.15. Variation of the grain size with the number of layers constituting NiO 

films [110]. 

Additionally, optical band gap of the films is also changed by the effect of film 

thickness. Band gap of bulk crystalline NiO is nearly 4.0 eV [31, 111]; however, in 

thin film form, gap decreases up to approximately 3.65 eV [110]. The reason of this 

change in band gap is considered as amorphous structure. Electronic transition 

mechanism of amorphous states whether through localized states in conduction band 

or extended states in the valence band to localized states at the conduction edge. This 

leads to lower energies than those for polycrystalline or bulk crystalline materials. 

Effect of film thickness on optical band gap of the films is given in Figure 1.16. 
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 Figure 1.16. Effect of number of layers on the optical band gap of NiO films [110]. 

1.9. Objective of the Thesis 

The aim of this study is to challenge and overcome some of the previously stated 

problems (Section 1.8. Parameters effected the quality of the sol-gel deposited NiO 

thin films) related with formation of NiO thin films by sol-gel technique. The specific 

objectives of this thesis can be summarized as follows: 

• Deposition of NiO thin films on glass substrates by sol-gel spin coating method 

using an organic nickel precursor, 

 

• Controlling the thin film thickness and NiO particle size in reproducible 

manner by the use of deposition parameters (duration and speed of spinning) 

and the post deposition heat treatment parameters (drying and annealing 

temperature and conditions) to develop crack free and homogeneous coatings, 
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• Investigation of the effect of the number of processing parameters (coating, 

heat treatment) on microstructural, optical and electrical properties of the 

resultant films. 
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CHAPTER 2 

 

MATERIALS AND METHODS 

 

 

In this chapter the materials used in the fabrication of spin-coated NiO thin films are 

listed and the experimental procedures are explained. Additionally, analytical 

techniques that have been used to investigate the film properties are described. 

2.1. Materials 

The list of the chemicals used in this study are given in Table 2.1. All chemicals were 

used as supplied without any purification. 

Table 2.1. List of chemicals used in NiO sol preparation. 

Material Supplier Purity Formula 

Nickel (II) acetate 

tetrahyrate 

Sigma Aldrich 98% Ni(CH3COO)2.4(H2O) 

2-methoxyethanol Fluka 99.5% C3H8O2 

Monoethanolamine 

(MEA) 

Sigma Aldrich 98% C2H7NO 

 

2.2. Experimental Procedure 

2.2.1. Cleaning Procedure of Glass Substrates 

Soda-lime-silica glass substrates (or SLS, precleaned microscope slides, Gold Seal 
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25x25 mm) were cleaned consecutively by acetone, isopropanol and deionized water 

for 20 min using an ultrasonic bath. At the end, substrates were dried under nitrogen 

flow.  

2.2.2. Preparation of Coating Sol 

Coating solution is composed of nickel (II) acetate tetrahydrate as the precursor, 2-

methoxyethanol as the solvent and monoethanolamine (MEA) as the stabilizer. 2mM 

of nickel (II) acetate tetrahydrate was dissolved in 20 mL of 2-methoxyethanol at room 

temperature, 0.12 mL of MEA was added to the mixture. The solution was mixed by 

stirring at 60 °C for 2 h in a closed container. After cooling down to room temperature, 

solution was used for the coating process. A flowchart for preparation of the coating 

sol is provided in Figure 2.1. 

 

Figure 2.1. Processing details for preparation of NiO coating sol. 
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2.2.3. Deposition of NiO Thin Films 

Deposition of coating sol onto glass substrates by using spin coating technique with 

Specialty Coating SystemTM G3 spin coater. Spin coating was applied at 3000 rpm for 

30 s. At the end of coating step, films were dried at 180 °C for 15 min in an oven to 

remove the organics. In order to obtain homogeneous and dense layers, spin coating 

process and drying step was repeated for 5, 10 and 15 times. Following deposition, 

films were gradually annealed at 400, 450 or 500 °C for 30 min under ambient 

conditions. The heating rate was 5 °C/min. Formation of NiO film from nickel acetate 

sol involves condensation and thermal mixing with decomposition. These occur by 

evaporation of the solvent and surface agent during drying and also during the high 

temperature annealing steps. It was reported that dehydration and decomposition of 

nickel acetate tetrahydrate reaches to completion around 350 °C and conversion to NiO 

is expected to occur temperatures higher than 350°C accompanied with the 

decomposition of residual solvent and stabilizer [13]. Therefore, minimum annealing 

temperature was determined as 400 °C. On the other hand, 500 °C was chosen as 

maximum annealing temperature; since, soda-lime-silica glass soffens at is around 570 

°C [1]. The flowchart of the production of NiO thin films is given in Figure 2.2. 
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Figure 2.2. Experimental procedure for fabrication of NiO thin films 

2.3. Materials Characterization 

In this section of the thesis, analytical characterization techniques used in investigation 

of microstructural, morphological and optoelectronic properties of sol-gel deposited 

NiO thin films are presented in detail. X-ray diffraction (XRD) method was used to 

determine the crystal structure and assess the crystallinity of NiO thin films. The 

surface morphology of the films was investigated by atomic force microscopy (AFM) 

and scanning electron microscopy (SEM). Structural analyses were examined by 
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Raman spectroscopy. Electronic characteristics and surface chemical analyses of the 

films were performed by X-ray photoelectron spectroscopy (XPS). UV-Vis 

spectrophotometry was used for determination of the optical transparency and the 

optical band gap of the films. Finally, temperature-dependent resistivity measurements 

of the films were carried out using two-probe method for investigation of electrical 

properties of the films. 

2.3.1. X-ray Diffraction (XRD) 

X-ray diffraction (XRD) analyses were performed to examine the transition from 

amorphous to crystalline state and determine the crystal structure of nanostructured 

NiO films after heat treatments. A Rigaku Miniflex system equipped with Cu Kα 

radiation (0.154 nm) was used. The diffraction tests were performed for diffraction 

angle (2θ) between 20° and 80° at a scan rate of 1°/min. 

2.3.2. Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) was used to investigate the surface morphology of 

the films with a Veeco MultiMode V model in tapping mode. Microstructural details 

and roughness of the film surface were examined at sampling sizes of 1 x 1 µm and 

200 x 200 nm. 

2.3.3. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) analyses were conducted for microstructure and 

thickness examinations using a FEI Quanta 400 FEG equipped with energy dispersive 

X-ray analyzer operated at 20 kV. A gold layer of approximately 2-3 nm was deposited 

onto samples in order to reduce the charging effects during SEM analyses. 

2.3.4. X-ray Photoelectron Spectroscopy (XPS) 

Surface chemical nature of the films were investigated by X-ray photoelectron 

spectroscopy (XPS). XPS analyses were conducted using a monochromatic Al Kα X-
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ray source (1486.6 eV) with a PHI 5000 VersaProbe. Nominal binding energy of the 

C 1s was 284.5 eV. The XPS spectra of Ni 2p and O 1s core levels were recorded. 

2.3.5. Raman Spectroscopy 

Raman spectroscopy was used for investigation of vibrational, rotational and low-

frequency modes in the crystal in order to confirm the thin film formation and 

determine the crystal structure. Raman spectra of the films were recorded using 

monochromatic 532 nm Nd-YAG laser. 

2.3.6. UV-Vis Spectrophotometry 

UV-Vis light transmission of the films were recorded within the wavelength range of 

200 to 800 nm using Cary100 Bio-Varian UV-Vis Spectrophotometer and air 

measurements were taken as a background. According to the optical transmission 

spectra of the films, optical band gaps of the films were estimated. 

2.3.7. Temperature-dependent Resistivity Measurements 

Temperature-dependent resistivity measurements were performed by two probe 

method using Yokogawa GS610 source measure unit to examine the electrical 

conduction mechanism of the films. The measurements were carried out under a bias 

of 5 V at ambient conditions. 100 nm thick evaporated gold contacts that were 500 µm 

apart were used for the measurements. 
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CHAPTER 3 

 

 

RESULTS AND DISCUSSION 

 

 

 

NiO thin films were formed on glass substrates by spin coating of sol-gel derived 

solutions. The film formation behavior, structural, morphological and optoelectronic 

properties of the films were investigated as a function of controllable processing 

parameters, such as thin film thickness and post deposition heat treatment (annealing 

temperature) in the range of 400-500 °C. This chapter starts with the structural and 

morphological properties of NiO thin films and continues on investigation of 

optoelectronic properties. 

3.1. Structural and Morphological Properties of NiO Thin Films 

3.1.1 XRD analyses 

XRD patterns of the NiO thin films annealed at 400, 450 and 500 °C were obtained to 

determine the crystal structure and assess the crystallinity of the films. XRD analyses 

confirmed the formation of crystalline NiO thin films after annealing. XRD 

diffractograms of NiO thin films are provided in Figure 3.1. The films are composed 

of pure NiO cubic and peaks at 37 ° (111), 43 ° (200) and 63 ° (220) are assigned to 

bunsenite phase according to JCPDS file 711179. No other secondary phases within 

the detection limit of XRD such as nickel hydroxide [Ni(OH)2] or nickel (III) oxide 

[Ni2O3] were observed. This is particularly important because these phases were 

reported as by-products of sol-gel deposited NiO films [112, 113]. The diffraction 

peaks are not quite distinctive for films annealed at 400 °C and the pattern is dominated 
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with an amorphous hump. The intensity of the peaks increases with annealing 

temperature indicating the crystallinity of the films strongly improves with the 

annealing temperature. Films annealed at above 400 °C clearly exhibit crystallinity as 

evidenced by relatively better well-defined peak shapes. Diffraction peaks are sharper 

for the sample annealed at 450 °C and 500 °C and full width at half maximum values 

decrease with increasing temperature suggesting that crystallite size increases with 

temperature. 

 

Figure 3.1. XRD diffractograms of 15 times coated NiO films annealed in air at 

different temperatures. 
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3.1.2. AFM analyses 

The crystallite size variation with annealing temperature as revealed by the XRD data 

has also confirmed by microstructural findings using AFM. 3D topographical images 

of 10 times coated films are shown in Figure 3.2. (a)-(f). 

 

Figure 3.2. AFM images of 10 times coated NiO films annealed at 400 (a,b), 450 

(c,d) and 500 °C (e,f) 

The particle size of the films are measured as 13±1 nm, 16±1 nm and 22 ±1 nm for the 

samples annealed at 400, 450 and 500 °C, respectively. In addition to an increase in 

particle size, root mean square (RMS) roughness values of the films are found to 
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increase with the annealing temperature. RMS values were measured as 0.95, 2.70 and 

2.70 nm for 400, 450 and 500 °C annealed samples, respectively. Increase in the 

particle size and roughness of the films can be explained with enhanced crystal growth 

and ripening of the individual small crystals due to thermal effect. Low roughness 

values clearly indicate that these films are extremely smooth and pristine. Film 

morphology is crack free without porosity with well-connected spherical nanofeatures. 

The absence of porosity and low roughness characteristics are critical for almost all 

optoelectronic device applications as cracks and pores, lead to shunt and 

recombination pathways and suppress the charge mobility and electronic conductivity, 

which are detrimental for device operation. 

3.1.2 SEM analyses 

Apart from the AFM analysis, the morphological properties of the films were further 

characterized by SEM. SEM images of 5, 10 and 15 times spin coated films with 

corresponding thickness of 60, 110 and 170 nm are provided in Figures 3.3., 3.4. and 

3.5. respectively. Each figure contains three top-view SEM images for films annealed 

at different temperatures and a cross-sectional detail images used in thickness 

determination. Film thickness correlates with the number of spin coating steps, and 

typically 10-12 nm thick layer can be deposited at each coating step. Films contain 

well-connected spherical nanoparticles, which eventually forms a dense and 

amorphous deposit over the glass substrates. Additionally, it was found that the 

annealing temperature does not directly affect the film thickness; therefore, only cross-

sectional SEM images corresponding to different number of layers prepared at the 

same annealing temperature were represented in the figures. 



 
 

47 
 

 

Figure 3.3. Top view SEM micrographs 60 nm thick NiO films annealed in air at (a) 

400, (b) 450 and (c) 500 °C at the same magnification. (d) Cross-sectional SEM 

image of 60 nm thick NiO film annealed at 400 °C. 
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Figure 3.4. Top view SEM micrographs 110 nm thick NiO films annealed in air at 

(a) 400, (b) 450 and (c) 500 °C at the same magnification. (d) Cross-sectional SEM 

image of 60 nm thick NiO film annealed at 450 °C. 
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Figure 3.5. Top view SEM micrographs 170 nm thick NiO films annealed in air at 

(a) 400, (b) 450 and (c) 500 °C at the same magnification. (d) Cross-sectional SEM 

image of 170 nm thick NiO film annealed at 500 °C. 

 

From the top-view SEM images, it was observed that the films are crack free and 

homogeneous, with extra fine particles distributed uniformly on the glass substrate for 

all film thicknesses and annealing temperatures. The average particle size for each film 

thickness and annealing temperature were measured and provided in Table 3.1. 

Together with the AFM results, it can be said that the particle size of the films clearly 

increases with increasing annealing temperature. The particle size also increases with 
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the film thickness. Thickness-dependent increase in the particle size can be explained 

by the enhancement of nanostructured film growth due to the number of drying steps 

between each spin coating steps, which leads to improved crystal growth. 

Table 3.1. Average particle size and thickness of NiO films determined from the 

SEM micrographs using the instrument (FEI Quanta 400 FEG/C) image processing 

software (xTm Microscope Control). 

Annealing 

temperature 
60 nm thick film 110 nm thick film 170 nm thick film 

400°C 9.7 ± 1 nm 11.9 ± 1 nm 14.4 ± 1 nm 

450 °C 11.2 ± 1 nm 15.8 ± 1 nm 22.5 ± 1 nm 

500 °C 14.9 ± 1 nm 21.9 ± 1 nm 29.2± 1 nm 

 

3.1.3 Raman Spectroscopy 

Structural analyses of the thin films have also been conducted through Raman 

spectroscopy. The respective Raman spectra are shown in Figure 3.6. In order to 

minimize the substrate originated reflections the thickest film with a thickness of 170 

nm has been used in Raman measurements. Five vibrational bands were observed. 

Bands seen at 560, 740, 925 and 1100 cm-1 due to 1 phonon (1P) longitudinal optical 

(LO) mode, 2P 2 transverse optical (TO) modes, 2P TO+LO and 2P 2LO scattering, 

respectively. Band at 1500 cm-1 is assigned to 2 magnon (2M) excitation of pure NiO 

[114]. Because of the defect and surface effects of nanosized NiO, 1P band is very 

distinctive; whereas, 2P bands appear to be more broadened. 2M excitations are due 

to short-range magnetic interactions at the Brillouin zone boundary and the presence 

of 2M band in Raman spectra is evident of the remaining antiferromagnetic phase of 

nanocrystalline NiO at room temperature and Ni2+ - O2- - Ni2+ superexchange 
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interaction [115]. It was observed that the intensity of 2M band decreases with a 

decrease in the particle size. Similarly, Mironova-Ulmane et al. reported that the 

intensity of 2M band of nanopowders produced from the evaporation of the coarse 

grained NiO nanopowders decreases with the decreases with a decrease in particle size 

[114].  

 

Figure 3.6. Raman spectra of 170 nm thick NiO films annealed at different 

temperatures. 

In addition, 2M band is undetectable for 100 nm particles at room temperature due to 

the decrease of antiferromagnetic correlations [114]. However, they observed 2M band 

from 13 nm NiO nanoparticles prepared by precipitation method [116]. Moreover, 

decrease in the intensity of 2M band of pure polycrystalline NiO prepared by thermal 



 
 

52 
 

decomposition was observed upon dilution with Mg ions due to the lowering of local 

symmetry at the Ni2+ sites [117]. As a result of these observations, not only disorders 

due to the defects, but also the small particle size decreasing the spin correlation length 

lead to the lowering of 2M band [118].The band at 560 cm-1 arises from the strong 

phonon-magnon interaction at the surface or defects competing with the magnetic 

ordering of nanoparticles. It was reported that the band at 560 cm-1 is affected by the 

annealing temperature, heating of the film due to the heat of laser and the particle size 

[116]. Similarly 2M band, intensity of band at 560 cm-1 decreases with decreasing 

crystallite size [119]. These results indicate that the crystal quality of the films get 

improved with heat treatment and they are in agreement with the XRD results obtained 

for 170 nm thick films annealed at different temperatures. 

3.1.4 XPS Analyses 

XPS spectra of the Ni 2p and O 1s core levels are given in Figure 3.7. (a) and (b), 

respectively. In figure 3.7. (a), the signal at 853 eV is assigned to Ni2+ coming from 

2p3/2 levels with the satellite peak around 860 eV belonging to NiO phase [14]. The 

signal at 855 eV indicates the presence of Ni3+, which is commonly attributed to Ni2O3 

or NiOOH compounds. Also oxygen deficiency may lead to lattice distortion and 

causes charge imbalance, which in turn favors the formation of Ni3+. Since there is no 

evidence of the presence of other nickel-based phases in XRD and Raman, it is highly 

probable that the NiOOH forms on most outer top surface of the NiO films considering 

the surface sensitivity of XPS measurements. The presence of NiOOH could be 

attributed to the water adsorption and consecutive hydroxylation near the surface of 

the sample [120]. This can ben further clarified by the features of O 1s signal. Related 

O 1s spectrum shows a Ni-O binding energy at 529.2 eV corresponding to the 

octahedral structure of NiO and a secondary signal at 531.2 eV, which is also attributed 

to nickel hydroxides and oxyhydroxides that forms in negligible amounts on the 

surface of the films. Although XRD results imply that the films annealed at 400 °C are 

poorly crystalline, if not totally amorphous, formation of NiO is evident from Raman 
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and XPS results. As evidenced by XRD, Raman and XPS results, coating sol has been 

fully converted to crystalline NiO film upon annealing. 
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Figure 3.7. Regional XPS spectra for (a) Ni 2p and (b) O 1s core levels of the NiO 

thin films annealed in air at different temperatures. 

 

3.2. Optical Properties of NiO Thin Films: UV-Vis Analyses 

Optical transmission spectra of the films are provided separately in Figures 3.8. (a)-

(c). Optical transmittance of 60 nm thick films is approximately 80%; while that of 

110 and 170 nm films are 75% and 65%, respectively at the visible region of the 

spectrum. 

There is a thickness dependent decrease in the transmission; however, annealing 

temperature has no effect on the optical transmission spectra of the films. From 

spectral transmission of NiO thin films, absorption coefficient (α) has been estimated 

using the Lambert formula: 
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	" = 1
% ln	(

1
)) 

, where, t is the film thickness and T is the transmittance. Absorption behavior of NiO 

films exhibits Urbach characteristic since the absorption coefficient decreases with a 

decrease in photon energy [121]. From absorption coefficient, optical band gap of the 

films was determined using Tauc’s relation: 

"(+)ℎ+ = -(ℎ+ − /012)3 

where, α(ν) is the absorption coefficient obtained from Lambert formula, hν is the 

incident photon energy, B is the characteristic constant independent of photon energy, 

Egap is the optical band gap and m is an index which can have different values of 1 2, 

3 2, 2 or 3 depending on the nature of the electronic transitions. By substituting the 

first equation as α=(-lnT)/t into the second one [122], the variation of (αhν)2 versus 

hν for NiO films with thickness of 60, 100 and 170 nm is shown in Figure 3.9. (a)-(c), 

respectively. Egap values of the films were determined by extrapolation of the linear 

portion of the plots. Optical band gaps for 60, 110 and 170 nm films were estimated 

as 4.31 ± 0.10, 3.89 ± 0.10 and 3.75 ± 0.10 eV, respectively. Although band gap of 

NiO is known to range between 3.6 and 4.0 eV, optical absorption studies suggest that 

this range can extend up to 4.2 eV due to the non-stoichiometry [123]. Excess or 

deficiency in metal  ions with respect to oxygen ions leading to a charge imbalance 

has a critical effect on the electrical conductivity due to the formation of new localized 

energy levels between the conduction band and the valence band [124]. 

The optical analyses show that the Egap values are changing only marginally with 

annealing temperature [125], whereas the change in Egap values are quite remarkable 

with an increase in film thickness. However, a strong dependence of Egap on the film 

thickness is observed. In this work, it is evident that the optical band gap decreases 

with an increase in the number of coating layers. Film thickness dependent changes in 

Egap can be explained by the quantum confinement effect. Apart from the quantum 
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confinement, presence of the amorphous state or structural defect (such as grain 

boundaries) are also considered as a reasons for the change in the optical band gap 

[126]. 
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Figure 3.8. Optical transmission spectra of (a) 60, (b) 110 and (c) 170 nm thick NiO 

films annealed at 400, 450 and 500 °C. 
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Figure 3.9. Optical band gap of (a) 60, (b) 110 and (c) 170 nm thick NiO films 

annealed at 400, 450 and 500 °C. 
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3.3. Electrical Properties of NiO Thin Films: Temperature-dependent 

Resistivity Measurements 

NiO is a first row transition metal monoxide and a p-type semiconductor. The 

predominant charge carriers creating the electrical conduction are holes. The electrical 

properties of pure stoichiometric NiO have been studied over the course of many years 

due to its attractive nature of the band structure [127]. Although it is theoretically 

expected that NiO conducts electricity as a transition metal oxide according to the 

conventional band theory, experimental studies reveal that it behaves as an excellent 

insulator [42]. The basic conceptional explanation of this contradiction between the 

experiments and the usual band theories was suggested by Mott [34]. In case of an 

extremely narrow band, Mott proposed electron-electron interactions and found out 

that the nature of NiO band structure prevents the conduction via 3d electrons due to 

the onsite Coulomb repulsion of extremely localized d-bands. Both theoretical and 

experimental studies concluded that the pure stoichiometric NiO obeys Mott-Hubbard 

model with a Mott-type correlation from 3d electrons [121]. NiO is an excellent 

insulator with a resistivity on the order of 1013 Ωcm at room temperature and do not 

show thermally induced Mott transition [42]. In this study, to carry out the resistivity 

measurements, 170 nm thick films annealed at different temperatures were used. Room 

temperature resistivity of the films was found as 1.7x1012 Ωcm by a two probe 

technique which is 10 times lower compared to the pure stoichiometric structure. High 

conductivity is due to the surplus of Ni3+ as a result of monovalent impurities, nickel 

vacancies  or oxygen interstitials on the lattice sites for p-type NiO [128]. 

Temperature-dependent resistivity of the 170 nm thick NiO films annealed at different 

temperatures is measured between 125 °C and 350 °C. Plots for the logarithmic scaled 

resistivities with respect to the reciprocal of the absolute temperature are given in 

Figure 3.10. (a)-(c). 
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Figure 3.10. Temperature-dependent resistivity plots and the corresponding 

activation energies (in eV) for 170 nm thick NiO film annealed at (a) 400, (b) 450 

and (c) 500 °C. 
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It was observed that the resistivity decreases from 1012 Ωcm to 10 Ωcm with an 

increase in annealing temperature. Activation energies were calculated using the 

Arrhenius relation: 

	6 = 789:;/=>? 

, where, σ is conductivity, A is a constant, T is the absolute temperature, k is the 

Boltzmann constant and Ea is the activation energy. Ea of NiO films annealed at 400, 

450 and 500 °C were estimated to be 0.792, 0.767 and 0.692 eV, respectively. These 

results are in good agreement with the previous works; however, different activation 

energy values have also been reported before [109, 47,  129]. The difference in the 

activation energies can be due to the differences in the crystal structure, particle size 

and morphology. Slight decrease in the activation energy with annealing temperature 

observed herein can be explained by an increase in the particle size and decrease in the 

number of particle contacts. Thereby, charge carriers can move easily and find new 

pathways for the conduction, decreasing the activation energy. There are two 

competing conduction mechanisms for pure crystalline NiO below 1000 K. First one 

is due to small polarons in the 3d band of O2- and the second one is due to large 

polarons in the 2p band of O2- [130]. In the case of DC conductivity, activation energy 

of the thermally activated hopping, which gets originated by the small polarons were 

reported as 0.01 eV and it cannot be observed due to the low mobility of charge carriers 

[42]. Nevertheless, activation energy of the predominant band like (Arrhenius type) 

conduction due to large polarons between 200 and 1000 K is 0.6 eV, which is in 

agreement with activation energy observations reported in this study. So, temperature 

dependent resistivity changes and resultant activation energies indicate that the 

conductivity of NiO changes through Arrhenius type conduction mechanism. The 

activation energies for different temperature ranges were previously reported [40, 

131]. For bulk NiO between 200 and 500 K actication energy is approximately 0.9 eV. 

523 K is the Néel temperature (TN) corresponding to the antiferromagnetic to 

paramagnetic transition and above 523 K, activation energy decreases to 0.6 eV [42]. 
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However, no change in the activation energy at Néel temperature was observed in this 

study. It was reported that the Néel temperature of nanosized NiO could be much lower 

than that of the bulk (i.e. 56 K [132]). This reveals that the magnetic properties of 

nanosized NiO is different from than its bulk counterparts. Therefore it is possible to 

have minor differences in activation energies of nanosized NiO and its bulk 

counterparts. 
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CHAPTER 4 

 

 

CONCLUSIONS 

 

 

 
NiO thin films with thicknesses in the range of 60 to 170 nm were formed on glass 

substrates by spin coating of sol-gel derived solutions. The films were crystalline NiO 

and no other secondary phases were observed. The crystal quality was found to 

improve with thermal treatment in the range of 400-500 °C.  

Microstructural/morphological analytical findings revealed that the average particle 

size of nanostructured films increases in the range of 10-30 nm depending on annealing 

temperature. 

Films were transparent in the visible region and their transmittance decreased from 80 

to 65% as the film thickness increases from 60 to 170 nm. It was found that the 

annealing temperature does not change the transparency of the films. Optical band 

gaps of the films were decreased from 4.3 ± 0.1 to 3.8 ± 0.1 eV with the increase in 

the film thickness from 60 to 170 nm. Resistivity of the films were measured as 

1.7x1012 Ωcm at room temperature. Resistivity of the films were decreased to several 

Ωcms when measured at 350 °C. From temperature-dependent resistivity 

measurements, activation energies of 170 nm thick films that are annealed at 400, 450 

and 500 °C were found as 0.792 eV, 0.767 eV and 0.692 eV, respectively. The 

processing based findings provided here may guide studies on solution deposition of 

NiO thin films. 
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