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Zinc oxide (ZnO) is a versatile environmentally benign II-VI direct wide band gap 

semiconductor with several technologically plausible applications such as transparent 

conducting oxide in flat panel and flexible displays. Hence, ZnO thin films have to be 

processed below the glass transition temperatures of polymeric substrates used in flexible 

displays. ZnO thin films were synthesized via aqueous polymeric precursor process by 

different metallic salt routes using ethylene glycol, glycerol, citric acid, and ethylene 

diamine tetraacetic acid (EDTA) as chelating agents. ZnO thin films, derived from ethylene 

glycol based polymeric precursor, exhibit flower-like morphology whereas thin films 

derived of other precursors illustrate crack free nanocrystalline films. ZnO thin films on 

sapphire substrates show an increase in preferential orientation along the (002) plane with 

increase in annealing temperature. The polymeric precursors have also been used in 

fabricating maskless patterned ZnO thin films in a single step using the commercial 

Maskless Mesoscale Materials Deposition (M3DTM) system.  
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CHAPTER 1 

INTRODUCTION 

1.1. Motivation 

In 2004, Philips unveiled paper-like computer displays made of flexible, 

low cost plastics [40]. It is projected that the displays will have a major impact 

economically. These flexible displays have potential to replace computer 

screens, rigid flat screens, books, newspaper, etc [72, 43]. Moreover, it is 

anticipated that the flexible displays will be highly beneficial to soldiers on duty. 

These devices will be designed to be worn on uniform, or folded for portability. 

For this technology to be economically viable, the displays have to be made of 

low cost materials or utilizing low cost technology. 

ZnO is a II-VI semiconductor with wide band gap and wurtzite structure. 

Being a direct wide band gap semiconductor (3.3 eV at room temperature) with 

large exciton binding energy (60 meV), ZnO can be utilized in fabrication of solid 

state optoelectronic devices operating in near UV region [46, 123]. Moreover, 

intrinsic ZnO is a n-type semiconductor with maximum optical transparency in 

visible region of electromagnetic spectrum. Hence, ZnO has the potential to be a 

transparent conductor as well as the UV emitter for flexible displays. To achieve 

this objective, ZnO thin films have to be synthesized at temperatures below the 

glass transition temperatures of plastic substrates.  

Low temperature, wet chemical routes offer an exciting possibility for the 

synthesis of high purity, homogeneous thin films with tailored and predictable 

properties. The motivation and focus of this dissertation has been to synthesize 
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ZnO thin films at low temperatures via aqueous polymeric precursor process. 

Different chelating agents have been utilized to prepare polymeric precursors to 

ensure uniform distribution of Zn cations and to study the properties of 

synthesized films. This polymeric precursor method is simple, easy, and cost-

effective employing common reagents. The prepared precursors have been 

spincoated to form ZnO thin films. Spin coating is a low cost, popular technique 

for producing thin films. This technique is cost effective with scope for substrate 

size scalability. If low temperature preparation is realized with simple existing 

process, the applications of ZnO optoelectronics would increase considerably in 

macroelectronics industries. 

1.2. ZnO Thin Films - Processing Techniques 

To date, high quality ZnO thin films have been prepared by several thin 

film deposition techniques, including pulsed laser deposition [64, 68], chemical 

vapor deposition [85, 42], molecular beam epitaxy [136], sputtering [30, 62, 79], 

spray pyrolysis [107], metal organic chemical vapor deposition [59], and sol-gel 

process [22, 81, 45, 18, 34, 149, 2]. However, these deposition techniques can 

require ultra high vacuum, are expensive, and time-consuming. In the sol-gel 

process, expensive and water sensitive metal alkoxides, are used as precursors 

to form sols, which make preparation of sols difficult. However, insolubility of zinc 

alkoxides in most alcohols poses a major problem for this technique. Working 

with alkoxides requires special handling as it is a toxic process and quite 

expensive. Among other established synthesis methods, simple and cost 

effective routes to synthesize nanocrystalline ZnO thin films by utilization of less 
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expensive, nontoxic, and environmentally benign precursors are still the key 

issues. 

1.3. Polymeric Precursor Process 

The polymeric precursor method or Pechini process [83], named after its 

inventor Maggio Pechini, is a chemical solution route frequently employed to 

synthesize polycation oxides. In this technique, aqueous solution of metal salts is 

dissolved in an aqueous alpha-hydroxycarboxylic acid such as citric acid 

solution. To this solution, polyhydroxyl alcohol, usually ethylene glycol, is added 

which is then heated and stirred continuously. During this stage, the ethylene 

glycol and citric acid undergo polyesterification to form a polymeric solution. 

Metal cations, added previously, chelate to the polyester formed resulting in 

uniform distribution of cations [48]. The prepared solution is a rigid network of 

polyester-type resin, which immobilizes metal ions and reduces the segregation 

of metal ions. This process enables efficient stoichiometric and particle size 

control. The polymeric precursor processing route also offers advantages of 

being simple, low cost utilizing common reagents and synthesis in ambient 

atmosphere. 

1.4. Applications of ZnO 

ZnO is a versatile material with diversified technological potentials as 

transparent electrodes in solar cells [68, 80, 62], catalysts [78, 1], waveguides 

[88, 31], transparent thin film transistors [29], piezoelectric transducers and 

actuators [75, 10], surface wave acoustic devices [96, 104, 91], gas sensors 

[116, 60], photonic crystals with tunable band gaps [17, 33], anti-reflection 
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coatings [68], varistors [149, 94], and in flat panel displays as a low voltage 

phosphor. Besides, ZnO has several attractive properties, such as, high chemical 

stability, good piezoelectric properties, non-toxicity, and bio-compatibility, which 

have drawn tremendous attention in recent years. Owing to stability in hydrogen 

plasma, ZnO thin films can be employed in fabrication of hydrogenated 

amorphous silicon solar cells [57]. ZnO has potential for usage as blue lasers to 

read compact discs (CDs) and DVDs. ZnO are also of importance for preparing 

blue light emitting diodes for non-line-of-sight communication receivers for 

military purposes [23]. ZnO has also created a niche as transparent conducting 

electrode for CIGS based solar cells due to match of its electrical properties with 

layers used in solar cells [26]. 

1.5. Contributions of this Dissertation 

A major contribution of this dissertation is the synthesis of low temperature 

processed ZnO thin films via the aqueous polymeric precursor route. For the 

fabrication of ZnO thin films, the polymeric precursors are prepared by different 

routes through the use of ethylene glycol, glycerol, citric acid, and ethylene 

diamine tetraacetic acid (EDTA), respectively, as chelating agents. In polymeric 

precursor process, Zn cations chelate to ethereal oxygen of organic chain [48]. 

EDTA has higher stronger chelation affinity than citric acid [126]. Hence, different 

chelating agents, with varying affinity for chelation of Zn cations, have been used 

to study the effect of chelation on morphology of the thin films.  

The polymeric precursors were spincoated on functionalized silicon and 

glass substrates and were annealed at various temperatures from 300°C to 
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600°C. The resultant films were characterized for degree of crystallization and 

surface morphology. The thermal decomposition of polymeric precursors was 

studied by thermogravimetric analysis (TGA) to determine the applicability of the 

precursor on polymeric substrates. Crystallinity and orientation of grains were 

studied in depth by X-ray diffraction (XRD). XRD data illustrates the effect of 

deposition conditions and annealing temperature on growth of ZnO films. Surface 

morphology of the thin films was evaluated by scanning electron microscopy 

(SEM) and atomic force microscopy (AFM) to study the microstructure and 

correlate it to properties of ZnO films. The photoluminescent properties of the thin 

films were also investigated. Optical and electrical properties of ZnO films were 

also studied extensively to evaluate the quality of ZnO films to decide their 

suitability as transparent conductors.  

ZnO thin films, derived of ethylene glycol based polymeric precursor, 

exhibit formations of flower-like morphology. Controlling the reactant 

concentrations, flower-like morphology of the ZnO structures could be 

synthesized with excellent reproducibility. It has been observed that number of 

chelation sites provided by chelating agent determines the morphology of the 

ZnO film. For glycerol, citric acid, and EDTA based precursors, the number of 

chelation sites provided is sufficient for formation of crack free smooth ZnO thin 

films. Epitaxial ZnO thin films grown on lattice matched substrates are favorable 

for reducing strains and dislocations. ZnO films are commonly grown on (0001) 

oriented (basal or c-plane) sapphire substrates. ZnO thin films on sapphire 

substrates were synthesized using citric acid based polymeric precursor as citric 
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acid provides sufficient chelation sites to synthesize crack free films. X-ray 

diffraction studies show increase in preferential orientation along the [001] 

direction with increase in annealing temperature. The polymeric precursors have 

been utilized in fabricating maskless patterned ZnO thin films in a single step 

using Maskless Mesoscale Materials Deposition (M3D)TM. This processing 

technique enables deposition of array of micropatterns and microlines without 

using photoresists and lithography. 

1.6. Organization of Dissertation 

Remaining part of this dissertation is organized as follows: Chapter 2 

presents a review of the literature on ZnO thin films and various techniques for 

processing ZnO thin films. This also describes polymeric precursor method to 

synthesize oxide thin films. In Chapter 3, processing and characterization of ZnO 

thin films synthesized using ethylene glycol as chelating agent. Results show that 

flower-like morphology of ZnO is obtained. Parameters for controlling the 

morphology has been examined thoroughly are also presented. Results and 

discussion of ZnO thin films derived from glycerol based polymeric precursors is 

presented in Chapter 4. Synthesis, processing, and characterization of ZnO thin 

films derived from citric acid and EDTA, respectively as chelating agents in 

reaction medium of ethylene glycol is investigated in Chapter 5 and Chapter 6, 

respectively. Results and discussion presented in Chapter 7 cover comparison of 

ZnO thin films derived from all precursors synthesized. In Chapter 8, preferred 

orientation of ZnO thin films along (002) plane when deposited on sapphire 

substrate is presented. The citric acid based precursor is utilized for conducting 
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experimental investigation at series of annealing temperatures. The polymeric 

precursors are used in depositing maskless micropatterns of ZnO. Depositional 

parameters for reproducing these micropatterns were determined and are 

presented in Chapter 9. The overall conclusions drawn from this work and future 

directions of research are discussed in Chapter 10. 
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CHAPTER 2 

LITERATURE SURVEY 

2.1. ZnO - Structure and Properties 

ZnO is a II-VI compound semiconductor with 55% of ionic bonds due to 

large differences in electronegativities. It exists as hexagonal wurtzite structure 

with two lattice parameters a = 0.324 nm and c = 0. 5207 nm. ZnO belongs to the 

space group of P63mc [123]. The structure is composed of two interpenetrating 

hexagonal close packed sublattices of oxygen ions displaced by 0.375 along the 

threefold c-axis with respect to Zn ions. In other words, ZnO structure may be 

described as planes of O2- and Zn2+ stacked alternatively along the c - axis. Each 

sublattice has 4 atoms per unit cell. Every Zn cation is tetrahedrally coordinated 

with 4 O2- at edges of a tetrahedron and vice versa. In other words, Zn2+ occupy 

tetrahedral sites in the hexagonal close packed sublattice of O anions. Schematic  

                                      

Figure 2.1: Schematic diagram of unit cell of wurtzite ZnO. 
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diagram of unit cell of wurtzite ZnO is shown in Fig. 2.1. 

The tetrahedral coordination in ZnO leads to a lack in inversion symmetry 

and hence, ZnO exhibits piezoelectricity and pyroelectricity. Owing to the wurtzite 

structure, ZnO has low symmetry leading to spontaneous polarization along the 

c-direction. Therefore, ZnO exhibits dielectric, piezoelectric, pyroelectric, 

acousto-optic, and photoelectrochemical properties also [123, 9].  

ZnO has polar surfaces due to the alternate stacking layers of O2- and 

Zn2+ with basal (0001) plane as the common polar surface. Due to the polar 

surfaces, there exists a normal dipole moment and spontaneous polarization 

along the c axis. Growth and hence, properties of ZnO thin films also depends on 

this crystallographic polarity. Homoepitaxial ZnO films exhibit different 

morphology depending on the basal surface when grown on bulk ZnO 

substrates. ZnO films grown on O- )1000( basal surface appear smooth with 

better mechanical properties whereas ZnO films deposited on Zn-(0001) surfaces 

have rough surface covered with hillocks [69]. 

Growth habit of crystals depends on relative growth rate of various crystal 

faces bounding the crystal. This difference in growth rates results in different 

growth habits. ZnO has three fastest growth directions, namely: <0001>, <0110>, 

and <2110> [155]. It has been observed that velocities of crystal growth to 

different directions is V<0001> > V<0110> > V<0001> when growth of <0001> is 

considered as maximum. Crystal faces with slow growth rate appear whereas 

crystal face whose growth rate is fast disappears. Hence, the (0001) face 
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disappears when ZnO crystals are prepared as studied by hydrothermal route 

[133, 50]. 

Owing to crystallographic polarity and fastest growth directions, ZnO has 

displayed a series of nanostructures with different morphologies, such as 

nanoribbon and combs [153], nanobridges and nanonails [148], thornballs [39], 

nanorods [38], polyhedral cages [97], nanohelixes, nanosprings, nanorings [145, 

143, 142], whiskers [19], nanopins [20], nanoneedles [71, 131], nanowalls [61], 

etc. A few works have been reported on synthesis of flower-like ZnO 

nanostructures from aqueous solutions [156, 50, 63, 138, 124, 54, 119]. 

Being a direct band gap semiconductor, ZnO has many electronic and 

optoelectronic applications. ZnO with additives like bismuth oxide at grain 

boundaries have a non-linear I-V characteristics. This makes it suitable for surge 

suppressing [89] in small current electronic currents [93]. It is also widely used in 

large current transmission lines due to non-ohmic behavior [93]. ZnO is also 

suitable for high temperature and high power operation [123]. 

2.2. ZnO Thin Films - Processing Techniques 

ZnO thin films have been deposited on various kinds of substrates, such 

as glass [157, 99, 82], sapphire [146, 99] , silicon [152], and GaN [99], using 

different deposition techniques. Some of the widely used techniques have been 

discussed. 

2.2.1. Pulsed Laser Deposition 

In pulsed laser deposition method, high power laser pulses (laser fluence 

= 1 – 1.5 J/cm2) are used to ablate polycrystalline ZnO target in an oxygen 
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atmosphere. The ablated species consisting of energetic neutral atoms, ions, 

electrons, atom clusters, and molten droplets, move away from the target and 

condense on the substrate placed opposite to target. In this method, 

stoichiometry of the target is preserved, as the plume is highly directional. For 

depositing smooth and uniform thin films, the substrates are usually heated in the 

range of 200°C to 800°C. ZnO thin films, synthesized by pulsed laser deposition, 

have used excimer lasers such as KrF: λ=248nm [86, 36] and Nd:YAG laser: λ = 

355nm [151, 68]. ZnO thin films have been deposited on SiO2/Si [86], glass [151, 

68, 36], LiAlO2 [66, 65] by pulsed laser deposition. Pulsed laser deposition 

technique requires high vacuum and expensive laser systems. Although the 

stoichiometry of deposited ZnO film is maintained, a large number of gross 

particulates also “splash” into the film increasing the surface roughness of the 

film. Since the plume is highly directional, it is difficult to uniformly deposit films 

over large substrates. Pulsed laser deposition also requires a homogeneous 

target for ablation. 

Using pulsed laser deposition highly textured and defect free ZnO thin 

films have been deposited on SiO2/Si [86]. In [36], preferentially c-axis oriented 

ZnO thin films were deposited on glass substrates. The crystalline quality of the 

ZnO films increased and electrical resistivity decreased with increase in substrate 

temperature. The deposited films have a refractive index of 2.008 and band edge 

at 3.28 eV. ZnO thin films have also been deposited on γ-LiAlO2 substrates by 

pulsed laser deposition [65]. The deposited films were preferentially oriented 

when the substrate temperature was set at 550°C. 
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2.2.2. Metal Organic Chemical Vapor Deposition 

Metal Organic Chemical Vapor Deposition (MOCVD) is popular variation 

of chemical vapor deposition technique. In this method, metal organic precursors 

are used as starting materials. Typically used precursors for deposition of ZnO 

thin films are metal alkyls, such as, dimethyl zinc or diethyl zinc [109] as zinc 

source, and alcohols, such as, isopropanol or tertiary-butanol [4] or oxygen as 

oxidizer. It has been shown that diethyl zinc is highly reactive with oxygen and is 

kept in separate injecting chambers.  

The substrate is placed in the growth chamber. The precursors undergo 

chemical reactions and the final product is deposited on the substrate. The 

quality of synthesized ZnO thin films can be controlled by substrate temperature, 

partial pressures of precursors, and ratio of partial pressures. The most important 

advantage of MOCVD process is the use of highly volatile metal organics at low 

temperatures. All constituents are in gaseous phase allowing precise electronic 

control of flow rates and their partial pressures. This method is useful in 

synthesis of large scale, high quality films. MOCVD is suitable for large area 

deposition, good composition control and film uniformity, and high depositional 

rates and densities. However, the major drawback of this process is the 

availability of suitable inexpensive precursors. In MOCVD method, highly reactive 

precursors are often used as precursors needing utmost safety precautions. 

ZnO thin films have been deposited on sapphire substrates by MOCVD. 

Characterization of the ZnO films illustrate preferential orientation along (002) 
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plane [4]. Using MOCVD, highly textured ZnO thin films are also deposited on 

SiO2/Si [109]. However, these films exhibit electrical resistivity of 104 Ω - cm. 

2.2.3. Magnetron Sputtering 

In this deposition technique, high purity ZnO targets are sputtered, at a 

particular substrate temperature, to form ZnO thin films using magnetron sputter 

system. Ar is usually used as sputtering enhancing gas and O2 as reactive gas. 

In dc magnetron sputtering system, a gas mixture of Ar+O2 is used. Sputtering 

yield rate from ZnO target is controlled by varying rf power. The sputter gas 

pressure influences energy of depositing atoms and determines the crystallinity, 

film density, and preferred orientation of the films [79, 35]. This method has 

advantages of being simple and operating at low temperatures. Another 

advantage of magnetron sputtering is that ZnO films can be deposited at reduced 

pressures with uniform coverage on wide range of substrate sizes at high 

depositional rates. A major disadvantage of magnetron sputtering is poor target 

utilization due to non-uniform target erosion. Since ZnO thin films are suitable as 

transparent conducting electrodes in solar cells, sputtering may damage the solar 

cell on which the deposition is taking place. 

After optimizing deposition parameters, the authors achieved crystallites of 

different width columns with an oriented growth along the [002] directions [35]. In 

[111], highly transparent polycrystalline ZnO thin films with band gap of 3.28 eV 

were prepared at an optimized oxygen pressure and substrate temperature of 

390°C. It has been found that magnetron sputtering has been effective for doping 

ZnO thin films. 
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2.2.4. Spray Pyrolysis 

In spray pyrolysis, a solution mixture of zinc acetate and alcohol was used 

[107, 56], as were ZnNO3 [130] and ZnCl2 [3]. In this technique, the solution is 

sprayed directly on the substrate heated to desired temperature. Oxygen, 

nitrogen, or compressed air is used as carrier gas. This carrier gas is used to 

facilitate atomization of the solution through the deposition nozzle. Studies have 

shown that the properties of deposited ZnO thin films depend on substrate 

temperature and gas flow rate [3]. Although this technique is efficient for 

deposition on large substrates, it has low deposition rate and surface uniformity.  

ZnO thin films were deposited on glass substrates at a temperature of 

402°C [107]. These films are 85% transmitting in visible region, have high 

reflectance in IR region and electrical resistivity is 0.15 Ω -m [106]. In [56], ZnO 

films, deposited on glass substrates, were highly textured along the (002) plane 

and the depositional properties were optimized [3]. 

2.2.5. Sol-Gel Process 

Solgel method is widely used to obtain various kinds of functional oxide 

films, including ZnO and doped ZnO thin films with preferred c-axis orientation 

[82, 22]. In general, two chemical routes are used to synthesize ZnO thin films by 

sol-gel process: i) the alkoxide route and ii) non-alkoxide process. In alkoxide 

precursors based process, dimethyl zinc or diethyl zinc are often used which are 

highly reactive and expensive. For the non-alkoxide route, Zn salts, such as 

acetates [82], are dissolved in water or alcohol [127]. Monoethanolamine (MEA) 

is used as a sol stabilizer [34, 127]. The properties and microstructure of sol-gel 
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derived ZnO thin films are affected by chemical composition, concentration of 

starting materials, pH of the solution, order, and temperature of reagents. The 

prepared sol is then spin coated [81] on substrate or dip coated [82, 127, 34]. 

The as-deposited gel film is then annealed to form ZnO film. This process also 

allows for doping of ZnO [34, 127]. An advantage of sol-gel route is that on 

preparing the sol, it can be deposited on substrates for gelling by several simple 

techniques, such as, spin coating, dip coating, etc. The disadvantage in sol-gel 

technique is that the properties of ZnO thin films are affected by several 

parameters that make optimization for high quality films cumbersome. Major 

disadvantages of the sol-gel process is that alkoxide reagents are expensive and  

the precursor solution is extremely moisture sensitive. 

2.3. Pechini Process 

The polymeric precursor method or Pechini process [83], named after its inventor 

Maggio Pechini, is chemical solution route frequently employed to synthesize 

polycation oxides. This processing route offers advantages of being simple, low 

cost utilizing common reagents, and synthesis in ambient atmosphere. A flow 

chart is shown in Fig. 2.2 for better understanding. In this technique, citric acid or 

any other alpha hydroxycarboxylic acid and metal salts are dissolved in an 

aqueous solution. Then ethylene glycol, a polyhydroxyl alcohol, is added which 

as a reaction medium. On addition of ethylene glycol, citric acid and ethylene 

glycol react to form a polyester. During this stage, the metal ions are chelated to 

the polyester to form a polymeric solution with metal cations distributed uniformly 

[48]. Nitric acid is also added to aid in chelation. The prepared solution is a rigid 

 15



network of polyester-type resin with metal ions chelated to resin, which prevents 

them from segregation. Rigid network reduces the segregation of metal ions 

enabling stoichiometric and particle size control quite efficiently.  

                          

Figure 2.2: Schematic diagram of preparation of polymeric precursor using citric 

acid as chelating agent and ethylene glycol as esterification agent. 

 

Several groups have synthesized metal oxides using solution of citric acid 

and ethylene glycol. In this synthesis route, citric acid was used as chelating 

agent and ethylene glycol as an esterification agent. Using this processing 

technique, LiNi0.5Co0.5VO4 [112], BaTiO3 [129], PbZrxTi1-xO3 [95], Ba2Ti9O20 [150], 

Bi2Ru2O7 [5], LaCoO3 [84] powders were produced. Homogeneous ZnO powders 

using ethylene glycol and citric acid as reaction medium and chelating agent, 

respectively [93] also been synthesized. This ethylene glycol mediated polymeric 

precursor process has yielded either nanoparticles or micrometer sized powders. 
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Modified Pechini process has also been employed to synthesize 

polycation oxides using EDTA as chelating agent and ethylene glycol as 

esterification agent [28]. In this preparation method, EDTA has to be dissolved in 

ammonium hydroxide to facilitate its dissolution in metal salts solutions. Then 

ethylene glycol is added to the resultant solution. This solution is then stirred and 

heated continuously at 80°C to prevent it from precipitation. Nitric acid is added 

drop wise to the solution to maintain the pH above 5 to avoid irreversible 

precipitation. EDTA and ethylene glycol react to form polyester. The metal 

cations chelate to the ethereal oxygen of the polyester [126, 48] to form a 

polymeric solution. The solution is further heated at 80°C while stirring  

                            

Figure 2.3: Schematic diagram of preparation of polymeric precursor using EDTA 

as chelating agent and ethylene glycol as esterification agent. 
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continuously until a clear, precipitate free solution with desired viscosity is 

reached. A flow chart for preparation of polymeric precursor using EDTA as 

chelating agent is shown in Fig. 2.3. 

Research has been carried out on synthesizing oxides using EDTA as 

chelating agent in modified Pechini process, such as, LaAlO3 [28], Eu2(WO4)3 

[14], BiDy2Fe5O12 [139] and BaCe0:8Gd0:2O3 [126]. It has been proven that EDTA 

improves distribution of metal cations uniformly in the solution as compared to 

citric acid [126]. Till date, ZnO thin films or powders have not been synthesized 

by this or the Pechini method. 

2.4. Spin Coating of Polymeric Precursors 

Spin coating is a popular technique for producing thin films. It is a cost 

effective processing technique when compared to other established methods. 

This method has been a high volume production technique and scalable to all 

substrate sizes. Spin coating is the preferred method of application of thin 

uniform film on relatively flat substrates. This method is implemented extensively 

in microelectronics industry for coating polymer resists for photolithography, 

coatings of flat panel displays, etc. 

Spin coating technique for polymeric precursors, has been developed to 

deposit oxide thin films [47]. In this technique, a flat substrate is placed on a 

vacuum chuck. After this, an excess amount of polymeric precursor is applied to 

the substrate. The substrate is then rotated at high speed to spread the polymer 

uniformly by centrifugal force. The spin coated film is cured at 70°C to evaporate 

the solvent and solidify the polymer.  
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In general, spin coating can be described as four different processes 

operating simultaneously [24]. First, excess polymeric precursor is added to 

substrate to ensure complete coverage as shown in Fig. 2.4a. The polymeric 

precursor has to wet the substrate or have a low contact angle to form uniform 

thin film. Since the precursors are aqueous based, the substrate surface has to 

be hydrophilic to achieve uniformity. If the precursor does not wet the substrate, 

then the surface of the substrate has to be modified using suitable chemistry. 

After adding the precursor on the substrate, the substrate is accelerated 

radially to desired speed of rotation to remove excess solution during the spin up 

stage. Due to centrifugal force, excess polymer is expelled from the substrate 

resulting in a thin film (Fig. 2.4b). The substrate rotates at the desired velocity for 

predetermined amount of time. At this stage, viscous forces of the solution 

dominate to reduce the film thickness and the polymeric precursor flows 

uniformly outward (Fig. 2.4c). This is followed by evaporation of the solvent 

resulting in thinning of film. Since the polymeric precursor has non-volatile 

solvents, the film has to be cured at 70°C to solidify the polymer (Fig. 2.4d). 

Spin coating is simple and cost effective technique. This deposition 

method has been used successfully to prepare oxide thin films [119, 11, 13, 117]. 

However, certain issues have to be considered to obtain uniform thin film using 

polymeric precursors. The precursor has to wet the substrate. Secondly, the 

substrate has to withstand the sintering temperature needed to pyrolyze the 

solution. The viscosity of the precursors plays a major role and should be in 1 to 

10cP to give thick crack free film. High viscosity of the precursor results in mud  
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Figure 2.4: Schematic diagram showing processes leading to uniform thin film by 

spin coating technique. 

 

cracks on pyrolysis which are undesirable in the film. Cracking of the films occurs 

due to change in volume on pyrolysis. However, cracking can be avoided by 

reducing the organic content and by increasing the cationic concentration. During 

pyrolysis of polymer, stress develops in film, which causes shrinkage leading to 

cracking of films. However, one needs to be careful while increasing cationic 

concentration for if chelating sites are insufficient, then the cations may 

precipitate. This will lead to inhomogeneity in microstructure. 
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CHAPTER 3 

CONTROLLING THE MORPHOLOGY OF POLYMERIC PRECURSOR 

DERIVED ZINC OXIDE NANOSTRUCTURES 

The study of possible mechanisms of formation and growth of ZnO 

nanostructures is crucial as they have potential to find applications in opto-

electronic devices. A fundamental understanding of the growth mechanisms is 

essential to control the morphology precisely and, hence, to improve the quality 

of the nanostructures. ZnO nanostructures of different morphologies have been 

synthesized using a low temperature polymeric precursor process. Controlling 

the Zn cation and nitric acid concentrations, a flower-like morphology of the ZnO 

nanostructures could be synthesized with excellent reproducibility. In addition to 

the chemistry, effects of spin coating variables on morphology were also 

investigated. Results show that morphology of the flowers is controlled by Zn2+ 

ion concentration, whereas spin speed and film thickness is responsible for the 

size variations. All obtained ZnO structures reveal polycrystalline hexagonal 

wurtzite structure and strong UV photoluminescence along with lattice defects. 

Polar surfaces of ZnO promoting multilayer Volmer-Weber growth play a crucial 

role in the development of these flower-like structures. Possible mechanisms for 

variations of morphology with synthesis parameters are discussed. 

3.1. Introduction 

Nanostructures such as wires, rods, belts, and tubes have attracted great 

scientific interest due to their unique properties and significant potential 

applications in electronics, photonics, and biochemistry. Organization of these 
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nanostructures into functional nano-devices such as transistors or waveguides 

remains an intriguing challenge. Self assembly is an efficient method for 

synthesizing nanostructures. However, precise control of self assembled 

nanostructures is essential to establish this technique as a basic and key tool of 

nanotechnology. Recently, research has been carried out extensively to control 

the morphology of nanostructures of semiconductors during synthesis [114]. 

Among II-VI semiconductors, ZnO is a versatile environmentally benign 

material with several technologically plausible applications. ZnO is a direct wide 

band gap semiconductor (3.37 eV) with large exciton binding energy (60 meV). It 

is of interest as a transparent conducting oxide with near UV emission. Owing to 

these properties, ZnO finds application in low-voltage and short wavelength 

electro optic devices such as light emitting diodes (LEDs) [132] and UV lasers 

[76]. ZnO has diversified technological potentials as solar cells [62], catalysts [78, 

1], waveguides [88, 31], transparent thin film transistors [29], piezoelectric 

transducers and actuators [75, 10], surface wave acoustic devices [96, 104, 91], 

gas sensors [116, 60], and photonic crystals with tunable band gaps [17, 33]. 

ZnO has displayed a series of nanostructures with different morphologies, 

such as nanoribbons and combs [153], nanobridges and nanonails [148], 

thornballs [39], nanorods [38], polyhedral cages [97], nanohelixes, nanosprings, 

nanorings [145, 143, 142], whiskers [19], nanopins [20], nanoneedles [71, 131], 

nanowalls [61],etc. However, these morphologies have been deposited by vapor 

based techniques. Only a few works have been reported on synthesis of flower-

like ZnO nanostructures from aqueous solutions. Wang [156] has utilized 
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ammonia, ammonium salts and thiourea to control morphology and orientation of 

the tube like, flower like, and tower like nanostructures while preparing them in 

an aqueous solution. Zhang and his coworkers [50] prepared nanorods of single 

crystal ZnO clustered into flower-like nanostructures by hydrothermal techniques 

and controlled the morphology using cetyltrimetylammonium bromide (CTAB) 

which enhances the growth rate of ZnO by providing adequate active nucleation 

sites. Zhang [63] decomposed Zn(OH4)2- or Zn(NH3)4
2+ precursor in an aqueous 

solution to synthesize flower-like ZnO. Gao and coworkers [138] fabricated 

flower-like ZnO nanostructures in aqueous solution using 

hexamethylenetetramine (HMT) and ethylene diamine for controlling morphology. 

HMT mediates the nucleation and growth of ZnO by controlling the basicity of 

solution whereas ethylene diamine determines formation of flower-like ZnO 

nanostructures. Pal [124] synthesized various ZnO nanostructures using 

hydrothermal processing. They prepared bunches of flower-like nanorods by 

controlling the pH of the solution and thereby, controlling the nucleation and 

growth rates of the nanostructures. Du [54] fabricated ZnO flowers in subcritical 

water solution with CTAB and polyethylene oxide-polypropylene oxide-

polyethylene oxide block copolymer of EO17-PO60-EO17 (P103) as surfactants 

to control nucleation and growth processes. Results of work on flower-like ZnO 

nanostructures have been briefly summarized in Table 3.1. These works on ZnO 

flowers consist of clusters of sword like nanorods and most of them have star like 

or coral (sea urchin) like shape. Ethylene glycol has been used in polymeric 

precursor solution method for making nanoparticles of complex metal oxides  
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Table 3.1: Reactants and morphologies obtained in previous work 
 

Authors 
 

Technique Reactants Morphology 

Wang  Aqueous 
solution 

Zn(NO3)2. 6H2O + Thiourea + NH4Cl 
+ H2O + NH3 

Flowers, 
Tubes, 
Towers 

Zhang Hydrothermal Zn(Ac)2 + CTAB + NaOH Nanorods 
clustered to 
form flowers 

Zhang Aqueous 
solution 

Zn(Ac)2 + NaOH + H2O 
Zn(Ac)2 + NH3 + H2O 

Flowers, 
snow flakes, 
short rods, 
prisms, 
prickly 
sphere 

Gao Aqueous 
solution 

ZnSO4 + Ethylenediamine + 
Hexamethylenetetramine 

Flowers, 
rods 

Pal Hydrothermal Zn(Ac)2 . 2H2O + Ethylenediamine + 
H2O + NaOH 

Flowers 
formed of 
nanorods 

Du Aqueous 
solution 

ZnCl2. 6H2O + CTAB + NAOH + 
Glycol + P103 

Flowers, 
nanorods 

This 
paper 

Polymeric 
solution 

Zn(NO3)2 . 6H2O + Ethylene Glycol + 
HNO3 + H2O 

Only Flowers
 
 

such as LiNi0.5Co0.5VO4 [112] and perovskites [137]. Till date, ethylene glycol 

mediated polymeric precursor process has yielded either nanoparticles or 

micrometer sized powders. In this present paper, we synthesize well defined 

flower-like ZnO structures composed of 2D nano-sheets by low temperature 

polymeric precursor process. The morphology, structure and crystallinity of the 

ZnO flower structures were examined by altering the Zn cation concentration, 

temperature, preparation time, and spin coating conditions. 

3.2. Experimental Methods 

All of the chemicals were of analytic-grade and were used as received 

without further purification. 99% pure zinc nitrate, Zn(NO3)2 and 99% ethylene 
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glycol (EG) were obtained from Alfa Aesar. 70% nitric acid (HNO3), ACS grade 

potassium hydroxide (KOH) pellets, and citric acid (2-hydroxy-1, 2, 3-

propanetricarboxylic acid) were acquired from J. T. Baker, EMD chemical Inc., 

and Fischer Scientific International Inc., respectively. Deionized and filtered water 

(resistivity = 18.2MΩ) was also utilized in preparing solutions. Glass microslides 

(2.54 x 2.54cm2) were used as substrate. The substrates were thoroughly rinsed 

ultrasonically in acetone, methanol and deionized water. These were then 

immersed in 1N potassium hydroxide (KOH) solution to functionalize the 

substrates with hydroxyls so as to achieve good wetting characteristics. 

Polymeric precursors for depositing ZnO thin films were prepared using a 

modified Pechini process [47]. Zn(NO3)2, ethylene glycol and HNO3 in varying 

molar ratios were added to 50 ml of deionized water. The resulting solution was 

stirred and heated at a constant temperature of 70°C until the final solution was 

clear, homogeneous, and free from precipitation. The solution was spincoated 

(CEE Model 100CB, Brewer Science, Inc.) onto prepared substrates at 4000 rpm 

for 30s, followed by drying at 70°C on a vacuum - chuck hot plate for 

approximately 1 hour. The films were then annealed for pyrolization of the 

ethylene glycol and oxide formation at 300°C for 30 min. Similar experiments 

were also carried out to examine the changes in morphology and growth of 

flower-like ZnO structures with changes in chemistry. Table 3.2 gives a detailed 

account of these experiments. 

Solutions with lower Zn cation and varying nitric acid concentrations were 

prepared. Solution was also prepared by changing the sequence of addition of 
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chemicals at similar chemical concentrations. Solution was also prepared by 

adding citric acid which acts as chelating agent. The structural and morphological 

characterization of ZnO structures was examined by field emission scanning 

electron microscopy, FESEM, (Nova Nanolab 200, FEI Co.), grazing incidence  

Table 3.2: Solution numbers, Ratios of Reactants and Morphologies obtained 

 

Solution 

number 

Ratios of Reactants Morphology Size  

(μm) 

1 EG/ Zn(NO3)2/ HNO3 = 0.7:0.3:0.05 Flower-like  4 – 7 

2 EG/ Zn(NO3)2/ HNO3 = 0.7:0.3:0.0 Flower-like  6 – 9  

3 EG/ Zn(NO3)2/ HNO3 = 0.99:0.01:0.1 Sheet  1 – 4 

4 EG/ Zn(NO3)2/ HNO3 = 0.99:0.01:0.05 Sheet  0.5 – 

2   

5 EG/ Zn(NO3)2/ HNO3 = 0.99:0.01:0.0 Circular 

Sheet  

0.5 – 

1.5   

6 EG/ Zn(NO3)2/ HNO3  = 0.7:0.3:0.1 Flower-like 5 – 7 

7 EG/ Zn(NO3)2/ HNO3 = 0.7:0.3:0.1 Thin film - 

8 EG/ Zn(NO3)2/ HNO3/Citric Acid = 

0.7:0.3:0.05:0.3 

Thin film -  

 
 

X - ray diffraction, GIXRD (Rigaku Ultima III, Cu Kα radiation), transmission 

electron microscopy, (FEI Tecnai F20ST) and energy dispersive X - ray 

spectroscopy, EDS (EDAX Inc.). The photoluminescence spectra were acquired 

with a scanning spectrofluorometer (Photon Technology International) at room 

temperature with an excitation wavelength of 340 nm using Xenon lamp as an 

excitation source. 
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3.3. Results and Discussion 

3.3.1. Structure and Morphology 

Fig. 3.1 shows an X - ray diffraction spectrum of ZnO layer (solution 1) on 

glass substrate, annealed at 300°C. The diffraction peaks at 2θ = 31.8°, 34.44°, 

36.2°, 47.6°, 56.7°, 62.96°, and 68.04° can be indexed as (100), (002), (101), 

(102), (110), (103), and (112) planes, respectively. Results show that the  

 

 

Figure 3.1: XRD spectra of (a) standard ZnO (JCPDS no. 36 - 1451) and (b) 

flower-like ZnO nanostructures of solution 1. 
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obtained flower-like ZnO structures possess wurtzite structure (space group 

P63mc) and the diffraction peaks can be indexed to hexagonal ZnO (JCPDS No. 

36-1451) with cell constants of a = 0.3246 nm and c = 0.5204 nm. No peaks not 

related to ZnO were formed. 

SEM micrographs of flower-like ZnO structures formed using solution 1 on 

glass substrates are shown in Fig. 3.2. The low magnification image shows that 

all ZnO flowers are uniformly dispersed throughout the substrate (Fig. 3.2a). Fig. 

3.2b and 3.2c show the obtained ZnO flower-like structures at 0° and 70° tilt, 

respectively. These structures have a well defined hexagonal layered shape. The 

flowers formed had a layered structure with hollow triangular center. These ZnO 

flowers are not planar, but are rather hemispherical three-dimensional structures. 

This fact was confirmed by imaging the sample at 70° tilt. The micrographs also 

show that the sheet like petals of the flowers self assemble into ZnO structures. 

Particle size distribution, as shown in Fig. 3.2d, was determined using NIH 

ImageJ software [125]. It is observed that the diameters of the flower-like ZnO 

structures are in the range 4-7.5 µm. The mechanism of formation of the ZnO 

structures is discussed later. 

TEM images of the ZnO structures (Fig. 4.3a) show that the structures are 

polycrystalline with crystallites of approximately 10 nm. The selected area 

electron diffraction (SAED) pattern obtained indicates that the nanostructures are 

polycrystalline hexagonal ZnO with wurtzite structure (Fig. 4.3b), consistent with 

XRD results. 
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(a) (b) 

(c) (d) 

Figure 3.2: FESEM micrographs of flower-like ZnO structures on surface 

modified glass substrates using solution 1 at different magnifications; (a) low, (b) 

high, (c) 70° tilt respectively, (d) histogram showing the particle size distribution 

of flowers formed by solution 1. 
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(a) 

 

(b) 

Figure 3.3: TEM image (a) and (b) electron diffraction pattern of ZnO 

nanostructures of solution 1 illustrating that polycrystalline hexagonal ZnO. 
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3.3.2. Effects of Reaction Conditions on Morphology of ZnO Nanostructures 

3.3.2.1. Zn(NO3)2 to EG Ratio 

Experiments were subsequently carried out to understand the effect of 

concentration of Zn(NO3)2 on the formation of ZnO structures. Solution 4 was 

prepared with a lower concentration of Zn cations while keeping the HNO3 

concentration constant. An SEM micrograph of solution 4 shows that the size of 

the structures has reduced considerably (Fig. 3.4a). The well-defined 

multilayered structure is replaced by an irregular monolayer structure. These 

structures have diameter of 0.5-2 μm as illustrated by the particle size distribution 

shown in Fig. 3.4b. Since the amount of ethylene glycol in solution has increased 

relative to the Zn, there is an increase in chelation sites. The Zn2+ cations chelate 

to the ethylene glycol through the ethereal oxygen of the polymer [48]. As the 

concentration of Zn2+ ions decreases relative to the number of chelation sites, a 

larger fraction of the Zn2+ ions present in solution chelate to ethylene glycol. This 

results in irregular shaped sheets instead of the layered well-defined six sided 

flowers as fewer Zn cations are left in the polymeric precursor to directly nucleate 

on to the substrate. 

3.3.2.2. Change in Sequence in Addition of Chemicals  

Polymeric precursor solution 6 was prepared by changing the order of 

addition of chemicals. In this experiment, nitric acid was added to ethylene glycol 

and was heated for 2 hours to partially polymerize the ethylene glycol. 0.3 moles 

of Zn(NO3)2 were subsequently added while stirring continuously. Fig. 3.4c 

reveals that the flower-like ZnO structures are very well defined multilayered 
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(a) 

 

(b) 

(c) (d) 

Figure 3.4: SEM images of ZnO nanostructures formed of (a) solution 4 and (b) 

solution 6 respectively. Size distribution of these nanostructures is shown in (c) 

and (d) respectively. These micrographs reveal size and shape variations of 

nanostructures due to change in Zn cation concentrations. 
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structures, with diameter of 5-7 µm (Fig. 3.4d). The sizes of these flowers seem 

to be larger with a narrower size distribution than flowers prepared from solution 

1 (Fig. 3.2b and 3.2d). Addition of nitric acid prior to Zn(NO3)2 polymerizes 

ethylene glycol and reduces the number of chelation sites considerably and thus, 

some amount of Zn cations are left unchelated in the polymeric solution. This 

leads to 5-7 µm monodispersed hexagonal flower-like structures due to 

nucleation of the unchelated Zn cations on to the substrate. 

3.3.2.3. Spin Speed 

Experiments were also conducted to study the effect of the spin speed on 

the formation of ZnO structures. Solution 2 was spincoated at 1000, 2000, and 

5000 rpm, respectively. SEM images (Fig. 3.5a and 3.5c) of the films show the 

creation of flower-like structures when spun at 2000 and 5000 rpm, respectively. 

It was observed that the diameter of the flower-like structures is 9-12 µm and 6-9 

µm for spin speeds 2000 and 5000, respectively (Fig. 3.5b, 3.5d).  

However, in case of 1000 rpm, there is formation of dendritic structures. 

The slow spin speed allows less amount of solution off the substrate and thus 

results in thicker films. Because of this, more and larger structures are nucleated 

in close proximity. These larger structures grow and merge to develop dendrites. 

Fig. 3.6 shows SEM images, which clearly illustrate the formation of dendritic 

structures at low spin speed.  

In order to study the extreme case of very thick films, the solution 2 was 

coated onto the substrate and was not spun while maintaining other reaction 

conditions. The samples reveal formation of large dendrites, which can be visual- 
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(a) (b) 

(c) (d) 

Figure 3.5: SEM micrographs of flower-like nanostructures of solution 2 

spincoated at (a) 2000 rpm and (b) 5000 rpm, respectively. Size distribution of 

these nanostructures is shown in (c) and (d) respectively. These images illustrate 

that size control of nanostructures can be achieved by varying spin speed during 

spin coating process. 
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(a) 

 

(b) 

Figure 3.6: SEM images of solution 2 spincoated at 1000 rpm; (a) low 

magnification of dendritic structures, (b) tip of a dendrite. These images are being 

shown to illustrate the fact that low spin speed gives rise to dendritic instead of 

flower-like structures. 
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ized with naked eye. Besides the dendrites, SEM images illustrated formation of 

large ZnO structures. Growth of the dendrite is from the edge towards the center 

of the sample, which follows the direction of shrinkage due to evaporation of 

water. On the basis of above facts, it can be deduced that the spin speed during 

the spin coating of the polymeric solution plays a major role. The sizes of the 

structure vary depending upon the film thickness; low spin speed gives rise to 

dendrites whereas high spin speeds help in formation of flower structures. This 

may be because spinning at high speeds leads to removal of excess solution, but 

leaving an amount sufficient for the formation of flower-like structures. The 

mechanism for change in structure size with varying spin speed will be further 

discussed in subsequent section. 

3.3.2.4. Viscosity  

Studies have been carried out to study the effect of viscosity of polymeric 

precursor solutions on the morphology of the ZnO structures. Solution 2 was 

diluted to varying viscosities using deionized water and was then spincoated onto 

substrates at constant spin speed of 2000 rpm. On analyzing these thin films 

under SEM, it was found that the size of the ZnO flowers had reduced while the 

morphology was similar to the original solution 2. At constant spin speed, more 

solution is thrown off the substrate, which results in thinner films. Excess solution 

results in higher nucleation on the substrate and therefore, larger size (10 µm) of 

structures is formed. The mechanism of formation of flowers will be discussed 

later in detail. 
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Solutions 6 were prepared by heating the polymeric solution for different 

lengths of time and were later spincoated on glass substrates. Different lengths 

of polymeric solution preparation times also resulted in similar flower-like 

structures of ZnO as observed using SEM and therefore, have no effect in 

controlling the morphology of the ZnO flowers. 

3.3.2.5. Annealing Temperature 

Spincoated thin films of polymeric precursor solution were cured at 70°C 

and annealed at 200°C or 300°C. The fabricated thin films show no dependence 

of these annealing temperatures on the morphology of ZnO structures as 

illustrated by SEM micrographs. However, the shape gets enhanced due to the 

pyrolysis of the organic substances as shown in Fig. 3.7. 

3.3.2.6. Nitric Acid 

The effect of varying amounts of nitric acid on formation of ZnO structures 

was also studied. Solution 7 has been prepared with molar concentration of nitric 

acid increased compared to solution 1. The concentration of ethylene glycol and 

Zn(NO3)2 is maintained constant at 0.7 moles and 0.3 moles, respectively, as in 

solution 1, while the amount of nitric acid is increased from 0.05 to 0.1 moles. 

SEM images reveal that formations of thin films of ZnO do not show any 

presence of flower-like structures (Fig. 3.8a). Although there are more Zn 

cations, a higher concentration of nitric acid provides sufficient chelation sites for 

solution 7, inhibiting the formation of ZnO structures from Zn cations remaining in 

the solution. However, it was observed that the decrease in concentration of nitric  
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(a) 

 

(b) 

Figure 3.7: FESEM images of sample of solution 1 annealed at (a) 70°C and (b) 

200°C illustrating the clear and sharper shape of nanostructures due to pyrolysis 

of organic precursors at higher temperatures. 
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acid leads to formation as well as an increase in the size of the flower-like ZnO 

structures as shown in Fig. 3.8b and 3.8c. 

Addition of nitric acid to ethylene glycol helps in partially polymerizing 

ethylene glycol and increasing the concentration of chelation sites for Zn cations. 

When the amount of nitric acid is reduced, the number of chelation sites provided 

for Zn2+ ions also decreases. For higher concentrations of Zn cations, more Zn2+ 

ions remain in solution, which nucleates later directly on the substrate during spin 

coating as in solutions 1 and 2. This leads to an increase in the diameter of 

multilayered self assembled flower-like ZnO structures as shown in Fig. 3.8. As 

discussed earlier, solutions 3, 4, and 5 (lower Zn cation concentration) were 

prepared by decreasing the amount of nitric acid added to the polymeric solution. 

SEM images indicate that the shape and size of the flower structures have 

changed. As the amount of nitric acid decreases the structures' shapes change 

from irregular sheets to circular sheets. Moreover, the diameter also decreases 

for solutions 3-5 as shown in Fig. 3.9a, 3.9b, and 3.9c, respectively. These 

observations are contradictory to the results obtained for solutions 1, 2, and 7 

shown in Fig. 3.8. Since the concentration of Zn2+ ions is low (0.99 moles of EG 

to 0.01 Zn2+ ions) in solutions 3, 4, and 5, there is an almost chelation of all the 

available Zn ions. This tends to change the structure morphology from irregular 

to circular sheets with a progressive decrease in diameter. 

On comparing solution 7 and solution 3, we observe that the concentration 

of EG to HNO3 is 0.7: 0.1 for solution 7 and 0.99 to 0.1 for solution 3. We 

postulate that low ratio of EG to HNO3, as in solution 7, increases the number of  
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(a) 

(b) (c) 

Figure 3.8: SEM micrographs of solutions (a) 7, (b) 1, and (c) 2, respectively. 

These solutions were prepared with decreasing amount of nitric acid: (a) 0.1 

mole, (b) 0.05 mole and (c) 0 moles. Increase in size of ZnO flower-like 

structures is observed with decrease in nitric acid. 

 

chelation sites which helps Zn cations to chelate and hence, form ZnO thin films. 

However, when the ratio is higher as in solution 3, the number of chelation sites  
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(a) (b) 

 

(c) 

Figure 3.9: Histograms of particle size distribution of nanostructures of solution 

(a) 3, (b) 4, and (c) 5, respectively. These graphs reveal that the size of 

nanostructures can be controlled by varying amount of nitric acid added to 

polymeric precursor solution. 
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increases which eventually polymerizes EG. This results in reduction of chelation 

sites for Zn cations leading to formation of irregular structures. 

The nature of the chelating agent is also essential to deduce the formation 

of products. Another chelating agent, citric acid, was used along with ethylene 

glycol in preparing solution 8. Addition of citric acid to ethylene glycol produces 

polyester [48]. The citric acid has a stronger affinity for Zn cations, thus more Zn 

cations get trapped in the polymer leading to good chelation of Zn cations and 

there are no free cations to nucleate into islands. Hence ZnO thin films (Fig. 

3.10) are formed instead of flower-like ZnO structures. However, due to the 

presence of double bonds in citric acid, the pyrolization temperature for oxide 

formation is increased and ZnO thin films form at temperatures above 400°C. 

 

Figure 3.10: SEM micrographs of solution 8 prepared using citric acid as 

chelating agent. Addition of citric acid to polymeric precursor solution produces 

thin films of ZnO instead of flower-like nanostructures. 
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3.3.3. Growth Mechanism 

On the basis of experimental results and systematic analysis, the 

formation of flower-like ZnO structures can be outlined as follows: Firstly, 

decomposition of Zn(NO3)2 takes place to form Zn2+ ions in solution. Secondly, 

addition of cold nitric acid oxidizes ethylene glycol to oxalic acid [48]. This is 

followed by chelation of a fraction of the Zn cations to the oxygen of the carboxyl 

group of oxalic acid. ZnO is formed by hydrolysis and condensation of the 

dissolved species in solution, which can be summarized as follows. 

++−−⎯⎯ →⎯⎯⎯ →⎯
+ 2Zn

2
HNO

22 ZnOOCZnCOO(COOH)OH)(CH
2

3                              (1) 

2
H/O 2COZnOOOC-Zn-COO 2 +⎯⎯ →⎯Δ                                                                  (2) 

2
H/O-2 Zn(OH)2OHZn 2⎯⎯ →⎯+ Δ+                                                                             (3) 

OHZnOZn(OH) 2
H

2 +⎯→⎯Δ                                                                                   (4) 

Formation of nuclei starts when the polymeric precursor solution is 

spincoated on the substrate. Self-assembly of ZnO could take place due to either 

electrostatic interactions [92] or difference in interfacial energy [100] 

mechanisms. Positively charged colloidal particles get nucleated on negatively 

charged substrate or vice versa, resulting in the decrease of the surface energy 

and creation of nucleation sites [90]. Low interfacial energy between the nuclei 

and substrate also enhances nucleation rate [90]. We postulate that unchelated 

Zn cations react with hydroxyl ions to form Zn(OH)2 in solution (equation 3). 

However, there is no evidence of formation of Zn(OH)2 as it is thermally unstable 

and decomposes at 100°C [74]. We also postulate that Zn(OH)2 (equation 3, 4) 

adsorbs on the hydroxyl modified substrate. Owing to this, high nucleation rates 
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are promoted for adsorption of Zn(OH)2 nuclei onto the substrate. The most 

stable crystal habit is a hexagon elongated along the c-axis with a typical basal 

polar oxygen plane )1000(  and Zn-(0001) plane [73]. Since the basal plane of 

ZnO is the characteristic polar surface [155], the positively charged Zn-(0001) 

surface adsorbs at the hydroxyl modified substrate. Due to the surface 

modification of substrate with OH- ions, the polymeric precursor wets the 

substrate, reducing the interfacial energy. 

The ZnO structures formed by the polymeric precursor solution grow via 

the island or Volmer-Weber growth mode [53]. In this growth mode, small 

clusters of atoms, nucleated on the surface of the substrate, are more strongly 

bound to one another than to the substrate and subsequently grow into islands, 

as illustrated by SEM micrographs. When the polymeric solution is dropped onto 

the functionalized substrate, the adatoms are bound to the hydroxyl ions of the 

substrate which act as an organic template. As more adatoms approach, they 

cluster together forming islands. When the clusters acquire critical size, they 

become stable and form a monolayer island. The critical radius of the monolayer 

plays a decisive role for nucleation of the second layer. When the critical radii of 

the monolayer islands is less than the separation between islands, nucleation of 

a second layer on the islands increases, promoting multilayer growth [58]. 

However, once a second layer nucleates, it traps most of the adatoms landing on 

the island. This retards the growth of the first layer. The growth process 

continues till there are no further nucleation sites on the surface layers. This is 

prepared show (Fig. 3.2b and 3.2c) both 2D as well as 3D structures developed.  
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An increase in island density would induce coalescence, thus promoting 

stacked growth and formation of dendritic structures. Moreover, deposition 

conditions also have a vital role to play. Lower spinning speeds give thicker 

precursor films, thus allowing the adatoms to grow until the critical radius is 

attained which leads to larger islands and hence, larger structures of ZnO. 

3.3.4. Photoluminescence 

Fig. 3.11 illustrates the room temperature photoluminescence spectrum of 

the flower-like ZnO structure of solution 1 on glass substrate under photon 

excitation of 340 nm respectively. A strong and broad UV emission (FWHM = 30 

nm) at 392 nm (3.16 eV) dominates the photoluminescence spectra. The energy 

of photoluminescence agrees with published literature [114, 138]. The UV 

emission may be attributed to the radiative annihilation of excitons near band 

edge as ZnO has a high exciton binding energy of 60 meV at room temperature 

[58, 108]. Besides the strong UV emission peak, there are several weak emission 

peaks, including a peak with maxima around 470 nm, and a broad peak ranging 

from 525 to 600 nm, which lies in the yellow-green region. Of the four weak 

emission peaks, the peak at 468 nm is the strongest. The presence of weak 

emission peaks around 470 nm has also been observed in a previous work [138] 

and has been attributed to electron transition from oxygen vacancies to valence 

band [77, 70]. The origin of this peak is assigned to lattice defects in ZnO [124, 

77]. 

3.4. Conclusions 

A polymeric precursor solution based technique was developed to fabrica- 
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Figure 3.11: Photoluminescence spectrum of flower-like ZnO nanostructures of 

solution 1 annealed at 300°C under photon excitation of 340 nm at room 

temperature. 

 

te ZnO nanostructures with hexagonal flower-like morphologies. The flowers 

synthesized have controlled diameter between 1-10 µm with a multilayered 

structure. These well-dispersed structures exhibit wurtzite structure with strong 

UV photoluminescence. Formation of these unique structures is controlled by the 

Zn cation concentration and the nature of the chelating agent. Factors affecting 

the size and morphology of the structures, such as, spin speed, temperature, 

time, and sequence of addition of chemicals, have been thoroughly examined. 
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Experimental results indicate that the flower-like nanostructures are formed by 

island growth mode and are controllable by concentration of Zn cations and 

speed during spin coating process. 
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CHAPTER 4 

NANOCRYSTALLINE ZINC OXIDE THIN FILMS DERIVED USING GLYCEROL 

AND ETHYLENE GLYCOL AS CHELATING AGENTS IN MODIFIED PECHINI 

PROCESS 

This work presents the preparation of ZnO thin films through the use of 

polymeric precursors synthesized by two different routes, namely glycerol and 

ethylene glycol as chelating agents, respectively, in modified Pechini process. 

The polymeric precursors were spincoated on functionalized silicon and glass 

substrates and were annealed at various temperatures from 300°C to 600°C. 

Characterization of the resultant films for degree of crystallization and surface 

morphology was performed. The thermal decomposition of polymeric precursors 

was studied by thermogravimetric analysis (TGA). Crystallinity and orientation of 

grains were studied in depth by X - ray diffraction (XRD). Surface morphology of 

the thin films was evaluated by scanning electron microscopy (SEM) and atomic 

force microscopy (AFM). These studies revealed dense, crack free microstucture 

for films synthesized using glycerol precursor and flower-like structures for 

ethylene glycol precursor. Room temperature photoluminescent spectra of these 

films show strong UV emission. 

4.1. Introduction 

ZnO, a versatile material, has attracted considerable attention due to its 

potential applications, such as, anti-reflection coatings [68], transparent 

electrodes in solar cells [68, 80, 62], gas sensors [110], varistors [149, 94], and 

surface acoustic wave devices [104, 91]. ZnO has a large exciton binding energy 
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(60 meV) which provides efficient exciton emissions at high temperatures. These 

properties of ZnO find applications in ultraviolet light emitting diodes, laser 

devices [76], and in flat panel displays as a low voltage phosphor. A review of 

properties and applications of ZnO has been published elsewhere [105]. 

Various techniques, such as pulsed laser deposition [68, 64], chemical 

vapor deposition [85, 42], magnetron sputtering [30], spray pyrolysis [107], 

molecular beam epitaxy [136], metal organic chemical vapor deposition [59], etc 

have been employed to prepare good quality ZnO thin films. Although these 

processing techniques produce high quality thin films, they are complicated, 

expensive, and time-consuming. Low temperature, wet chemical routes offer an 

exciting possibility for the synthesis of high purity, homogeneous thin films with 

tailored and predictable properties. Sol-gel route has been utilized for preparation 

of ZnO thin films [34, 18, 81, 2]. However, insolubility of zinc alkoxides in most 

alcohols poses a major problem for this technique. Working with alkoxides 

requires special handling as it is a toxic process and quite expensive. Besides, 

electrical and optical properties of the thin films degrade due to impurities and 

high density of carrier traps and potential barriers at grain boundaries [81]. 

Among other established synthesis methods, simple and cost effective routes to 

synthesize nanocrystalline ZnO thin films by utilization of less expensive, 

nontoxic, and environmentally benign precursors are still the key issues. The 

polymeric precursor method, in which a solution of ethylene glycol, citric acid and 

metal ions is polymerized to form a polyester-type resin, is becoming quite 

popular because of its simplicity. The metal ions can be immobilized in a rigid 
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polyester network of polyester-type resin, which can greatly reduce the 

segregation of a particular metal during the processing. 

Pechini process has also been employed to synthesize homogeneous 

ZnO powders using ethylene glycol and citric acid as reaction medium and 

chelating agent, respectively [93]. To date, ethylene glycol mediated polymeric 

precursor process has yielded either nanoparticles or micrometer-sized powders. 

In this paper, we synthesize nanocrystalline ZnO thin films by low temperature 

polymeric precursor process by two different routes using glycerol and ethylene 

glycol as chelating agents, respectively. To our knowledge, this is the first work 

on synthesizing nanocrystalline ZnO thin films using glycerol as chelating agent 

by aqueous polymeric precursor process. The prepared polymeric precursors 

were spincoated on substrates and annealed at different temperatures. Thermal 

decomposition of the precursors was studied by thermogravimetric analysis 

(TGA). The synthesized and annealed thin films were characterized by XRD, 

SEM, and AFM. The photoluminescent properties of the thin films were also 

investigated. 

4.2. Experimental Methods 

All chemicals were of analytic-grade and were used as received without 

further purification. 99% pure zinc nitrate, Zn(NO3)2.xH2O, 99% glycerol, and 

99% ethylene glycol were obtained from Alfa Aesar. 70% nitric acid (HNO3) and 

ACS grade potassium hydroxide (KOH) pellets, were acquired from J. T. Baker 

and EMD chemical Inc., respectively. Deionized and filtered water (resistivity = 

18.2MΩ) was utilized in preparing solutions. Glass microslides and silicon 
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substrates (2.54 x 2.54cm2) were thoroughly cleaned ultrasonically in acetone, 

methanol, and deionized water, followed by surface modification with 1N 

potassium hydroxide (KOH) solution to achieve good wetting characteristics. 

Polymeric precursors for depositing ZnO thin films were prepared using modified 

Pechini process. Zn(NO3)2, glycerol, and HNO3 in molar ratios of 0.1: 0.9: 0.1 

respectively, were added to 50 ml of deionized water. The resulting solution was 

stirred continuously and heated at a constant temperature of 70°C until the final 

solution was clear, homogeneous, and free from precipitation. Solution with 

similar concentration was prepared with ethylene glycol as chelating agent; 

details are published elsewhere [119]. Briefly, 0.1, 0.9, and 0.1 moles 

respectively, of Zn(NO3)2, ethylene glycol, and HNO3 were dissolved in deionized 

water. The resulting solution was stirred continuously and heated at 70°C for 

approximately 18 hours. The prepared solutions were spincoated (CEE Model 

100CB, Brewer Science, Inc.) on surface modified substrates at 4000 rpm for 

30s, followed by curing at 70°C on a vacuum - chuck hot plate for approximately 

1 hour. The films were then annealed at varied high temperatures for 10 min for 

pyrolization of the organic precursors and oxide formation. 

Thermal decomposition of polymeric precursor of ZnO was studied by 

thermogravimetric analysis (Perkin Elmer TGA - 7). Structure and morphology of 

the synthesized ZnO thin films were characterized by X - ray diffraction with 

CuKα radiation and Bragg – Brentano geometry, (Scintag XDS 2000) and field 

emission scanning electron microscopy, FESEM, (Nova Nanolab 200, FEI Co.). 

Digital Instruments Multi-Mode Nanoscope IIIa was also used to study the 
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surface morphology. AFM imaging was carried out in the tapping mode, at a 

scanning rate of 1Hz using a silicon cantilever with a spring constant of 20 - 80 

N/m. Surface roughness (Rrms) was calculated using the equipment's software 

routine. The photoluminescence spectra were acquired with a scanning 

spectrofluorometer (Photon Technology International) at room temperature with 

an excitation wavelength of 340nm using Xenon lamp as an excitation source. 

4.3. Results and Discussion 

4.3.1. Thermogravimetric Analysis 

Fig. 4.1 shows the TGA curves (heating rate = 2°C/min) of ZnO polymeric 

precursors, prepared using ethylene glycol (Fig. 4.1a) and glycerol (Fig. 4.1b) 

over the temperature range of 50°C - 600°C. In case of glycerol precursor, as 

shown in the TGA curves, the weight loss increased up to 550°C as the 

temperature increased, and beyond that temperature, the weight remained 

constant. Excess water and polyglycerol are pyrolized and the precursor loses 

mass till 110°C. Between 110°C and 230°C, another weight loss is observed 

which is due to pyrolysis of polymeric glycerol. There is a plateau evident from 

230°C to 350°C indicating the presence of 3D network of glycerol cross-linked 

with Zn cations in the precursor solution. Weight loss observed from 350°C to 

430°C may be attributed to pyrolysis of polymeric backbone. There is 

simultaneous formation of ZnO along with the pyrolysis of glycerol backbone. 

Above 450°C, all of the organic material is removed from the precursor leaving 

ZnO. Therefore, it is concluded that all of the involved reactions in the weight loss 

process were finished at 450°C-i.e., the decomposition of all organic products of 
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the precursor (between 50°C and 400°C) and their combustion (from 400°C to 

450°C) along with simultaneous formation of the ZnO structure. For precursor 

prepared using ethylene glycol, there is weight loss from 50°C to 212°C 

indicating pyrolysis of excess water and polyethylene glycol. At 212°C, we 

observe a 15% weight loss due to combustion of organic precursor, ethylene 

glycol. Beyond this temperature, the weight remained constant implying that all 

organic materials have been eliminated and there is complete crystallization of 

ZnO. 

 

Figure 4.1: TGA curves (heating rate = 2°C/min) of ZnO polymeric precursor 

prepared using (a) ethylene glycol and (b) glycerol, respectively, as chelating 

agent. 
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On comparing the TGA curves, we observe that the TGA curves are 

similar up to 110°C that may be attributed to removal of excess water from the 

precursors. Above 110°C, the weight loss in glycerol is lower than ethylene 

glycol, which occurs due to pyrolysis of polymeric glycerol and polyethylene 

glycol. There is a sharp change in weight (at 212°C) for ethylene glycol caused 

due to complete pyrolization of ethylene glycol, after which the weight remains 

almost constant. However, there is gradual weight loss with increase in 

temperature up to 450°C in case of glycerol. Hence, TGA curves reveal that 

pyrolysis of ZnO polymeric precursor is complete at 450°C and 220°C, 

respectively, for glycerol and ethylene glycol precursors. 

4.3.2. X-ray Diffraction 

X-ray diffraction of synthesized ZnO thin films were performed in θ - 2θ  

mode using Bragg - Brentano geometry to determine the crystallinity and 

orientation and obtained XRD spectra are shown in Fig. 4.2. Each of the 

polymeric precursors was spincoated on silicon substrates and annealed at 

300°C, 450°C, and 600°C respectively. Ethylene glycol based ZnO thin films at 

300°C (Fig. 4.2a) show diffraction peaks, which can be indexed as planes of 

wurtzite structure of ZnO. Peaks not related to ZnO were not observed. Relative 

intensities of the diffraction peaks reveal that there is no preferred orientation 

along any particular direction. 

For glycerol based polymeric precursor, ZnO thin films annealed at 300°C 

do not show any diffraction peaks (Fig. 4.2b) due to the presence of organic 

precursor. Moreover, ZnO is not formed as supported by TGA data. Thin films of 
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ZnO, annealed at temperatures above 450°C (Fig. 4.2c), possess wurtzite 

structure with space group P63mc. The lattice constants a and c can be 

calculated using the following equation: 
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=                                                                                   (5) 

For (100) and (002) diffraction peaks, this equation 5 can be simplified as: 

)d
3
4(a =                                                                                                             (6) 

2dc =                                                                                                                   (7) 

The lattice constants calculated using equations 6 and 7 were a = 0.3165 nm and 

c = 0.5086nm respectively, which are slightly lower than cell constants of bulk 

ZnO (JCPDS no. 36 - 1451). The XRD peak positions show a shift to higher 

diffraction angle illustrating that the films are under compressive strains. On 

annealing ZnO thin films at 600°C, the diffraction peaks appear shifted to higher 

diffraction angle than films annealed at 450°C. The calculated lattice constants 

are a = 0.3162 nm and c = 0.5079 nm (using eqn.6 and 7). The average 

crystallite size was calculated using Scherrer's equation: 

θ
λ
cosFWHM

0.9t(nm)
×

=                                                                                          (8) 

where λ is X - ray wavelength of Cukα, (λ = 0.154 nm) and FWHM of (002) 

diffraction peak width at position 2θ. Using the equation 8, the crystallite sizes for 

ZnO thin films annealed at 450°C and 600°C were calculated to be 28 nm and 35 

nm, respectively. 

  The XRD spectra illustrates highest intensity for (002) plane than (101) 
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Figure 4.2: XRD spectra of ZnO thin films synthesized by polymeric precursor 

route using chelating agents - (a) ethylene glycol annealed at 300°C, and 

glycerol annealed at (b) 300°C, (c) 450°C, and (d) 600°C, respectively. The 

crystallite sizes calculated using Scherrer's equation, were 28nm and 35nm for 

glycerol derived films annealed at 450°C and 600°C, respectively. 

 

plane. However, calculations of relative intensities of the three strongest peaks 

with respect to (101) plane (this plane has highest intensity according to JCPDS) 

reveal that there is no preferred orientation along [001] direction. No peaks not 

related to ZnO were detected. 
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Comparison of XRD spectra illustrates that formation of ZnO occurs at a 

lower temperature (300°C) for ethylene glycol whereas ZnO diffraction peaks are 

observed for samples annealed at 450°C and higher for glycerol based polymeric 

precursor. The spectra reveal that compressive strains is higher in EG than in 

glycerol thin films. It is also observed that the compressive strains increases with 

increase in temperatures in glycerol based thin films. We propose that the 

prepared films are dense to cause compressive strain. This is due to formation of 

nanometer sized ZnO grains in voids left by polymeric precursors on pyrolysis at 

annealing temperatures above 450°C. Owing to this, pore coalescence is 

prevented resulting in compressive strains. This compressive strain may also 

arise due to difference in coefficients of thermal expansions existing between 

ZnO thin films and SiO2/Si. Further detailed studies to determine the cause of the 

compressive strain and the effect of substrate, defects, and deposition conditions 

on strain, film thickness, will be studied extensively in future. 

4.3.3. Scanning Electron Microscopy 

Representative scanning electron micrographs of polymeric precursor 

derived ZnO thin films using glycerol as chelating agent and annealed at 300°C, 

450°C, and 600°C are shown in Fig. 4.3 (a, b, and c). Microstructure studies of 

samples annealed at 300°C illustrate smooth films probably with no or very fine 

ZnO particles that are not detected by SEM. On annealing at 450°C, the films 

have a granular morphology with average grain size of approximately 20 nm. The 

surfaces of these films appear without cracks, very homogeneous and dense. 

After annealing at 600°C, the micrographs reveal grain growth with an increase in 

 57



average grain size to 60 - 70 nm. Grain growth deteriorates the film surface 

resulting in high porosity. This may be due to pore coalescence to eliminate 

pores on sintering. ZnO thin films of ethylene glycol based polymeric precursor 

were also analyzed by SEM (Fig. 4.3d). Micrographs reveal formation of ZnO 

flowers, which have hemispherical three-dimensional hexagonal layered shape. 

The flowers are well dispersed and have an average diameter of 4-7 µm. 

Fig. 4.4 show SEM images of FIB cross-section of glycerol based ZnO thin films 

annealed at 450°C and 600°C, respectively. The micrographs illustrate that the 

film thickness is approximately 20 nm for 450°C illustrating that the film is one 

grain thick. On annealing at 600°C, the film thickness increases to 200 nm. From 

the SEM micrographs, it can be deduced that the film is very porous with 

spherical particles. The distinct difference in morphology of the thin films of 

polymeric precursors may be attributed to the chelation of Zn cations to the 

polymeric backbone. The Zn2+ cations chelate to the polymer through its ethereal 

oxygen [48]. We observe that all the Zn cations chelate to glycerol forming 

dense, crack free thin films. We postulate that there are insufficient chelation 

sites for the Zn cations provided by ethylene glycol as compared to glycerol. 

Hence, some of the Zn ions are left unchelated in the polymeric solution. These 

unchelated ions nucleate directly on the substrate during spin coating and form 

ZnO nanostructures on annealing [119]. In case of glycerol, the number of 

chelation sites provided for Zn ions is adequate leading to chelation of all 

available cations. Hence, this precursor forms crack free homogeneous ZnO thin 

films. 
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(a) (b) 

(c) (d) 

Figure 4.3: SEM micrographs of precursor derived ZnO thin films using glycerol 

as chelating agent and annealed at (a) 300°C, (b) 450°C, (c) 600°C and (d) ZnO 

nanoflowers prepared using ethylene glycol and annealed at 300°C. 

 

 59



 

(a) 

 

(b) 

Figure 4.4: SEM micrographs of FIB cross-section of glycerol precursor derived 

ZnO thin films annealed at (a) 450°C, and (b) 600°C. The thicknesses were 

measured to be about 20 nm and 200 nm, for annealing temperatures of 450°C 

and 600°C, respectively. 
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4.3.4. Atomic Force Microscopy 

Typical AFM micrographs of ZnO thin films prepared by spin coating 

glycerol based precursor and annealed at 300°C, 450°C, and 600°C are shown 

in Fig. 4.5(a, b, and c). ZnO thin films synthesized exhibit dense, crack-free 

microstructure with smooth morphology and small porosity. AFM micrographs 

revealed differences in the surface morphology of the films annealed at different 

temperatures. The sample heat treated at 300°C showed a homogeneous 

surface morphology with very low roughness (root mean square Rrms=0.42 nm). 

There was no evidence of granular structure. When the sample was annealed at 

450°C, it displayed a homogeneous nucleation distributed uniformly throughout 

the thin film with a size distribution approximately 25 – 30 nm. There is an 

increase in roughness (root mean square Rrms=2.188 nm) suggesting that the 

ZnO film structure is becoming increasingly ordered. On the other hand, the 

surface morphology changes dramatically at 600°C. At this stage, grain growth 

occurs along the grain boundaries, leading to coalescence of grains. As a result, 

there is formation of granular structure with a significant increase of the root 

mean square roughness, Rrms=3.69 nm. AFM image also reveals pores located 

at the boundaries of the grains. 

4.3.5. Photoluminescence 

In representative photoluminescence (PL) spectra of ZnO thin films (Fig. 

4.6), the glycerol based ZnO thin films showed only UV emission attributed to 

free - exciton recombination or to the radiative annihilation of excitons near band 

edge as ZnO has a high exciton binding energy of 60meV at room temperature.  
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(a) (b) 

 

(c) 

Figure 4.5: AFM images of ZnO thin films prepared by spin coating glycerol 

polymeric precursor and annealed at: (a) 300°C, (b) 450°C, and (c) 600°C, 

respectively. 
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Figure 4.6: Room temperature photoluminescence of ZnO thin films prepared 

from glycerol and annealed at (a) 300°C, (b) 450°C, (c) 600°C, and (d) ethylene 

glycol annealed at 300°C. 

 

PL spectrum of sample prepared at 300°C (Fig. 4.6a) does not show any 

emission due to presence of organic precursors in the films. Samples annealed 

at 450°C and 600°C (Fig. 4.6b and Fig. 4.6c) show UV emission at 395 nm and 

387 nm, respectively. Blue shift in photoluminescent peak is usually attributed to 

quantum confinement of small particles. However, the SEM data illustrate that 

there is grain growth with higher annealing temperatures. Hence, the blue shift in 

UV emission may be due to strain in films as revealed by XRD data. It is also 

observed that the intensity of PL peak increases with an increase in annealing 
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temperature. This increase in intensity may be attributed to increase in grain size 

with temperature. There is absence of visible green emission for samples 

annealed at higher temperatures revealing the high quality of films synthesized.  

Fig. 4.6d illustrates the room temperature photoluminescence spectrum of 

the flower – like ZnO structure of under photon excitation of 340 nm. A strong 

and broad UV emission at 392 nm dominates the photoluminescence spectra. 

Besides the strong UV emission peak, there is a broad peak ranging from 525 to 

600 nm which lies in the yellow green region. The broad emission peak may be 

due to the overlap of yellow and green emission peaks. The origin of this peak is 

assigned in other studies to lattice defects in ZnO [70]. 

4.4. Conclusions 

Nanocrystalline ZnO thin films have been synthesized by modified 

polymeric precursor method using glycerol and ethylene glycol as chelating 

agents, respectively. Till date, ZnO thin films have not been synthesized by this 

method. The thin films were annealed at various temperatures, namely 300°C to 

600°C. Thermal decomposition of synthesized polymeric precursors were 

analyzed by TGA. XRD data for ethylene glycol based thin films show that ZnO 

prepared has wurtzite structure even when annealed at 300°C and higher 

temperatures. In case of glycerol based thin films, no XRD data was obtained for 

samples annealed at 300°C suggesting that formation of ZnO occurs at higher 

temperature. Samples annealed at 450°C and above, showed characteristic 

peaks pertaining to wurtzite ZnO structure. There is a shift of diffraction peaks to 

higher angles implying existence of compressive strains. SEM micrographs 
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illustrate that the glycerol based thin films are smooth, dense, and have crack 

free microstructures. The images also reveal increase in grain size with 

annealing temperature which can be attributed to grain growth. However, in case 

of ethylene glycol based ZnO thin films, hexagonal flower - like structures are 

observed. These flowers have a multilayered structure with an average diameter 

of 4-7 µm. From AFM studies on glycerol based thin films, it has been observed 

that an increase in annealing temperature improved film crystallinity but also led 

to an increase in roughness due to grain growth. Room temperature 

photoluminescence exhibit strong UV emission for glycerol based thin films. The 

thin films display a tendency to increase grain size and hence the intensity of the 

UV emission with increase in annealing temperature. However, ZnO flowers 

formed of ethylene glycol precursor show broad visible green emission along with 

sharp strong UV emission. 
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CHAPTER 5 

SYNTHESIS AND CHARACTERIZATION OF NANOCRYSTALLINE ZINC 

OXIDE THIN FILMS BY CITRATE PRECURSOR ROUTE 

Nanocrystalline zinc oxide (ZnO) thin films have been deposited by spin 

coating polymeric precursor solution synthesized by a modified Pechini process 

using ethylene glycol as reaction medium and citric acid as chelating agent for Zn 

cations. The polymeric precursors were spincoated on glass and silicon 

substrates and annealed from 300°C to 600°C. The resultant films were 

characterized for degree of crystallization and surface morphology. The thermal 

decomposition of polymeric precursor was studied by thermogravimetric analysis 

(TGA). The average crystallite size, orientation, and strain were studied in depth 

by X - ray diffraction (XRD). XRD results illustrate that there is an increase in 

texturing of grains perpendicular to the substrate and compressive strain with 

increase in annealing temperature. Morphology of the thin films was evaluated by 

scanning electron microscopy (SEM) and atomic force microscopy (AFM). SEM 

and AFM micrographs illustrate that the films are crack free and composed of 

well-dispersed homogeneous microstructures. Room temperature 

photoluminescence spectra of these films show strong UV emission around 392 

nm with an increase in intensity with annealing temperature. 

5.1. Introduction 

Zinc oxide (ZnO) is a II-VI n-type semiconductor with a wide direct band 

gap of 3.3eV. Besides the wide band gap, ZnO has several attractive properties, 

such as, large exciton binding energy (60meV at room temperature), high 
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chemical stability, good piezoelectric properties, non-toxicity and bio-

compatibility, which have drawn tremendous attention in recent years [105]. 

Owing to stability in hydrogen plasma, ZnO thin films can be employed in 

fabrication of hydrogenated amorphous silicon solar cells [57]. These thin films 

can also be utilized for developing semiconductor gas sensors [110]. ZnO thin 

films also have potential for practical applications, notably in short wavelength 

optical devices especially in ultraviolet-blue emission devices [76]. 

To date, high quality ZnO thin films have been prepared by several thin 

film deposition techniques, including pulsed laser deposition [64, 68], chemical 

vapor deposition [85, 42], molecular beam epitaxy [136], sputtering [30, 62, 79], 

spray pyrolysis [107], and sol-gel process [22, 81, 45, 18, 34, 149]. However, 

these deposition techniques can require ultra high vacuum, expense and are 

time - consuming. In the sol - gel process, expensive and toxic metal alkoxides 

reacting with humidity, are used as precursors to form sols, which makes 

preparation of sols difficult. 

An approach for the chemical synthesis of thin films, based on a method 

developed by Pechini [83], has been extensively used for several polycation 

oxides and perovskites [37]. This polymeric precursor method is simple, easy 

and cost - effective employing common reagents. In this technique, aqueous 

solution containing metal salts and alpha-hydroxycarboxylic acid such as citric 

acid is prepared. Then a polyhydroxyl alcohol, usually ethylene glycol, followed 

by nitric acid, is added to the aqueous solution. The solution is constantly heated 

and stirred. On heating the solution, citric acid and ethylene glycol undergo 
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polyesterification. The metal cations chelate to the polyester to form a polymeric 

solution with metal cations distributed uniformly [48]. Nitric acid enhances 

oxidation of the polyester and provides sufficient number of chelation sites to the 

metal cations. Polymeric precursor method offers many advantages, such as, 

good stoichiometry, precise size control, working in ambient atmosphere with 

aqueous solutions. Since this method has been utilized to successfully 

synthesize oxide thin films [7, 52], this paper aims to report fabrication of 

nanocrystalline ZnO thin films and its morphological characterization. The 

prepared polymeric precursor was spincoated on to substrates and annealed to 

different temperatures. Thermal decomposition of the precursor was studied by 

thermogravimetric analysis (TGA). The synthesized and annealed thin films were 

characterized by XRD, SEM, and AFM. The photoluminescence properties of the 

thin films were also investigated. 

5.2. Experimental Methods 

99% pure zinc nitrate, Zn(NO3)2.xH2O and 99% ethylene glycol (EG) were 

acquired from Alfa Aesar. 70% nitric acid (HNO3), ACS grade potassium 

hydroxide (KOH) pellets, and citric acid (2-hydroxy-1, 2, 3-propanetricarboxylic 

acid), were acquired from J. T. Baker, EMD chemical Inc., and Fischer Scientific 

International Inc., respectively. These chemicals were used as received without 

further purification. Deionized and filtered water (resistivity = 18.2MΩ) was used 

in preparing solutions. Glass microslides and silicon substrates (2.54 x 2.54cm2) 

were thoroughly cleaned ultrasonically in acetone, methanol and deionized 
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water, followed by surface modification with 1N potassium hydroxide (KOH) 

solution to achieve good wetting characteristics. 

Polymeric precursors for depositing ZnO thin films were prepared using 

Pechini process. 0.1 moles of citric acid was dissolved in 50 ml of deionized 

water. To this aqueous solution, Zn(NO3)2, ethylene glycol, and HNO3, in molar 

ratios of 0.1: 0.9: 0.1, respectively, were added. The resulting solution was stirred 

continuously and heated at a constant temperature of 70°C until the final solution 

was clear and homogeneous. The solution was spincoated (CEE Model 100CB, 

Brewer Science, Inc.) onto cleaned and surface modified substrates at 4000 rpm 

for 30s. After deposition, the layer was dried at 70°C on a hot plate for an hour to 

remove residual water. The films were then annealed at different temperatures in 

an ambient furnace for pyrolysis of organic precursors and oxide formation. 

Thermogravimetric analysis of polymeric precursor of ZnO was obtained 

(Perkin Elmer TGA - 7) at a ramp rate of 1°C/min. X-ray diffraction (XRD) 

patterns were obtained using a CuKα radiation source to determine the structure 

of the films in the θ-2θ scan mode, recorded on a Scintag XDS 2000 X-ray 

diffractometer. Interplanar spacing d of the ZnO films is calculated using the 

Bragg equation. The lattice constant a is calculated using the following 

equation: d3)4(a =  for (100) diffraction peak of ZnO. Similarly, the lattice 

constant c for hexagonal ZnO is related to interplanar spacing d for (002) planes 

by c = 2d. The average crystallite size was calculated from Scherrer equation, 

cosθFWHM
0.9λt(nm)

×
=                                                                                          (9) 
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where λ is X - ray wavelength of Cukα, (λ = 0.154 nm) and FWHM of (002) 

diffraction peak at position 2θ. Film strain εZ along the c axis is then given by [79] 

100%c)c(cε ooZ ×−=                                                                                       (10) 

where co, the strain-free lattice parameter measured from ZnO powder, is equal 

to 0.5204nm. According to the above equation, the strain can be positive (tensile) 

or negative (compressive). Preferential orientation can be quantified by texture 

coefficients defined by [98], 

(hkl))(I(hkl)/I1/n
(hkl)I(hkl)/IT(hkl)

r

r

Σ
=                                                                                  (11) 

where n is the number of (hkl) diffraction peaks, I(hkl), and Ir(hkl) are integrated 

intensities of these peaks in samples with preferential and random orientation, 

respectively. Morphology of the synthesized ZnO thin films were characterized by 

field emission scanning electron microscopy, FESEM, (Nova Nanolab 200, FEI 

Co.) and atomic force microscopy, AFM, (Digital Instruments Multi-Mode 

Nanoscope IIIa). The photoluminescence spectra were acquired with a scanning 

spectrofluorometer (Photon Technology International) at room temperature with 

an excitation wavelength of 340nm using Xenon lamp as an excitation source. 

5.3. Results and Discussion 

5.3.1. Thermogravimetric Analysis 

Fig. 5.1 shows the thermogravimetric analysis (TGA) curve of the 

synthesized ZnO polymeric precursor. The TGA analysis indicated a major 

weight loss (40%) between 50°C and 200°C, which corresponds to the 

evaporation of water and pyrolization of excess polyethylene glycol (PEG). A 
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plateau is evident from 200°C to 250°C, indicating that the entire PEG has been 

pyrolized, leaving cross-linked network of citric acid and ethylene glycol with Zn 

cations in the film. This is followed by a weight loss (25%) between 250°C and 

450°C, due to the combustion of citric acid. There is formation of ZnO during the 

pyrolysis of the organic precursors. After 450°C, no obvious weight loss was 

observed and complete crystallization of ZnO took place. 

 

Figure 5.1: TGA curve (heating rate = 1°C/min) of ZnO polymeric precursor 

prepared using ethylene glycol and citric acid as a reaction medium and 

chelating agent respectively. 
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5.3.2. X-ray Diffraction 

XRD was performed in the θ-2θ scan mode to determine the crystallite 

size, orientation, and average strain of ZnO grains. The XRD spectra of the ZnO 

thin films deposited on silicon substrates and annealed at 300°C, 450°C, and 

600°C are shown in Fig. 5.2.  

 

Figure 5.2: XRD spectra of ZnO thin films synthesized by spin coating citrate 

polymeric precursor, followed by curing at 70°C, and finally annealed at different 

temperatures (a) 300°C, (b) 450°C, and (c) 600°C for 1 hour. The crystallite size 

calculated, using Scherrer's equation, were 20nm and 35nm for 450°C and 

600°C, respectively. 
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All the diffraction peaks can be indexed to the pure hexagonal phase of 

ZnO [space group: P63mc] which are in good agreement with the reported data 

(JCPDS, 36-1451). No peaks were observed which cannot be assigned to ZnO. 

At the temperature of 300°C, diffraction peaks are not observed in the XRD 

spectrum (Fig. 5.2a) due to the presence of organic precursors. Moreover, ZnO 

is not formed at this temperature, which is also supported by the TGA data. 

When the annealing temperature was increased to 450°C (Fig. 5.2b), diffraction 

peaks at 2θ = 32.47°, 34.99°, 36.89°, and 57.2°, corresponding to (100), (002), 

(101) and (110) planes, are observed. The cell constants were calculated to be a 

= 0.3182 nm and c = 0.5125 nm compared with c = 0.5204 nm. ZnO crystals tend 

to grow along the c-axis perpendicular to the substrate. These basal ZnO planes 

give rise to a dominant (002) diffraction peak around 34.44°. Hence, this peak 

position is considered to calculate crystallite size and average crystallite size was 

determined to be 19.5 nm (using equation 9). The (002) peak of the ZnO film 

annealed at 450°C is quite broad (FWHM = 0.445°) and shifted by 0.55° to higher 

2θ angle. At annealing temperature of 600°C (Fig. 5.2c), the diffraction peaks 

occur at 2θ = 32.69°, 35.39°, 37.17°, and 57.57°, corresponding to (100), (002), 

(101), and (110) planes along with appearance of peak at 48.49° related to (102) 

plane. On calculation of cell constants for 600°C, it was found that these have 

decreased to a = 0.316 nm and c = 0.507 nm. We observe that on annealing to 

600°C, the widths of the diffraction peaks of the film has narrowed (FWHM = 

0.28° for (002) peak) indicating that grain growth has occurred. The crystallite 
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size was calculated to be 31 nm (using equation 9). Moreover, there is a 

significant shift of 0.95° in peak positions to higher 2θ angles. 

For the samples annealed at 450°C and 600°C, the intensities of three 

main diffraction peaks are used for calculating the texture coefficients using 

equation 11. When annealed at 450°C, the texture coefficients are obtained as 

T(100) = 0.8, T(002) = 1.522, and T(101) = 0.674. For samples annealed at 

600°C, the texture coefficients calculated are as follows: T(100) = 0.663, T(002) 

= 1.729, and T(101) = 0.6. We observe that the texture coefficient are quite 

similar for (101) plane and has slightly decreased for (100). However, there is 

marked preferential crystallite orientation along the (002) as texture coefficient is 

greater than 1 (T(hkl) = 1 for randomly oriented crystallites). 

The strain in ZnO thin films on annealing was calculated using equation 

10. Films annealed at 450°C and 600°C showed compressive strains of -1.57% 

and -2.66%, respectively. It is observed that the average compressive strain 

increases with increase in annealing temperature. This strain may be due to 

intrinsic strain because of lattice mismatch existing between ZnO thin films and 

SiO2/Si and a difference in coefficients of thermal expansions of ZnO and silicon. 

However, on annealing to 600°C, the interfacial strain between the film and 

substrate should become negligible due to relaxation. This indicates that the 

compressive strain observed may be due to thermal mismatch strain in ZnO thin 

films and SiO2/Si substrates on cooling as ZnO has a higher coefficient of 

thermal expansion than both SiO2 and Si [16]. During annealing at temperatures 

above 450°C, the combustion of polymeric precursors leaves voids in the film 
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that are rapidly filled with nanometer sized ZnO grains. The presence of these 

grains prevents pore coalescence, which also results in compressive strains. 

5.3.3. Scanning Electron Microscopy 

Fig. 5.3 shows SEM micrographs of ZnO thin films annealed at 300°C, 

450°C, and 600°C. As can be observed, samples annealed at 300oC show a 

very smooth surface with only the presence of organic precursors. Moreover, 

XRD and TGA results also confirm that there is no ZnO formation at 300°C (Fig. 

5.3a). The sample annealed at 450°C (Fig. 5.3b) presents a surface without 

cracks, is very homogeneous and is relatively dense (not many pores are 

observed) with a microstructure having an average grain size of 20nm. On 

annealing the sample at 600°C (Fig. 5.3c), SEM micrographs illustrate that the 

films are smooth and dense with uniform and well - developed grains of order of 

30 nm size. The films appear to have few pores with no cracks or voids. The 

measured average grain sizes are 20nm and 35nm, respectively for samples 

annealed at 450°C and 600°C, which, matches and reconfirms the value of 

crystallite size calculated using Scherrer's method (equation 9). It is proposed 

that large compressive strains provide a driving force for grain growth during 

annealing [79]. Hence, the compressive strains observed in ZnO thin film 

deposited on SiO2/Si energetically favors grain boundary crystallization on 

annealing resulting in faceted grains as seen in Fig. 5.3c. 

5.3.4. Atomic Force Microscopy 

Representative AFM micrographs of ZnO thin films prepared by spin 

coating and annealed at 300°C, 450°C, and 600°C are shown in Fig. 5.4. ZnO 
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(a) (b) 

 

(c) 

Figure 5.3: SEM micrographs of ZnO thin films prepared from polymeric 

precursor using ethylene glycol and citric acid and annealed at: (a) 300°C, (b) 

450°C, and (c) 600°C. 

 

thin films obtained by polymeric precursor method using citric acid as a chelating 

agent, exhibited a dense and crack-free microstructure. The morphology of the 

thin films appears to be smooth with small porosity. A more detailed observation 
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of AFM images revealed a difference in the surface morphology of the films 

prepared at different annealing temperatures. The micrographs show a 

considerable variation in the surface morphology between the samples annealed 

in the range 300°C to 600°C. The sample annealed at 300°C (Fig. 5.4a) showed 

a surface morphology with very low surface roughness (root mean square = 

0.877 nm) and no evidence of a granular structure. The sample annealed at 

450°C displayed a homogeneous granular structure distributed uniformly 

throughout the thin film (Fig. 5.4b). There is an increase in roughness (root mean 

square = 1.919 nm) suggesting that the ZnO film structure is becoming 

increasingly ordered. When heat-treated at 600°C (Fig. 5.4c), the average grain 

size and the surface roughness of the films increases to 70 – 90 nm and 8.737 

nm, respectively. The particles are mono-dispersed with spherical morphology 

and uniformly distributed on the substrate. 

5.3.5. Photoluminescence 

Room temperature photoluminescence (PL) spectra of ZnO thin films 

annealed at 300°C, 450°C, and 600°C under photon excitation of 340nm are 

shown in Fig. 5.5. The samples show strong and sharp UV emission attributed to 

free exciton recombination [108, 70]. ZnO thin films annealed at 300°C (Fig. 

5.5a) did not show any UV emission. Samples annealed at 450°C and 600°C 

showed UV emission at 393 nm (Fig. 5.5b and c), respectively. This shift in band 

gap can be attributed to compressive strains in the films [128]. Moreover, the 

intensity of PL peak increases with increase in annealing temperature between 

450°C to 600°C. This increase in intensity may be attributed to an increase in 
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(a) 
(b) 

 

(c) 

Figure 5.4: AFM images of ZnO thin films annealed at: (a) 300°C, (b) 450°C, and 

(c) 600°C showing grain growth on increase in annealing temperature. 

 

grain size and crystallinity with temperature. 

5.4. Conclusions 

Nanocrystalline ZnO thin films have been synthesized by simple polymeric 

precursor method using ethylene glycol as reaction medium and citric acid as 

chelating agent. The thin films were annealed from 300°C to 600°C. Samples  
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Figure 5.5: Room temperature photoluminescence spectra of ZnO thin films 

prepared by polymeric precursor method using ethylene glycol and citric acid as 

reaction medium and chelating agent respectively. The thin films were annealed 

at (a) 300°C, (b) 450°C, and (c) 600°C, respectively. 

 

annealed at 300°C did not show any diffraction peaks suggesting that ZnO did 

not form. This is confirmed by TGA results. Samples annealed at temperatures of 

450°C and above, illustrate wurtzite structure with crystallite size increasing with 

annealing temperatures between 450° to 600°C. XRD spectra show an increase 

in preferential orientation of grains along the (002) plane with increase in 

annealing temperature. The thin films exhibit compressive strains of -1.57% and  
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-2.66% for annealing temperatures of 450° and 600°C, respectively. This strain 

may be attributed to thermal mismatch in ZnO films and SiO2/Si substrate as well 

as dense, basal oriented nano-grained films leading to grain growth along grain 

boundaries. SEM and AFM micrographs illustrate smooth, crack free 

microstructures with small pores. Room temperature photoluminescence spectra 

show strong UV emission, which is blue-shifted with increase in annealing 

temperature probably due to compressive strain in the films. We also observe 

that the intensity of the UV emission increases with increase in annealing 

temperature, which may be attributed to an increase in grain size and 

crystallinity. Studies to determine the specific cause of the strain in films (that is, 

effects of substrates, deposition conditions, etc) and to determine its effect on 

photoluminescence will be studied in future. 
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CHAPTER 6 

POLYMERIC PRECURSOR DERIVED NANOCRYSTALLINE ZINC OXIDE THIN 

FILMS USING EDTA AS CHELATING AGENT 

Nanocrystalline zinc oxide (ZnO) thin films have been deposited by spin 

coating polymeric precursor solution synthesized by a modified Pechini process. 

ZnO thin films were successfully synthesized by polymeric precursor route using 

ethylene glycol as reaction medium and ethylene diamine tetraacetic acid 

(EDTA) as chelating agent for Zn cations. The polymeric precursors were 

spincoated on glass and silicon substrates and were annealed from 300°C to 

600°C. The thermal decomposition of polymeric precursor was studied by 

thermogravimetric analysis (TGA). The average crystallite size, orientation, and 

strain were studied in depth by X - ray diffraction (XRD). XRD results illustrate 

that there is strong preferred orientation of grains along (002) plane. 

Compressive strains exist in films, which increases on increasing annealing 

temperature. Surface morphology of the thin films was evaluated by scanning 

electron microscopy (SEM) and atomic force microscopy (AFM). FIB cross-

sectional view of the samples illustrate that the films are dense. Transmission 

spectra reveal that ZnO thin films annealed at 450°C and 600°C, respectively, 

are highly transparent with band edge at 372 nm and 376 nm, respectively. 

Room temperature photoluminescent spectra of these films show strong UV 

emission around 380 nm. 

6.1. Introduction 

 Zinc oxide (ZnO) is a II-VI n-type semiconductor with a wide direct band 
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gap of 3.3eV. ZnO has several attractive properties, such as, large exciton 

binding energy (60meV at room temperature), high chemical stability, good 

piezoelectric properties, non-toxicity and bio-compatibility, which have drawn 

tremendous attention in recent years. 

Among various techniques employed to prepare ZnO thin films, sol - gel 

route has been widely used [22, 98, 18, 149, 45, 2, 81, 93]. However, in the sol - 

gel process, metal alkoxides are used as starting material to undergo hydrolysis 

and polymerization reactions for preparing sol. These materials are expensive, 

toxic, and insoluble in most alcohols, which make synthesis of stable sols quite 

tedious and difficult. Zinc acetate is inexpensive but zinc acetate dissolved in 

alcohols do not form gels completely on addition of water [81].  

A simpler and less toxic approach for the chemical synthesis of ZnO thin 

films can be implemented using a aqueous polymeric precursor method. This 

method, developed by Pechini [83], has been used to synthesize several 

polycation oxides and perovskites [37, 7] using citric acid as chelating agent and 

ethylene glycol as reactive medium. This polymeric precursor method is a simple, 

easy and cost - effective process employing common reagents. Research has 

also been carried out using modified Pechini process in which citric acid has 

been replaced by ethylene diamine tetraacetic acid (EDTA) as chelating agent 

[126, 28]. It has been show that EDTA improves distribution of metal cations 

uniformly in the solution and hence influences the structure of films [126]. To our 

knowledge, this is the first work on synthesizing nanocrystalline ZnO thin films 

using EDTA as chelating agent by aqueous polymeric precursor process. 
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In this paper, nanocrystalline ZnO thin films are prepared by a modified 

Pechini process. The complexing agent used is ethylene diamine tetraacetic acid 

(EDTA) so as to increase the extent of chelation of Zn cations in the solutions. 

The prepared polymeric precursor was spincoated onto surface modified 

substrates and annealed to different temperatures. Thermal evolution of the ZnO 

was studied by thermogravimetric analysis (TGA). The annealed thin films were 

characterized by XRD, SEM, and AFM. The transmission and 

photoluminescence properties of the thin films were also investigated. 

6.2. Experimental Methods 

Polymeric precursors for depositing ZnO thin films were prepared using 

modified Pechini process. The starting materials were zinc nitrate, 

Zn(NO3)2.xH2O (99%, Alfa Aesar), ethylene glycol (EG)(99%, Alfa Aesar), 

ethylene diamine tetraacetic acid (EDTA) (99%, Acros), ammonium hydroxide, 

NH4OH (29%, Fisher Scientific Inc.), and nitric acid, HNO3 (70%, J. T. Baker). 

Zn(NO3)2 was dissolved in deionized water and was standardized 

thermogravimetrically to calculate amount of cation content. Ethylene glycol and 

EDTA were used as complexation agents for this synthesis. First, 2.0 moles of 

EDTA was dissolved in ammonium hydroxide to facilitate its dissolution in 

deionized water. To this, 0.1 moles of zinc nitrate, dissolved in deionized and 

filtered water (resistivity = 18.2MΩ), was added to the solution, followed by 0.9 

moles of ethylene glycol. The resulting solution, with pH = 9, was then stirred and 

heated continuously at 80°C. After heating for an hour, 0.1 moles of nitric acid 

was added drop wise to the solution. Addition of nitric acid promotes 
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polymerization, and hence enhances number of chelating sites for Zn cations 

[48]. Solution pH has to be maintained above 5 to prevent irreversible 

precipitation. The amount of EDTA was determined by the molar ratio of EDTA to 

Zn cations [126]. The solution was further heated at 70°C while stirring 

continuously (for approximately 9 hours) until a clear, precipitate free solution 

with desired viscosity was reached. 

Glass microslides and silicon (2.54 x 2.54cm2) were used as substrates. 

The substrates were thoroughly rinsed ultrasonically in acetone, methanol, and 

deionized water followed by an immersion in 1N potassium hydroxide (KOH, 

EMD chemical Inc.) solution to functionalize the substrates with hydroxyls so as 

to achieve good wetting characteristics. The polymeric precursor was spincoated 

at 4000 rpm for 30s, on surface modified substrates, followed by curing at 70°C 

on a hot plate for 1 hour. The films were then annealed at different temperatures 

in an ambient box furnace for pyrolysis of polymeric precursor followed by 

formation of ZnO. 

Thermogravimetric analysis (TGA) was used to monitor the decomposition 

and pyrolysis of the precursor at a heating rate of 1°C/min under nitrogen 

atmosphere. X-ray diffraction patterns were obtained on a Scintag XDS 2000 

model using CuKα radiation (40 kV and 30 mA) in θ-2θ mode in the interval of 

25° to 60° and integration time of 1 s. Interplanar spacing d of the EDTA derived 

ZnO thin films is calculated using Bragg equation. Since ZnO has hexagonal 

structure, the lattice constants a and c can be calculated from (100) and (002) 

diffraction peaks, respectively using the following equation: 
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The average crystallite size was calculated using Scherrer’s equation [8]: 

cosθFWHM
0.9λt(nm)

×
=                                                                                        (13) 

where λ is X - ray wavelength of Cukα (λ = 0.154 nm) and FWHM of (002) 

diffraction peak width at position 2θ. Film strain εZ along the c axis is [79]: 

100%)/cc(cε ooZ ×−=                                                                                       (14) 

where co, the strain-free lattice parameter measured from ZnO powder, and 

equal to 0.5204 nm. Surface morphology of the synthesized ZnO thin films were 

characterized by field emission scanning electron microscopy, FESEM, (Nova 

Nanolab 200, FEI Co.) and atomic force microscopy, AFM, (Digital Instruments 

Multi-Mode Nanoscope IIIa), respectively. Variable angle spectroscopic 

ellipsometer (VASE, J.A.Woollam Inc.) was used in transmission mode to 

characterize optical properties of annealed films of ZnO on glass substrates. 

Scanning spectrofluorometer (Photon Technology International) was used to 

acquire photoluminescence spectra at room temperature with an excitation 

wavelength of 320 nm using Xenon lamp as an excitation source. 

6.3. Results and Discussion 

6.3.1. Thermal Evolution 

Fig. 6.1 shows the thermogravimetric analysis (TGA) curve of the 

synthesized ZnO polymeric precursor. The TGA analysis indicated a major 

weight loss (30%) between 30°C and 150°C, which corresponds to the 

evaporation of absorbed water and pyrolization of excess polyethylene glycol 
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(PEG). A slight plateau is evident from 150°C to 205°C, suggesting that there is 

cross-linked network of EDTA and ethylene glycol with Zn cations in the film. This 

is followed by another weight loss (20%) between 205°C and 255°C, which we 

believe is due to pyrolization of PEG. There is further weight loss (15%) up to 

400°C illustrating that part of the organic precursors of the rigid network have 

been removed and beyond 400°C, the weight decreases progressively which 

makes it difficult to speculate the temperature of formation of ZnO. 

 

Figure 6.1: TGA curve of ZnO polymeric precursor prepared using ethylene 

glycol and EDTA as chelating agent. 

6.3.2. Microstructure of ZnO Thin Films 

SEM micrographs of ZnO thin films prepared by spin coating polymeric 
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precursor using EDTA as chelating agent and annealed at 300°C, 450°C, and 

600°C are displayed in Fig. 6.2. Sample annealed at 300°C (Fig. 6.2a) shows 

smooth surface with presence of organic precursors. Moreover, TGA results also 

confirm that there is no ZnO formation at 450°C. The sample annealed at 450°C 

(Fig. 6.2b) presents a microstructure without cracks and few pores. The 

micrograph illustrates homogeneous granular structure with highly faceted 

grains. SEM image of samples annealed at 600°C (Fig. 6.2c) illustrates that the 

films are dense with homogeneous and well - developed spherical grains. The 

films appear to have no cracks or voids but with few pores. Thickness of ZnO thin 

films annealed at 450°C and 600°C was obtained from FIB cross-sectional SEM 

micrographs. Films annealed at 450°C were about 25 nm thick (Fig. 6.3a) 

whereas those annealed at 600°C were 130 nm thick (Fig. 6.3b) and are dense. 

AFM micrographs of ZnO thin films annealed at 300°C, 450°C, and 600°C 

are shown in Fig. 6.4. The sample annealed at 300°C (Fig. 6.4a) showed surface 

morphology with very low surface roughness (mean roughness, Ra = 1.989 nm, 

root mean square, Rrms=2.592 nm) and porous structure related to organic 

precursors. The sample annealed at 450°C displayed a homogeneous granular 

structure with an average grain size of 60 - 70 nm and distributed uniformly 

throughout the thin film (Fig. 6.4b). There is an increase in roughness (Ra = 10.98 

nm, Rrms=14.07 nm) suggesting that the ZnO film structure is becoming 

increasingly ordered. When heat - treated at 600°C (Fig. 6.4c), these films exhibit 

dense and crack-free microstructure. The morphology of the thin films appears to 

be smooth with small porosity. The average grain size and the surface roughness 
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(a) (b) 

 

(c) 

Figure 6.2: SEM micrographs of ZnO thin films prepared by spin coating 

polymeric precursor prepared using ethylene glycol and EDTA on silicon 

substrates and annealed at: (a) 300°C, (b) 450°C, and (c) 600°C. 

 

of the films decrease to 25 - 30 nm and 3.59 nm (Ra = 2.78 nm, Rrms= 3.59 nm), 

respectively. The particles are mono-dispersed with spherical morphology and 

well distributed on the substrate. Decrease in average grain size suggests that 
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(a) 

 

(b) 

Figure 6.3: Cross sectional SEM micrographs of polymeric precursor derived 

ZnO thin films annealed at: (a) 450°C and (b) 600°C. The thicknesses were 

measured to be about 25 nm and 130 nm, for annealing temperatures of 450°C 

and 600°C, respectively. 
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(a) (b) 

 

(c) 

Figure 6.4: AFM images of ZnO thin films annealed at: (a) 300°C, (b) 450°C, and 

(c) 600°C. 

 

ZnO forms at 600°C and the morphology seen at 450°C is due to organic matter 

present. AFM images reveal that the majority of pores are located at the grain 

boundaries with a few isolated pores located within the grains. 
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6.3.3. Crystallographic Orientation of ZnO Thin Films 

XRD spectra were acquired in the θ - 2θ scan mode to determine the 

crystallite size, orientation, and average strain of ZnO thin films deposited on 

silicon substrates and annealed at 300°C, 450°C, and 600°C as shown in Fig. 

6.5. At the temperature of 300°C, a peak related to silicon (002) plane is 

observed which is background corrected; diffraction peaks related to ZnO are not 

observed in the XRD spectrum (Fig. 6.5a). When the annealing temperature was 

increased to 450°C, diffraction peaks at 2θ = 34.9° corresponding to (002) plane 

 

Figure 6.5: XRD spectra of ZnO thin films synthesized by spin coating EDTA 

derived polymeric precursor, followed by curing at 70°C, and finally annealed at 

different temperatures: (a) 300°C, (b) 450°C, and (c) 600°C for 1 hour. 
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is observed (Fig. 6.5b). On annealing the sample at a temperature of 600°C, the 

diffraction peaks occur at 2θ = 32.43°, 34.98°, 36.78°, corresponding to (100), 

(002), and (101) planes (Fig. 6.5c). The spectrum illustrates a strong preferred 

orientation along the (002) plane on annealing at 600°C. The width of the (002) 

diffraction peak has narrowed (FWHM = 0.31°). Appearance of two new 

diffraction peaks and a narrow FWHM for highly intense (002) peak indicates that 

grain growth has occurred. The cell constants were calculated to be a = 0.3185 

nm and c = 0.5126 nm. The crystallite size was calculated to be 26.76 nm (using 

equation 13). Also, there is a significant shift of 0.54° in peak positions to higher 

2θ angles. 

6.3.4. Strain in ZnO Thin Films 

The strain in ZnO thin films, deposited on silicon substrates and annealed, 

was calculated using equation 14. Films annealed at 450°C and 600°C showed 

compressive strains of -1.28% and -1.5%, respectively. It is observed that the 

average compressive strain increases with increase in annealing temperature. 

During annealing at temperatures above 450°C, the pyrolysis of polymeric 

precursors leave voids in the film, which are rapidly filled with nanometer, sized 

ZnO grains formed. Presence of these grains prevents pore coalescence, which 

results in compressive strains. We also propose that the prepared films may be 

highly dense to cause compressive strain. This compressive strain may also 

arise due to difference in coefficients of thermal expansions existing between 

ZnO thin films and SiO2/Si. Moreover, the thickness of the ZnO film (as 

determined by FIB cross-sections) is less than that of the substrate (Fig. 6.3). 
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This leads to stress free substrate and strains are borne by the films [128]. 

Further detailed studies to determine the cause of the compressive strain and the 

effect of substrate, defects, and deposition conditions on strain, film thickness, 

will be studied extensively in future. 

6.3.5. Optical Properties of ZnO Films 

 

Figure 6.6: Transmission spectra of ZnO thin films annealed at (a) 300°C, (b) 

450°C, and (c) 600°C, respectively. These films were prepared by polymeric 

precursor method using ethylene glycol and EDTA as reaction medium and 

chelating agent respectively. 

 

Fig. 6.6 shows spectral dependencies of transmission in the wavelength 

range 260 – 750 nm for the annealed ZnO thin films. The film annealed at 300°C 
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(Fig. 6.6a) does not show absorption edge for the whole range suggesting that 

formation of ZnO did not take place. Films annealed at 450°C and 600°C (Fig. 

6.6b and c) exhibit a weak transmission in the UV region, which increases 

sharply in visible region due to onset of absorption edge of ZnO. For 450°C 

annealed films, the film is 95% transparent whereas the film annealed at 600°C 

exhibits 85% transparency with band edge at 376nm. 

Room temperature photoluminescence (PL) spectra of ZnO thin films 

annealed at 300°C, 450°C, and 600°C under photon excitation of 320nm are 

shown in Fig. 6.7. The samples show UV emission attributed to free - exciton 

recombination [108, 70]. ZnO thin film annealed at 300°C (Fig. 6.7a) did not show 

any UV emission. Samples annealed at 450°C and 600°C showed UV emission 

at 380 and 385 nm (Fig. 6.7b and c), respectively showing red-shifted on 

annealing which may be attributed to increase in compressive strains. 

6.4. Conclusions 

Nanocrystalline ZnO thin films have been synthesized by modified 

polymeric precursor method using ethylene glycol and EDTA as reaction medium 

and chelating agent, respectively. To our knowledge, ZnO thin films have not 

been synthesized employing this method previously. The thin films were 

annealed from 300°C to 600°C. Samples annealed at 300°C did not show any 

diffraction peaks suggesting that ZnO did not form which is also confirmed by 

TGA results. Samples annealed at temperatures of 450°C and above, illustrate 

wurtzite structure. XRD spectra show a sharp increase in preferential orientation 

of grains along the (002) plane with increase in annealing temperature. The thin 
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Figure 6.7: Room temperature photoluminescence spectra of ZnO thin films 

prepared by polymeric precursor method using ethylene glycol and EDTA as 

chelating agents. The thin films were annealed at (a) 300°C, (b) 450°C, and (c) 

600°C, respectively. The films were excited with 320 nm wavelengths using 

Xenon lamp. 

 

films exhibit compressive strains of -1.28% and -1.5% for annealing temperatures 

of 450°C and 600°C, respectively. Pyrolysis of organic precursors and 

simultaneous formation of ZnO grains within the polymeric network leads to 

obstruction of pore coalescence. These processes may contribute to 

compressive strains in the films. Compressive strains can be attributed to thermal 
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mismatch in ZnO films and SiO2/Si substrate as well as dense, basal oriented 

nano-grained films. SEM and AFM micrographs illustrate smooth, crack free 

microstructures with small pores. These images reveal that the grain size 

decreases with increase in annealing temperatures probably due to new grain 

growth on annealing. UV-Vis spectra obtained in transmission mode illustrate 

that the films, annealed at 450°C and 600°C, are highly transparent in the visible 

region and have a band edge at about 372 nm and 376 nm, respectively. Room 

temperature photoluminescence spectra show UV emission in the films. We also 

observe that the intensity of the UV emission decreases with increase in 

annealing temperature, which may be attributed to decrease in grain size. We 

have successfully synthesized highly transparent nanocrystalline ZnO thin films 

using EDTA as chelating agent in modified Pechini process. 
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CHAPTER 7 

POLYMERIC PRECURSOR DERIVED ZINC OXIDE THIN FILMS - A 

COMPARATIVE VIEW 

Nanocrystalline zinc oxide (ZnO) thin films have been deposited by spin 

coating polymeric precursor solution synthesized by modified Pechini process. 

ZnO thin films were successfully synthesized by polymeric precursor route using 

ethylene glycol, glycerol, citric acid, and ethylene diamine tetraacetic acid 

(EDTA) as chelating agents for Zn cations. The polymeric precursors were 

spincoated on glass and silicon substrates and were annealed from 300°C to 

600°C. The thermal decomposition of polymeric precursor was studied by 

thermogravimetric analysis (TGA). TGA data shows that ethylene glycol has the 

lowest whereas EDTA has the highest pyrolytic temperature. The crystallite 

orientation and strain were studied in depth by X - ray diffraction (XRD). XRD 

results show formation of wurtzite ZnO using ethylene glycol at 300°C whereas 

diffraction peaks of ZnO are formed above 450°C for other precursors. XRD 

results also illustrate that there is strong preferred orientation of grains along 

(002) plane for films derived of EDTA based polymeric precursor. Compressive 

strains exist in these films, which increases on increasing annealing temperature. 

Surface morphology of the thin films was evaluated by scanning electron 

microscopy (SEM) and atomic force microscopy (AFM). SEM micrographs of 

ZnO films illustrate formation of flower-like morphology for ethylene glycol 

derived polymeric precursor at 300°C. ZnO films, derived of glycerol, citric acid, 

and EDTA based precursors, are nanocrystalline, dense, and crack-free when 
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annealed at 450°C. The films also show grain growth with increase in annealing 

temperature. FIB cross-sectional view of these samples annealed at 600°C 

illustrate that the films have high density. Transmission spectra reveal that ZnO 

thin films annealed at 450°C and 600°C, respectively, are highly transparent with 

a steep absorption edge. 

7.1. Introduction 

Zinc oxide (ZnO) is a II-VI semiconductor with a wide direct band gap of 

3.3 eV. ZnO has large exciton binding energy (60 meV at room temperature). As 

a transparent conducting oxide and wide band gap with near UV emission, ZnO 

has niche applications in light emitting diodes [132] and UV lasers [76]. ZnO is 

also chemical stable and unreacting even in hydrogen plasma. Hence, ZnO thin 

films can be employed in fabrication of hydrogenated amorphous silicon solar 

cells [57]. Due to its structure, ZnO also has good piezoelectric properties, which 

have drawn tremendous attention in recent years. 

ZnO thin films have been synthesized by various techniques of which sol - 

gel method has been widely used [22, 98, 18, 149, 45, 2, 81, 93]. This technique 

is relatively simple but has few disadvantages. In sol-gel process, sols are 

prepared using metal alkoxides as starting material. However, these materials 

are expensive, toxic, and insoluble in most alcohols making their synthesis 

difficult. Sols have also been prepared using zinc acetate but they do not gel 

completely in water [81]. 

ZnO thin films have been prepared by aqueous polymeric precursor 

method. This is a simple and less toxic method, which has been developed by 
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Pechini [83]. This method has been used extensively for preparation of several 

polycation oxides and perovskites [37, 7, 150, 13, 122] employing common 

reagents. In this technique, metal salts are dissolved in aqueous solution of 

alpha-hydroxycarboxylic acid such as citric acid. To this solution, polyhydroxyl 

alcohol, usually ethylene glycol, is added to form polyester. The metal cations 

chelate to the polyester to distribute the cations uniformly [48]. This process has 

many advantages such as, good stoichiometry, cost effectiveness, and precise 

particle size control. This method employs aqueous solutions and can be 

prepared in ambient atmosphere. Research has also been carried out in 

synthesizing polymeric precursors using EDTA as chelating agent [126, 28, 121] 

as EDTA improves the chelation of metal cations to the polymers. 

In this paper, properties of nanocrystalline ZnO thin films prepared by 

Pechini process using ethylene glycol, glycerol, citric acid, and EDTA are 

compared. The prepared polymeric precursor was spincoated on surface 

modified substrates and annealed to different temperatures. Thermal 

decomposition of the ZnO polymeric precursors were studied by 

thermogravimetric analysis (TGA). The annealed thin films were characterized by 

XRD, SEM, and AFM. The optical and electrical properties as a function of 

annealing temperature of the thin films were also investigated. 

7.2. Experimental Methods 

All chemicals of analytic - grade were used as received without further 

purification. 99% pure zinc nitrate, Zn(NO3)2.xH2O was obtained from Alfa Aesar. 

Ethylene glycol (99%), glycerol (99%), citric acid (2-hydroxy-1, 2, 3 
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propanetricarboxylic acid), and ethylene diamine tetraacetic acid (EDTA, 99%) 

used as chelating agents, were obtained from Alfa Aesar, Fischer Scientific 

International Inc., and Acros, respectively. Nitric acid (70%) was acquired from J. 

T. Baker. Polymeric precursors were synthesized by four different chemical 

routes following modified Pechini process and are briefly summarized in Table 

7.1. In these techniques, zinc nitrate was standardized thermogravimetrically for 

exact calculation of cation content in solutions. Then calculated amounts of zinc 

nitrate, as mentioned in Table 7.1, was dissolved in deionized and filtered water 

(resistivity = 18.2MΩ). Measured amount of chelating agent was then added to 

the solution. In cases of citric acid and EDTA, these chelating agents were 

dissolved in deionized water and ammonium hydroxide, respectively, which were 

then added to zinc nitrate solution. This was followed by addition of nitric acid to 

polymerize the solution and to create chelation sites. To the solutions of citric 

acid and EDTA, ethylene glycol was also added to the solution to act as reacting 

medium. The solution was stirred continuously and heated at 70°C until the 

resultant solution was clear, homogeneous, and precipitate free. 

Table 7.1: Preparation of polymeric precursors 

Polymeric Precursor Reactants Ratio of Reactants 

Ethylene glycol Zn(NO3)2/EG/HNO3 0.1:0.9:0.1 

Glycerol Zn(NO3)2/Glycerol/HNO3 0.1:0.9:0.1 

Citric acid Zn(NO3)2/EG/HNO3/Citric acid 0.1:0.9:0.1:0.1 

EDTA Zn(NO3)2/EDTA/EG/HNO3 0.1:0.2:0.9:0.1 
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Glass microslides and silicon substrates (2.54 x 2.54cm2) were thoroughly 

cleaned ultrasonically in acetone, methanol and deionized water, followed by 

surface modification with 1N potassium hydroxide (EMD chemical Inc.) solution 

to achieve good wetting characteristics. The prepared solutions were spincoated 

(CEE Model 100CB, Brewer Science, Inc.) on surface modified substrates at 

4000 rpm for 30s, followed by curing at 70°C on a hot plate for approximately 1 

hour. The films were then annealed at varied high temperatures for 10 min for 

pyrolysis of the organic precursors and formation of ZnO. 

Thermal decomposition of polymeric precursor of ZnO was studied by 

thermogravimetric analysis (Perkin Elmer TGA - 7). Structure and crystallinity of 

the synthesized ZnO thin films were characterized by X - ray diffraction with 

CuKα radiation in Bragg – Brentano geometry (Scintag XDS 2000). Morphology 

of the deposited ZnO films were analyzed by field emission scanning electron 

microscopy, FESEM, (Nova Nanolab 200, FEI Co.) and atomic force microscopy, 

AFM, (Digital Instruments Multi-Mode Nanoscope IIIa). AFM imaging was carried 

out in the tapping mode, at a scanning rate of 1Hz using a silicon cantilever with 

a spring constant of 20 - 80 N/m. Surface roughness (Rrms) was calculated using 

the equipment's software routine. Transmission spectra of ZnO films, as a 

function of annealing temperatures, were obtained using variable angle 

spectroscopic ellipsometer (VASE, J.A.Woollam Inc.). Two probe electrical 

resistivity measurements (Model 6430 sub-femto sourcemeter, Keithley 

Instruments) were conducted using sputter coated Au electrodes on the 

annealed thin films. 
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7.3. Results and Discussion 

7.3.1. Thermal Evolution 

Fig. 7.1 and 7.2 show the TGA curves (heating rate = 2°C/min) of ZnO 

polymeric precursors, prepared using ethylene glycol (Fig. 7.1a), glycerol (Fig. 

7.1b), citric acid (Fig. 7.2a), and EDTA (Fig. 7.2b), respectively, as chelating 

agents over the temperature range of 50 - 750°C. For precursor prepared using 

ethylene glycol (Fig. 7.1a), there is weight loss from 50 to 212°C indicating 

pyrolysis of excess water and polyethylene glycol. At 212°C, we observe a 

significant sharp 15% weight loss due to combustion of organic precursor, 

ethylene glycol. Above 212°C, the weight remained constant implying that all 

organic materials have been eliminated and there is complete crystallization of 

ZnO. 

In case of glycerol precursor (Fig. 7.1b) the weight loss increased up to 

550°C as the temperature increased, and beyond that temperature, the weight 

remained constant. Excess water and polyglycerol are pyrolized and the 

precursor loses mass till 110°C. Between 110°C and 230°C, another weight loss 

is observed which is due to pyrolysis of polymeric glycerol. There is a plateau 

evident from 230°C to 350°C indicating the presence of 3D network of glycerol 

cross-linked with Zn cations in the precursor solution. From 350°C to 430°C, 

there is slight weight loss, which may be attributed to pyrolysis of polymeric 

backbone. There is simultaneous formation of ZnO along with the pyrolysis of 

glycerol backbone. Above 450°C, all of the organic material is removed from the 

precursor leaving ZnO. Therefore, it is concluded that all of the involved reactions  
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(a) 

 

(b) 

Figure 7.1: TGA curves of ZnO polymeric precursor prepared using (a) ethylene 

glycol and (b) glycerol, respectively, as chelating agents. 
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(a) 

 

(b) 

Figure 7.2: TGA curves of ZnO polymeric precursor prepared using (a) citric acid 

and (b) EDTA, respectively, as chelating agents. 
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in the weight-loss process were finished at 450°C along with simultaneous 

formation of the ZnO structure. Finally, the ZnO crystallization process was 

complete at 600°C. 

In case of citric acid precursor (Fig. 7.2a), the TGA analysis indicates a 

weight loss (40%) between 50 and 190°C, corresponding to the evaporation of 

excess water and pyrolysis of polyethylene glycol. Presence of plateau from 

190°C to 250°C implies 3D networking and cross-linking of ethylene glycol and 

citric acid with Zn ions. A weight loss (25%) between 250 and 450°C is observed 

due to the removal of organic precursors and their combustion. There may be 

formation of ZnO during the combustion of the organic precursors. After 450°C, 

no obvious weight loss was observed and complete crystallization of ZnO must 

have taken place. 

The TGA analysis for EDTA polymeric precursor (Fig. 7.2b) indicated a 

major weight loss (30%) between 30°C and 150°C, which corresponds to the 

evaporation of absorbed water and pyrolization of excess polyethylene glycol 

(PEG). A slight plateau is evident from 150°C to 205°C, indicating that the entire 

PEG has been pyrolized, leaving cross-linked network of EDTA and ethylene 

glycol with Zn cations in the film. This is followed by another weight loss (20%) 

between 205°C and 255°C, which is probably due to pyrolization of EDTA. There 

is further weight loss (15%) upto 400°C illustrating that all of the organic 

precursors have been removed, giving way to formation of oxide. Beyond 400°C, 

the weight decreases progressively while complete crystallization of ZnO takes 

place. 
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From the above TGA analysis of different precursors, it can be deduced 

that the ethylene glycol based precursor has the lowest temperature of 

decomposition. This precursor will be highly suitable for low temperature 

processing for application in flexible displays. Precursor solutions from glycerol, 

citric acid, and EDTA do not display a sharp transition like ethylene glycol but 

have a gradual decrease in weight loss. TGA analysis of citric acid and EDTA 

show that they will decompose completely at temperatures above 450°C and 

600°C, respectively. These chelating agents have carboxylic acid groups that 

require higher energy to break the double bonds. Hence, these precursors 

cannot be used for low temperature processing. Glycerol does not have any 

double bonds. However, the amount of organics to be removed increases when 

compared to ethylene glycol. Therefore decomposition temperature of glycerol is 

higher than ethylene glycol. 

7.3.2. Microstructure of ZnO Thin Films 

ZnO thin films of ethylene glycol based polymeric precursor were analyzed 

by SEM (Fig. 7.3a). Micrographs reveal formation of hexagonal ZnO flowers. 

These flower structures have hemispherical three-dimensional multilayered 

shape. The flowers are well dispersed and have an average diameter of 4-7 µm. 

These flowers grow by island or Volmer-Weber growth mode [119].  

SEM and AFM micrographs of polymeric precursor derived ZnO thin films 

using glycerol, citric acid, and EDTA, respectively, as chelating agent and 

annealed at 300°C are shown in Fig. 7.3(a - c) and Fig. 7.4(a - c). Microstructural 

studies of these samples illustrate smooth films without any evidence of granular  
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(a) 

 

(b) 

(c) (d) 

Figure 7.3: SEM micrographs of ZnO thin films prepared using (a) ethylene 

glycol, (b) glycerol, (c) citric acid, and (d) EDTA, respectively, as chelating 

agents and annealed at 300°C. 

 

structure. These films probably have no ZnO particles. The glycerol (Fig. 7.4a) 

and citric acid (Fig. 7.4b) sample showed a homogeneous surface morphology 
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with very low roughness. The prepared EDTA sample (Fig. 7.4c) showed a 

porous structure due to presence of organic precursors. 

 

(a) (b) 

 

(c) 

Figure 7.4: AFM micrographs of ZnO thin films prepared using (a) glycerol, (b) 

citric acid, and (c) EDTA, respectively, as chelating agents and annealed at 

300°C. 
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Fig. 7.5(a - c) and 7.6(a - c) illustrate micrographs taken of samples 

fabricated using precursors of glycerol, citric acid and EDTA, respectively, as 

chelating agents and annealed at 450°C. The glycerol-based films have spherical 

granular morphology with average grain size of approximately 20 - 30 nm (Fig. 

7.5a). The surface of these films appears very homogeneous and dense without 

cracks. AFM images (Fig. 7.6a) displayed grains distributed uniformly throughout 

the thin film with a size distribution approximately 20 - 25nm and rise in surface 

roughness (root mean square, Rrms=2.188 nm). For citric acid based films, SEM 

micrographs of samples (Fig. 7.5b) annealed at 450°C also illustrate 

homogeneous surface morphology without presence of cracks and average grain 

size of 20nm. There is an increase in roughness (Rrms=1.919 nm) (Fig. 7.6b). 

SEM image of EDTA sample annealed at 450°C (Fig. 7.5c) demonstrates a 

uniformly distributed granular microstructure with highly faceted grains of 30 - 40 

nm size throughout the thin film (Fig. 7.6c). The presence of large grains causes 

an increase in surface roughness (Rrms=14.07 nm). 

On annealing at 600°C, SEM (Fig. 7.7a) and AFM (Fig. 7.8a) micrographs 

of glycerol based thin films reveal grain sizes of 30 - 40 nm with root mean 

square roughness, Rrms = 3.69 nm. The films illustrate grain growth with an 

increase in annealing temperature and have huge pores located at the 

boundaries of the grains. SEM and AFM images show that the grain growth 

occurs along the grain boundaries leading to coalescence of grains. This process 

deteriorates the film surface resulting in high porosity. Citric acid based thin films  

illustrate grain size of 50 – 60 nm (Fig. 7.7b) with root mean square roughness 
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(a) (b) 

 

(c) 

Figure 7.5: SEM micrographs of ZnO thin films prepared using (a) glycerol, (b) 

citric acid, and (c) EDTA, respectively, as chelating agents and annealed at 

450°C. 

 

Rrms = 8.737 nm (Fig. 7.8b). The films have mono-dispersed and well-distributed 

spherical grains. When EDTA based thin films were annealed at 600°C (Fig. 

7.7c), SEM and AFM images exhibit complete coating of the substrate with  
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(a) (b) 

 

(c) 

Figure 7.6: AFM micrographs of ZnO thin films prepared using (a) glycerol, (b) 

citric acid, and (c) EDTA, respectively, as chelating agents and annealed at 

450°C. 

 

and crack-free microstructure (Fig. 7.8c). The morphology of the thin films 

appears to be smooth with small porosity. The average grain size and the 

surface roughness of the films decrease to 20 – 25 nm and Rrms = 3.59 nm, 

respectively. Decrease in average grain size suggests that ZnO actually forms at  
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(a) (b) 

 

(c) 

Figure 7.7: SEM micrographs of ZnO thin films prepared using (a) glycerol, (b) 

citric acid, and (c) EDTA, respectively, as chelating agents and annealed at 

600°C. 

 

600°C and the granular morphology observed for 450°C annealed samples may 

belong to the organic matrix.  

Microstructure of ZnO thin films annealed at 600°C was also analyzed by 
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(a) (b) 

 

(c) 

Figure 7.8: AFM micrographs of ZnO thin films prepared using (a) glycerol, (b) 

citric acid, and (c) EDTA, respectively, as chelating agents and annealed at 

600°C. 

 

observing FIB cross-sectional SEM micrographs. SEM micrographs of glycerol-

derived films illustrate highly porous and 200 nm thick films with spherical 

particles (Fig. 7.9a). FIB cross-sectional SEM micrographs of citric acid derived 

ZnO thin film illustrate that the films are porous and are 160 nm thick. However, 
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(a) (b) 

 

(c) 

Figure 7.9: SEM micrographs of ZnO thin films prepared using (a) glycerol, (b) 

citric acid, and (c) EDTA, respectively, as chelating agents and annealed at 

600°C. 

 

the particles do not appear as spherical as glycerol based ZnO thin film. ZnO thin 

film prepared from EDTA precursor exhibits dense columnar grains and uniform 

thickness of 130 nm. 
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The distinct difference in morphology of the thin films of polymeric 

precursors may be attributed to the chelation of Zn cations to the polymeric 

backbone. The Zn2+ cations chelate to the polymer through its ethereal oxygen 

[48]. We postulate that there are insufficient chelation sites for the Zn cations 

provided by ethylene glycol. Hence, some of the Zn ions are left unchelated in 

the polymeric solution. These unchelated ions nucleate directly on the substrate 

during spin coating and form ZnO nanostructures on annealing [119]. In case of 

glycerol, citric acid, and EDTA, we observe that all the Zn cations chelate to the 

polymers, forming dense, crack free thin films. The number of chelation sites 

provided by these chelating agents for Zn ions is adequate forming crack free 

homogeneous ZnO thin films. 

7.3.3. Crystallographic Orientation of ZnO Thin Films 

X-ray diffraction of synthesized ZnO thin films were performed in θ - 2θ 

mode using Bragg - Brentano geometry to determine the crystallinity and 

orientation. Each of the polymeric precursors were spincoated on silicon 

substrates and annealed at 300°C, 450°C, and 600°C, respectively, and obtained 

XRD spectra are shown in Fig. 7.10, 7.11, and 7.12. 

Ethylene glycol based ZnO thin films at 300°C (Fig. 7.10a) show diffraction 

peaks which can be indexed as (100), (002), (101), (102) and (110) planes of 

wurtzite structure of ZnO. Peaks not related to ZnO were not found. Relative 

intensities of the diffraction peaks reveal that there is no preferred orientation 

along any particular direction. For chelating agents, like glycerol, citric acid and 

EDTA, based polymeric precursors, ZnO thin films annealed at 300°C do not 
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Figure 7.10: XRD spectra of ZnO thin films synthesized by polymeric precursor 

route using chelating agents - (a) ethylene glycol (b) glycerol, (c) citric acid, and 

(d) EDTA, respectively at 300°C. 

 

show any diffraction peaks (Fig. 7.10) because of the presence of organic 

precursors. These spectra also reveal that ZnO is not formed at 300°C. 

Thin films of ZnO, annealed at 450°C (Fig. 7.11), possess wurtzite 

structure with space group P63mc. The glycerol derived ZnO thin films (Fig. 

7.11a) exhibits three strongest diffraction peaks at 2θ = 32.52°, 35.12°, and 

36.98° which can be indexed as (100), (002), and (101) planes, respectively. 

These XRD peak positions show a shift to higher diffraction angle. The lattice 
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constants calculated were a = 0.3177 nm and c = 0.5106 nm, respectively. These 

cell constants are slightly lower than cell constants of bulk ZnO (JCPDS no. 36 - 

1451). For ZnO thin films derived from citric acid based precursors (Fig. 7.11b), 

the diffraction peaks corresponding to (100), (002), and (101) planes are 

observed at 2θ = 32.40°, 35.01°, and 36.87°. The cell constants were calculated 

to be a = 0.3188 nm and c = 0.5122 nm. However, ZnO thin films derived of 

EDTA precursor exhibits only one discernible diffraction peak at 2θ = 34.9° 

corresponding to (002) plane while the (100) and (101) peaks appear as  

 

Figure 7.11: XRD spectra of ZnO thin films synthesized by polymeric precursor 

route using chelating agents - (a) glycerol (b) citric acid, and (c) EDTA, 

respectively at 450°C. 
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shoulders when annealed at 450°C (Fig. 7.11c). The cell constants were 

calculated to be a = 0.3221 nm and c = 0.5137 nm. We also observe that the 

peaks corresponding to (102) and (110) planes, as seen in case of glycerol and 

citric acid, do not appear in EDTA based ZnO films. 

On annealing at 600°C, glycerol derived ZnO thin films exhibit three strong 

diffraction peaks at 2θ = 32.54°, 35.2°, and 37.06° (Fig. 7.12a) along with two 

peaks at 48.268°, and 57.398° which can be indexed as (102) and (110) planes.  

 

Figure 7.12: XRD spectra of ZnO thin films synthesized by polymeric precursor 

route using chelating agents - (a) glycerol (b) citric acid, and (c) EDTA, 

respectively at 600°C. 
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All these peak positions appear shifted to higher diffraction angle than films 

annealed at 450°C. The calculated lattice constants are a = 0.31747 nm and c = 

0.5095 nm. ZnO thin films derived from citric acid precursor exhibit the diffraction 

peaks at 2θ = 32.69°, 35.34°, 37.15°, 48.34° and 57.17°, corresponding to (100), 

(002), (101), (102) and (110) planes (Fig. 7.12b). On calculation of cell constants 

for 600°C, it was found that these have decreased to a = 0.3159 nm and c = 

0.50758 nm. On annealing the ZnO thin film derived from EDTA precursor 

solution at a temperature of 600°C, the diffraction peaks occur at 2θ = 32.44°, 

35.02°, 36.94°, corresponding to (100), (002), and (101) planes (Fig. 7.12c). The 

spectrum illustrates a strong preferred orientation along the (002) plane on 

annealing to 600°C. The cell constants were calculated to be a = 0.31844 nm 

and c = 0.5120 nm. In addition, there is a significant shift of 0.54° in peak 

positions to higher 2θ angles. 

Texturing was determined by finding the ratio of intensities of (002) and 

(101) planes using the following equation:  

I(101)
I(002)T(002)=                                                                                                    (15) 

where I(002) and I(101) are intensities of diffraction peaks in samples annealed 

at different temperatures, respectively. On calculating the texture coefficient 

(shown in Table 7.2), we found that there is preferred orientation in all ZnO thin 

films. We also note that this preferred orientation decreases with increase in 

annealing temperature in case of glycerol based films suggesting grain growth 

along other planes. EDTA based ZnO films show a preferred orientation along  
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the (002) plane. 

7.3.4. Strain in ZnO Thin Films 

Deposition of thin films on substrate of the leads to strain in the film due to 

lattice mismatch or difference in coefficient of thermal expansion. Synthesis of 

ZnO thin films on silicon substrates leads to strain in the films. Film strain εZ 

along the c axis [79] is given by, 

%100)/cc(cε ooZ ×−=                                                                                       (16) 

where co =  0.5204 nm, the strain-free lattice parameter measured from ZnO 

powder. 

Strain in ZnO thin films prepared using glycerol precursor was calculated 

using equation 16. These films exhibited compressive strains of -1.89% and  

-2.09% when annealed at 450°C and 600°C, respectively. ZnO thin films derived 

from citric acid precursor and annealed at 450°C and 600°C showed 

compressive strains of -1.58% and -2.46%, respectively whereas the strain in 

EDTA derived ZnO thin films annealed at 450°C and 600°C showed compressive 

strains of -1.28% and -1.61%, respectively. 

Strain and crystallite size are also calculated from Williamson-Hall plot. In 

a Williamson-Hall Plot, the effect of microstrain and broadening due to crystallite 

size can separated. From this plot, we can determine strain from the slope of the 

graph and calculate crystallite size from the intercept using the following [8]: 

sinθd
Δd2t

0.9λcosθFWHM +=×                                                                    (17) 

where θ is the peak position and FWHM is the integral breadth for the peak 

position. Using equation 17, a linear plot of FWHM*cosθ and sinθ is drawn. We 
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calculated a compressive strain of -0.16% and -0.66% for glycerol derived ZnO 

thin films annealed at 450°C and 600°C, respectively. This was calculated using 

software installed in XRD. This is a very reliable method for calculating strain. 

However, there was huge error in the linear plot, which got incorporated in the 

strain calculations also. 

7.3.5. Optical Properties of ZnO Films 

Fig. 7.13a show transmission spectra of ZnO thin films annealed at 300°C 

and derived from glycerol, citric acid, and EDTA precursors, respectively. These 

films do not show absorption edge suggesting that formation of ZnO did not take 

place. 

Films annealed at 450°C (Fig. 7.13b) are transparent in the visible region; 

however, EDTA derived thin films has highest transparency (95%), followed by 

glycerol based film (90%). The film derived from citric acid precursor exhibits 

85% transparency. We also observe that EDTA transmits 65% light even in UV 

region due to presence of organic precursors. Glycerol and citric acid precursors 

derived thin films exhibit a weak transmission in the UV region, which increases 

sharply in visible region due to onset of fundamental absorption of ZnO. The 

band edge of ZnO films derived from glycerol, citric acid, and EDTA was found at 

370 nm and 374 nm, respectively. Band edge at lower wavelength for glycerol-

based films may be due to smaller crystallite size. 

Transmission spectra of glycerol, citric acid, and EDTA based thin films 

annealed at 600°C is shown in Fig. 7.14. We observe that the citric acid film is 

more transparent in the visible region (transparency is 90%) whereas glycerol  
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(a) 

 

(b) 

Figure 7.13: Transmission spectra of ZnO thin films prepared using (i) glycerol, 

(ii) citric acid, and (iii) EDTA, respectively, as chelating agents and annealed at 

(a) 300°C and (b) 450°C, respectively. 
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Figure 7.14: Transmission spectra of ZnO thin films prepared using (i) glycerol, 

(ii) citric acid, and (iii) EDTA, respectively, as chelating agents and annealed at 

600°C. 

 

based film does not show any change. However, there is a decrease (from 90%  

to 85%) in transparency of EDTA derived film. The band edge was found to be at 

376 nm for all three precursors. There is a shift in onset of absorption edge with 

increase in annealing temperature. We observe that the optical absorption edge 

shifts by 2-6 nm to longer wavelengths. Moreover, the absorption edge also 

becomes steeper for all three precursors. These changes can be attributed to 

oxygen absorption by the film as they were annealed in ambient atmosphere. 

This leads to improvement in stoichiometry of the synthesized ZnO film [25]. 
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Although we observe a change in transparency with annealing temperature, 

these are superior quality films as they are 85-90% transparent and can be 

utilized as transparent conducting electrodes. 

7.4. Electrical Resistivity 

Direct current electrical resistivity of the ZnO thin films on surface modified 

glass substrates, derived from polymeric precursors, was measured at room 

temperature through the film parallel to the substrate. We calculated electrical 

resistivity of polymeric precursor derived films annealed at 450°C (Fig. 7.15i) and 

600°C (Fig. 7.15ii). I-V characteristics of these films annealed at 450°C (Fig. 

7.15i) and 600°C (Fig. 7.15ii) show a linear plot suggesting ZnO behaves as an 

ohmic conductor. We observe that all films annealed at 450°C have resistivity 

values in same range of 10 - 14 Ω-m as these samples have similar thickness in 

the range of 20-25 nm. When annealed at 600°C, we notice a significant change 

in resistivity. There is two orders of increase in resistivity for glycerol (297 Ω-m) 

and EDTA derived ZnO films (515 Ω-m) whereas studies have resulted in 

increase of 9 orders in resistance [25]. 

Conductivity in undoped ZnO thin films is due to defects, such as, zinc 

interstitials or oxygen vacancies. On annealing at high temperatures, say 600°C, 

these defects are removed as a result of reaction of oxygen with ZnO. This, in 

turn, reduces the density of charge carriers and hence, increases in resistivity 

[25]. Electrical resistivity decreases with increase in crystalline orientation and 

reduction of grain boundaries [22]. However, in this work, we observe that when 

the preferred orientation increases, electrical resistivity also increases. So resisti- 

 124



 

(i) 

 

(ii) 

Figure 7.15: I-V characteristics of ZnO thin films prepared using (a) glycerol, (b) 

citric acid, and (c) EDTA, respectively, as chelating agents and annealed at (i) 

450°C and (ii) 600°C, respectively. 
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vity is affected by other phenomena. 

The change in electrical resistivity on annealing ZnO films may be 

attributed to chemisorption of oxygen at the grain boundaries [106]. Since the 

charge carrier concentration is low in undoped ZnO, the oxygen chemisorption 

acts as surface acceptor on ZnO film surface and depletes the electrons. It has 

also been suggested [113] that presence of carbon in ZnO films may lead to 

chemisorption of oxygen. This may result in CO2
- or Zn-C-O complex on the 

surface, which may act as traps of charge carriers. This explanation well 

describes the resistivity behavior of EDTA derived ZnO thin films. TGA data 

shows a gradual decrease in weight even at 600°C suggesting presence of 

organic precursors. Hence, the EDTA derived ZnO thin films when annealed at 

600°C shows the highest electrical resistivity due to maximum trapping of 

electrons. 

Based on the experimental data on electrical resistivity, we can conclude 

that citric acid derived ZnO films are better as conducting electrodes. The high 

resistivity values may be decreased slightly by increasing the thickness of the 

films and significantly by annealing in vacuum. Further studies will be carried on 

the effect of vacuum annealing on electrical resistivity of the polymeric precursor 

derived ZnO films. 

7.5. Conclusions 

Nanocrystalline zinc oxide (ZnO) thin films have been deposited by spin 

coating polymeric precursor solution synthesized by modified Pechini process. 

ZnO thin films were successfully synthesized by polymeric precursor route using 
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ethylene glycol, glycerol, citric acid, and ethylene diamine tetraacetic acid 

(EDTA) as chelating agents for Zn cations. The polymeric precursors were 

spincoated on glass and silicon substrates and were annealed from 300°C to 

600°C. The prepared polymeric precursors and ZnO thin films were analyzed in-

depth. All experimental results for ZnO films, derived from glycerol, citric acid, 

and EDTA based precursors, have been summarized in Table 7.2. 

TGA data of the polymeric precursors show that ethylene glycol has the 

lowest whereas EDTA has the highest pyrolytic temperature. There is a sharp 

weight loss at around 200°C in case of ethylene glycol based precursor but a 

gradual decrease is seen even at 600°C for EDTA derived precursors. Surface 

morphology of the thin films was evaluated by scanning electron microscopy 

(SEM) and atomic force microscopy (AFM). SEM micrographs of ZnO films 

illustrate formation of flower-like morphology for ethylene glycol derived 

polymeric precursor at 300°C whereas there is no formation of ZnO when derived 

of glycerol, citric acid and EDTA based precursors. ZnO films, derived of glycerol, 

citric acid, and EDTA based precursors, are nanocrystalline, dense, and crack-

free when annealed at 450°C. On annealing at 600°C, the glycerol and citric acid 

based films show an increase in grain size with increase in annealing 

temperature. FIB cross-sectional view of these samples annealed at 600°C 

illustrate that the films have high density.  

The average orientation and strain were studied in depth by X - ray 

diffraction (XRD). XRD results show formation of wurtzite ZnO using ethylene  
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Table 7.2: Properties of ZnO thin films derived from polymeric precursors 

Polymeric Precursors Characte- 

rization 

Technique 

Property Annealing 

Temperature Glycerol Citric acid EDTA 

450°C 20-30 20-25 30-40 Grain 

Size (nm) 600°C 30-40 50-60 20-25 

450°C 2.19 1.92 14.07 

AFM 

Rrms (nm) 

600°C 3.69 8.74 3.59 

FIB Thickness 

(nm) 

600°C 200 160 130 

450°C -1.89 -1.58 -1.28 Strain (%) 

600°C -2.09 -2.46 -1.61 

450°C 1.01 0.83 – 

XRD 

Texture 

Coefficient 600°C 0.84 1.19 3.0 

450°C 370 374 374 Band edge 

(nm) 600°C 376 376 376 

UV-Vis 

Transpare-

ncy% 

600°C 90 90 85 

450°C 14.2 11.8 10.2 I-V Electrical 

Resistivity 

(Ωm) 

600°C 297 32 515 
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glycol at 300°C whereas diffraction peaks of ZnO are observed above 450°C for 

other precursors. XRD results also illustrate that there is strong preferred 

orientation of grains along (002) plane for films derived of glycerol polymeric 

precursor at 450°C. At 600°C, the preferred orientation becomes more 

pronounced in citric acid and EDTA based ZnO films. XRD data also illustrates 

existence of compressive strains in these films that increases on increasing 

annealing temperature. However, EDTA derived ZnO films have relatively less 

strain as compared to glycerol and citric acid based ZnO films. 

Transmission spectra reveal that ZnO thin films do not show absorption 

edge when annealed at 300°C. On annealing above 450°C, the ZnO films are 

highly transparent with optical absorption edge shifting to longer wavelengths 

with increase in annealing temperature. The absorption edge becomes steeper 

and the transparency also increases. 

Electrical resistivity of ZnO films derived from glycerol, citric acid, and 

EDTA based precursors, annealed at 450°C, is 10-14 Ω-m. When annealed at 

600°C, there is a significant increase in resistivity for all precursor derived ZnO 

films. However, EDTA based films show maximum and citric acid based films 

show minimum electrical resistivity when annealed at 600°C. This rise in 

resistivity may be attribute to oxygen chemisorption when annealed at high 

temperatures in air. 

Based on these observations, we can conclude that ethylene glycol based 

precursor has a low pyrolytic temperature, which is suitable for deposition on 

polymeric substrates. However, these films form flower-like morphology instead 
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of smooth crack-free films. So the suitable option would be glycerol based 

precursors for applications on polymeric substrates. However, these glycerol 

derived films have a very high electrical resistivity when annealed at 600°C in air. 

Hence, ZnO films derived from citric acid precursors are ideal as transparent 

conductors due to relatively low electrical resistivity (31.63 Ω-m) and high 

transparency (90%) in the visible region. Further research has to be carried out 

for decreasing the resistivity of glycerol based ZnO films by adding suitable 

dopants or annealing in vacuum. 
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CHAPTER 8 

SYNTHESIS OF TEXTURED ZINC OXIDE THIN FILMS USING POLYMERIC 

PRECURSOR PROCESSING 

Zinc oxide (ZnO) thin films have been deposited by spin coating polymeric 

precursor solution synthesized by polymeric precursor route using ethylene 

glycol as reaction medium and citric acid as chelating agent for Zn cations. The 

polymeric precursors were spin coated on sapphire substrates and annealed 

from 400°C to 1000°C. Surface morphology of the thin films was evaluated by 

field emission scanning electron microscopy (FESEM). FIB cross-sectional view 

of the samples illustrate that the films are dense. The grain size and thickness of 

the films increase with an increase in annealing temperature. Crystallinity of the 

ZnO films was studied by X-ray diffraction (XRD). XRD results illustrate that 

preferred orientation of grains along (002) plane increase with an increase in 

annealing temperature and become very pronounced above 800°C. In-plane 

XRD scans of sample annealed at 1000°C illustrate a strong diffraction peak 

along [100] suggesting strong preferentially oriented ZnO film. Transmission 

spectra reveal that the films are 60 - 70% transparent for annealing temperatures 

400°C to 900°C. The sample annealed at 1000°C has 45% optical transparency 

in the visible region. Moreover, it is observed that onset of absorption edge of 

ZnO thin films remains constant with increase in annealing temperature. Room 

temperature photoluminescence studies reveal that the PL spectra for 

temperatures 700°C to 900°C is asymmetric with emission due to coupling of free 

excitons and longitudinal optical (LO) phonon replicas whereas the spectra of 
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samples annealed at 400°C and 1000°C, respectively, are symmetric with 

emission due to annihilation of free excitons. It is observed that the intensity of 

the PL peaks increases with increase in annealing temperatures due to 

improvement in crystallinity and increase in grain size of the films. 

8.1. Introduction 

ZnO thin films are technologically important materials due to innumerable 

interesting properties exhibited by this material. As a material with band gap of 

3.3 eV at room temperature, ZnO is ideal in short-wavelength light emitting or 

receiving semiconductor devices. These thin films also have potential for 

electronic device applications requiring transparency in the visible region, high 

temperature operation, or radiation hardness. Various forms of ZnO, such as, 

polycrystalline thin films, nanowires, etc have been synthesized based on 

requirement of application. Epitaxial ZnO thin films are beneficial for developing 

ultraviolet-blue light emitting diode (LED) and laser diode. 

Epitaxial ZnO thin films have been synthesized employing techniques 

such as pulsed laser deposition [140, 55, 32], molecular beam epitaxy [115, 103, 

51, 44, 144] and magnetron sputtering [67]. In all these works, epitaxial ZnO thin 

films were prepared on c-sapphire substrate as it possesses hexagonal 

symmetry and is cost-effective as a substrate. Film growth was carried at 

substrate temperature of 700-800°C [67]. However, differences in lattice 

parameters and thermal expansion between ZnO and sapphire cause difficulties 

in heteroepitaxy of ZnO thin film on sapphire. The lattice mismatch between ZnO 

and c-sapphire is 18% leading to high dislocation density. Research has also 
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been carried out to synthesize (002) oriented ZnO thin films by sol-gel process 

on silica glass substrates [22, 82] and on sapphire by chemical solution 

deposition [12]. 

In this paper, we deposit ZnO thin films on sapphire substrates by Pechini 

process. The polymeric precursor was prepared using citric acid as chelating 

agent and ethylene glycol as reactive medium, respectively. The prepared 

polymeric precursors were spincoated on sapphire substrates and were 

annealed at different temperatures to study the effect of annealing temperature 

on texturing of films. Surface morphology and crystallinity of the ZnO films were 

characterized by FESEM and XRD. The transmission and photoluminescence 

properties of the thin films were also investigated. A detailed study of the effects 

of annealing temperature on crystallinity, preferential orientation, and 

microstructure has been carried out. 

8.2. Experimental Methods 

ZnO thin films were grown on c-plane sapphire substrates using polymeric 

precursor process. Polymeric precursor using citric acid as chelating agent was 

prepared by following procedure prescribed in [48]. 99% pure zinc nitrate, 

Zn(NO3)2.xH2O and 99% ethylene glycol (EG) were acquired from Alfa Aesar. 

70% nitric acid (HNO3), ACS grade potassium hydroxide (KOH) pellets, and citric 

acid (2-hydroxy-1, 2, 3-propanetricarboxylic acid), were acquired from J. T. 

Baker, EMD chemical Inc., and Fischer Scientific International Inc., respectively. 

All these chemicals were of analytic - grade and were used as received without 

further purification. Deionized and filtered water (resistivity = 18.2MΩ) was used 
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in preparing solutions. C-plane sapphire substrates were acquired from Crystal 

Systems, Inc. 

Polymeric precursors for depositing ZnO thin films were prepared using 

Pechini process. In this process, 0.1 moles of citric acid was dissolved in 50 ml of 

deionized water. Then 0.1 moles of Zn(NO3)2 and 0.9 moles of ethylene glycol 

were added to the aqueous solution. To this solution, 0.1 moles of HNO3 was 

added followed by deionized water. The resulting solution was stirred 

continuously and heated at a constant temperature of 70°C till the final solution 

was clear, homogeneous, and free from precipitation. The sapphire substrates 

were cleaned by heating them in furnace at 1000°C for 1 hour. The solution was 

spincoated (CEE Model 100CB, Brewer Science, Inc.) onto the cleaned 

substrates at 4000 rpm for 30s. After deposition, the layer was cured at 70°C on 

a hot plate for approximately 1 hour to remove residual water. The films were 

then annealed in an ambient furnace for pyrolization of the ethylene glycol and 

citric acid and oxide formation at different temperatures. The deposition 

conditions were the same for all samples. A thicker sample was also prepared by 

spin coating five layers of polymeric precursors followed by curing at 70°C, pre-

firing at 300°C after each spin coat, and finally annealing at 800°C. Similarly, 

another thicker sample was also prepared by spin coating five layers of polymeric 

precursors with each coating followed by curing at 70°C and pre-firing at 300°C. 

After two consecutive pre-firing, the film was annealed at 1000°C for 10 minutes. 

In other words, the ZnO thin film was annealed twice at 1000°C. 
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X-ray diffraction patterns were obtained on a Rigaku Ultima III model using 

CuKα radiation (40 kV and 44 mA) in θ-2θ mode in the interval of 25° to 65°. 

Surface morphology of the ZnO thin films on sapphire were characterized by field 

emission scanning electron microscopy, FESEM (Nova Nanolab 200, FEI Co.). 

Variable angle spectroscopic ellipsometer (VASE, J. A. Woollam, Inc.,) was used 

in transmission mode to determine optical transparency of annealed films of ZnO 

on sapphire substrates. Scanning spectrofluorometer (Photon Technology 

International) was used to acquire photoluminescence spectra at room 

temperature with an excitation wavelength of 340nm using Xenon lamp as an 

excitation source. 

8.3. Results and Discussion 

8.3.1. X-ray Diffraction 

Fig. 8.1 shows the X-ray diffraction spectra of ZnO thin films on sapphire 

substrates and annealed at temperatures from 400°C to 1000°C, and 5 layers 

thick ZnO films annealed at 800°C and twice at 1000°C, respectively. After 

annealing at 400°C, (100), (002) and (101) diffraction peaks were observed in the 

XRD pattern (Fig. 8.1a) with no preferential orientation compared to JCPDS. 

Preferential orientation is calculated from ratio intensities of (002) and (101) 

planes. Results show that the obtained ZnO thin films possess wurtzite structure 

(space group P63mc) and the diffraction peaks can be indexed to hexagonal ZnO 

(JCPDS No. 36-1451). When the firing temperature was increased to 700°C (Fig. 

8.1b), the intensity of (100) and (101) peaks also increased along with (002) peak 

intensity. This illustrates that there is homogeneous growth in thin film with no  
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Figure 8.1: X-ray diffraction spectra of polymeric precursor derived ZnO thin films 

on sapphire substrates and annealed at (a) 400°C, (b) 700°C, (c) 800°C, (d) 5 

layers thick sample annealed at 800°C, (e) 900°C, (f) 1000°C, and (g) 5 layers 

thick film of ZnO annealed twice at 1000°C. Diffraction peaks of spinel ZnAl2O4 

are marked as "*S". 

 

preferential orientation and growth. At 800°C, the intensity of (100), (002), and 

(101) peaks increases (Fig. 8.1c). Moreover, (002) peak has 4.6% higher 

intensity than (101) showing preferential orientation. This trend still continues for 

thicker samples annealed at 800°C (Fig. 8.1d). At the annealing temperature of 

900°C, the intensity of (002) increases significantly than (101) and (100) peaks. 

Three new peaks of ZnO appear corresponding to (102), (110), and (103) planes 
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(Fig. 8.1e). On annealing at 1000°C, there is marked preferential orientation 

along the (002) plane of ZnO (Fig. 8.1f). Low intense ZnO peaks corresponding 

to (100), (101), and (103) planes also exist. Besides, additional peaks appear 

which do not belong to ZnO. These diffraction peaks can be indexed to zinc 

aluminate, ZnAl2O4 (JCPDS No. 05-0669) [141]. The diffraction peaks at 2θ = 

31.52°, 37.04°, 44.8°, 59.68°, and 64.8° can be indexed as (220), (311), (400), 

(511), and (440) planes, respectively. The thick sample, twice annealed at 

1000°C, exhibits diffraction peaks, as shown in Fig. 8.1g, corresponding only to 

spinel ZnAl2O4. No peaks corresponding to ZnO were formed. The diffraction 

peak (2θ) positions of ZnO and ZnAl2O4 samples annealed at 1000°C and their 

standard JCPDS positions are tabulated in Table 8.1. The diffraction spectra 

illustrates that there is complete conversion of ZnO thin film on sapphire to 

ZnAl2O4 due to solid state reaction on annealing twice at 1000°C. ZnAl2O4 also 

shows preferred orientation along the [111]. 

Preferential orientation in ZnO films can be quantified by calculating 

texture coefficients defined by [98], 

(hkl))hkl)/I1/n
(hkl)I(hkl)/IT(hkl)

r

r

(I(Σ
=                                                                                  (18) 

where n is the number of (hkl) diffraction peaks, I(hkl), and Ir(hkl) are intensities 

of these peaks in samples with preferential and random orientation, respectively. 

It is assumed that T(hkl) = 1 for randomly oriented crystallites. Preferential 

orientation is exhibited if the value of texture coefficient is greater than 1. 
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Table 8.1: JCPDS and experimental data of diffraction peak positions of ZnO and 

spinel ZnAl2O4 at 1000°C.  

ZnO ZnAl2O4 

Experimental 2θ (hkl) JCPDS 

2θ 

Experimental
2θ at 1000°C

(hkl) JCPDS 

2θ 1000°C Twice 
annealed 

at 
1000°C 

(100) 31.77 32.16 (220) 31.236 31.52 31.6 

(002) 34.42 34.72 (311) 36.835 37.04 37.12 

(101) 36.25 36.56 (400) 44.807 44.8 45.04 

(102) 47.54 – (331) 49.068 – – 

(110) 56.6 – (422) 55.656 – – 

(103) 62.96 63.2 (511) 59.342 59.59 59.6 

(112) 67.96 – (440) 65.233 64.8 – 

 

For the samples annealed above 800°C, the intensities of three main 

diffraction peaks of ZnO, i.e., (100), (002), and (101) planes are used for 

calculating the texture coefficients using equation 18. When annealed at 800°C, 

the texture coefficients are obtained as T(100) = 0.679, T(002) = 1.619, and 

T(101) = 0.702. For samples annealed at 900°C, the texture coefficients 

calculated are as follows: T(100) = 0.394, T(002) = 1.878, and T(101) = 0.727. 

Texture coefficients for sample annealed at 1000°C were calculated as: T(100) = 

0.046, T(002) = 2.737, and T(101) = 0.215. There is distinct preferential 

crystallite orientation along the (002) plane. We also observe that the texture 
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coefficients are less than 1 for (100) and (101) planes and these decrease further 

with increase in annealing temperatures. 

Texturing can also be determined by finding the ratio of intensities of (002) 

and (101) planes using the following equation: 

I(101)
I(002)T(002) =                                                                                                   (19) 

where I(002) and I(101) are intensities of diffraction peaks in samples annealed 

at different temperatures, respectively. We observed that the texturing increased 

with increase in annealing temperature, which is also displayed in Fig. 8.2. The 

plot illustrates a gradual increase in texturing for temperature range 400°C to 

900°C. On annealing to 1000°C, there is a drastic increase and most of the 

grains of ZnO films are preferentially oriented along the (002) plane but also 

converted to spinel. Hence, from the diffraction spectra, we can conclude that 

ZnO thin films annealed above 800°C exhibit distinct preferential orientation. 

Although sapphire is used as substrate for epitaxial ZnO films, there is 

18% lattice mismatch between the film and the substrate leading to strain in the 

ZnO films. We have calculated strains in our films from the XRD spectra using 

Williamson-Hall Plot for each annealing temperature. In a Williamson-Hall Plot, 

the effect of microstrain and broadening due to crystallite size can be separated. 

FWHM is calculated as [8], 

sinθ
d
Δd2

t
0.9λcosθFWHM +=×                                                                      (20) 

where θ is the peak position and FWHM is the integral breadth for the peak 

position. Using equation 20, a linear plot of FWHM*cosθ and sinθ is drawn. The 
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values of 2θ and FWHM are shown in Table 8.2. We can then determine strain, 

Δd/d, from the slope of the graph and calculate crystallite size, t, from the 

intercept. 

 

Figure 8.2: Change in preferential orientation with annealing temperature. This 

plot illustrates that texturing of ZnO films along (002) plane increases with 

increase in annealing temperature. 

 

Table 8.2 shows that there is no particular trend in change in values of 2θ 

and FWHM. For each annealing temperature, we analyzed Williamson-Hall plots, 

which was plotted using (100), (002), and (101), to calculate strain. However, we 

did not get a linear plot. Therefore, we did not use Williamson-Hall plots, as it 

was error prone. 
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Table 8.2: 2θ and FWHM of diffraction spectra of ZnO thin films at different 

annealing temperatures. 

2θ FWHM (degrees) Annealing 

Temperature 

(°C) 

(100) (002) (101) (100) (002) (101) 

400 32.06 

(±0.482) 

34.77 

(±0.716) 

36.73 

(±0.565) 

0.36 0.66 0.79 

700 32.26 

(±0.057) 

34.686 

(±0.067) 

36.53 

(±0.078) 

0.45 0.36 0.56 

800 32.11 

(±0.041) 

34.75 

(±0.012) 

36.59 

(±0.002) 

0.18 0.13 0.19 

900 32.06 

(±0.59) 

34.75 

(±0.03) 

36.55 

(±0.085) 

0.15 0.16 0.15 

1000 32.16 

(±0.59) 

34.73 

(±0.026) 

36.56 

(±0.59) 

0.11 0.20 0.14 

 

We calculated strain in films along the c-axis, as shown in Table 8.3, using 

the following equation [79]: 

100%)/cc(cε ooZ ×−=                                                                                        (21) 

where co is 0.5204 nm, the strain-free lattice parameter measured from ZnO 

powder.  

We observe that samples annealed at 400°C show compressive strain of -

0.92% that may be due to initial film shrinkage occurring on pyrolization of 
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Table 8.3: Calculation of strain in ZnO films at different annealing temperatures. 

Annealing 

Temperature (°C) 

2θ 

(degrees) 

d-spacing 

(nm) 

C 

(nm) 
Strain, εZ = 

(c–co)/ co*100% 

400 34.77(±0.716) 0.2578 0.5156 -0.92 

700 34.68(±0.067) 0.2584 0.5168 -0.69 

800 34.75(±0.012) 0.2579 0.5158 -0.88 

900 34.75(±0.003) 0.2580 0.5160 -0.85 

1000 34.72(±0.026) 0.2581 0.5162 -0.81 

 

organic precursors. However, on annealing at 700°C, there is huge change in 

strain values and the value of strain changes to -0.69%. This indicates that there 

is grain growth leading to decrease in compressive strains. Compressive strain 

increases to -0.88% on annealing at 800°C which may be due to difference in 

coefficients of thermal expansion between the ZnO films and the sapphire 

substrates. It has been reported that thermal expansion coefficients of ZnO and 

sapphire along a-axis are 6 – 8 x 10-6/K [16] and 6.3 x 10-6/K [101], respectively. 

Moreover, there is significant grain growth and texturing at this temperature, 

which also contributes to the compressive strains. Thereafter, there is 

incremental decrease in compressive strain on annealing above 900°C. This 

suggests that the grain growth progressively increases causing decrease in 

compressive strains in the film. Moreover, the decrease in strain when annealed 

above 900°C may be attributed to formation of new phase, ZnAl2O4. XRD 

spectrum also shows that a new phase, ZnAl2O4 forms at 1000°C. The formation 
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of spinel structure, as a buffer layer, at the interface of sapphire substrate and 

ZnO film helps in reduction of compressive strain. A plot of the various changes 

in strain with annealing temperature is shown in Fig. 8.3. All the samples exhibit 

compressive strains, which differs from that observed in [99] where a tensile 

strain of 0.1% is reported for ZnO film on sapphire substrate. 

 

Figure 8.3: Change in strain observed in ZnO films along c-axis with annealing 

temperature. This plot illustrates that strain in ZnO films is compressive which 

changes with increase in annealing temperature. 

 

On calculating the crystallite size using Scherrer's equation, we find that 

there is an increase in crystallite size with increase in annealing temperature. 
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The crystallite size increases from 14 nm to 29 nm when annealing temperature 

increases from 400°C to 700°C. There is a significant increase in crystallite size 

(240 nm) when annealed at 800°C after which the crystallite size decreases as 

shown in Fig. 8.10. We have also shown the crystallite sizes, for each annealing 

temperature, as determined by FESEM to have a comparative view. There is 

discrepancy between the values calculated by Scherrer's equation and those 

measured from FESEM micrographs. This may be due to strain in films, which  

 

 

Figure 8.4: In-plane X-ray diffraction spectra of polymeric precursor derived ZnO 

thin films on sapphire substrate and annealed at 1000°C. The spectra shows a 

strong [100] diffraction peak in this in-plane scan. 
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has not been taken in account while calculating crystallite sizes. 

In-plane (2θχ/φ) measurements of the ZnO thin annealed at 1000°C and 5 

layers thick film annealed twice at 1000°C were carried out. The measurement of 

in-plane scans is achieved by rotating the detector in equatorial direction. In other 

words, the detector collects data for in-plane measurements perpendicular to the 

sample surface. Fig. 8.4 shows in-plane XRD scan obtained for ZnO thin film on 

sapphire and annealed at 1000°C. The spectrum shows a strong (100) diffraction 

peak in-plane. This also confirms that there is preferential orientation along [001] 

and all grains are along the basal planes of the ZnO thin film. Thick ZnO film 

annealed twice at 1000°C was also characterized by in-plane (2θχ/φ) scans. The 

diffraction spectrum (Fig. 8.5) shows that there is preferred orientation along 

[110]. There are no peaks related to ZnO confirming the formation of spinel 

ZnAl2O4. 

From the XRD spectra, we can conclude that there is rise in intensity of 

peaks with an increase in annealing temperature suggesting improvement in 

crystallinity of ZnO. Preferred orientation in ZnO thin films along (002) increase 

as annealing temperature increases. Moreover, there is noticeable increase in 

preferred orientation along (002) plane at 800°C which differs from that reported 

in [12] where texturing was observed only at 850°C and on annealing for 

extended period of time. Texturing increased significantly when annealed at 

1000°C with ZnAl2O4 formation also. This suggests that spinel formation starts on 

annealing at 1000°C. When the sample is annealed twice at 1000°C, there is 

reaction between ZnO and Al2O3 (sapphire substrate) resulting in formation of 
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ZnAl2O4. Hence, we need to anneal no higher than 900°C for obtaining 

preferentially oriented ZnO thin films. When ZnO and Al2O3 powders were mixed 

together and annealed at 700°C XRD data showed diffraction peaks  

 

Figure 8.5: In-plane X-ray diffraction spectra of polymeric precursor derived 300 

nm thick ZnO film on sapphire substrate and annealed twice at 1000°C. The 

spectra shows a strong [110] diffraction peak in-plane XRD scan. 

 

corresponding to spinel ZnAl2O4 [12]. Hence, it is suggested that ZnO film and 

sapphire substrate begin to react at 700°C. Therefore, further studies on the 

lattice matching and extent of reaction between the ZnO film and sapphire 

substrate by HRTEM are under way. 
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8.3.2. Scanning Electron Microscopy 

Annealing temperature is an important factor to grow high-quality epitaxial 

films. Effect of annealing temperature on surface morphology of ZnO thin films 

were observed by FESEM. Fig. 8.6, 8.7, 8.8 show micrographs of ZnO thin films 

spincoated on sapphire substrates and annealed at temperatures from 400°C to 

1000°C, respectively. The sample annealed twice at 1000°C was also 

characterized by FESEM (Fig. 8.8b). These micrographs illustrate that there is an 

increase in grain size with increase in annealing temperature. Samples annealed 

at 400°C (Fig. 8.6a) reveal smooth crack free polycrystalline film with grain size 

of 15 nm. When annealed at 700°C, the grain size of ZnO films increases to 30 

nm at 700°C. The films have a dense spherical microstructure with no cracks 

(Fig. 8.6b). The shape of microstructure changes drastically when annealed at 

800°C. At 800°C (Fig. 8.7a), the grains are faceted, have polyhedral shapes and 

the size varies between 40-65 nm. As the annealing temperature is increased to 

900°C (Fig. 8.7b), all the grains are highly faceted and their size range varies 

from 70-95 nm. SEM micrographs also illustrate that the ZnO films are formed of 

a layer of these faceted grains exhibiting island formation. All these grains are 

connected together to form a porous layer through which the sapphire substrate 

is visible. As demonstrated in [12], epitaxial ZnO films were formed when 

annealed at 900°C by the presence of 120° faceted grains shown in Fig. 8.7b. 

When annealed at 1000°C (Fig. 8.8a), there is abnormal grain growth leading to 

a huge variation in grain size and shape. Almost all the grains are faceted with 

size of some grains increasing drastically to 150-350 nm. These larger grains  
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(a) 

 

(b) 

Figure 8.6: SEM micrographs of precursor derived ZnO thin films on sapphire 

substrate and annealed at (a) 400°C and (b) 700°C. 
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(a) 

 

(b) 

Figure 8.7: SEM micrographs of precursor derived ZnO thin films on sapphire 

substrate and annealed at (a) 800°C and (b) 900°C. 
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(a) 

 

(b) 

Figure 8.8: SEM micrographs of precursor derived ZnO thin films on sapphire 

substrate and annealed at (a) 1000°C and (b) thicker layer of ZnO annealed 

twice at 1000°C. 
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have special orientation; they appear flat on the substrate and initiate abnormal 

grain growth, which results in a multilayered hexagonal structure. The smaller 

grains, of 60-90 nm, appear to be hemispherical with faceted circumference. 

SEM micrographs of 5 layer thick ZnO film, which was twice annealed at 1000°C, 

reveal a distinct change in microstructure. The films do not appear granular as in 

previous cases but is a relatively smooth uniform film with few lines forming 

random shapes. Similar surface morphology has also been observed in previous 

work [154]. Change in grain size of ZnO thin films on sapphire substrate with 

annealing temperature is shown in Fig. 8.10. The error in measurement was 

determined using standard differential error analysis. 

FIB cross-section micrographs of ZnO thin films annealed at different 

temperatures are shown in Fig. 8.9. As can be seen, the films annealed at 400°C 

(Fig. 8.9a) have grains arranged randomly with film thicknesses of 70 nm. The 

film annealed at 800°C illustrates a highly dense columnar film with coalescence 

of all grains (Fig. 8.9b). Thickness of this film has been measured, using FEI Co. 

software, to be 140 nm. Significant grain growth occurs at this temperature to 

minimize surface and strain energies, which in turn, depend on crystallographic 

orientations of the grains. In order to achieve this, the grains orient in such a 

manner so as to reduce energies at the surface but also within the volume 

leading to columnar film [147]. The sample of 5 layer thick ZnO film annealed 

twice at 1000°C was also characterized by FIB cross-section. The cross- 

sectional micrographs reveal variation of thickness from 200-400 nm. These films 

show two distinct layers. We can conclude that the thickness as well as density  
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(a) (b) 

 

(c) 

Figure 8.9: SEM micrographs of FIB cross-section of precursor derived ZnO thin 

films on sapphire substrate and annealed at (a) 400°C, (b) 800°C, and (c) 

5 layers of ZnO annealed twice at 1000°C. 

 

of ZnO films increases with increase in annealing temperature. 
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Figure 8.10: Change in grain size of the ZnO thin films with annealing 

temperature as measured by FESEM and calculated using Scherrer's equation. 

 

8.3.3. Optical Properties of ZnO Thin Films 

8.3.3.1. Transmission Measurements 

UV-Vis transmission spectra in the wavelength range 260 - 800 nm of ZnO 

thin films on sapphire substrate prepared at different annealing temperatures is 

shown in Fig. 8.11. All the films exhibit transmittance in the visible region. It is 

seen that the transmittance increases from 65% to 80% with increase in 

annealing temperature from 400°C to 700°C. Thereafter the transmittance 

remains constant for samples annealed at 900°C and 5 layers thick ZnO film 
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annealed at 800°C. ZnO thin film annealed at 1000°C shows a decrease in 

transmittance in the visible region. On annealing 5 layers thick ZnO film twice at 

1000°C, the sample does not exhibit any band edge corresponding to ZnO. This 

fact confirms the XRD result that shows formation of ZnAl2O4. Except for the 5 

layer thick ZnO film annealed twice at 1000°C, all samples illustrate sharply 

decreasing transmittance in the UV region because of the onset of absorption. All 

these samples have band edge at 376 nm except for samples annealed at 800°C  

 

Figure 8.11: UV-Vis transmission spectra of ZnO thin films at different annealing 

temperatures: (a) 400°C, (b) 700°C, (c) 800°C, (d) 5 layers thick sample 

annealed at 800°C, (e) 900°C, (f) 1000°C, and (g) 5 layers thick sample twice 

annealed at 1000°C. 
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and 900°C, respectively. The sample annealed at 800°C has a band edge at 374 

nm whereas the sample annealed at 900°C has band edge at 378.5 nm. The 

shift in wavelength for sample annealed at 900°C may be attributed to change in 

crystallite size. We also observe that the slope of the band edge becomes 

relatively sharp as the annealing temperature increases from 400°C to 1000°C. 

The band edge of all ZnO thin films has been tabulated in Table 8.4. 

8.3.3.2. Photoluminescence  

Fig. 8.12 illustrates the room temperature photoluminescence spectra of 

ZnO thin films on sapphire substrates under photon excitation of 340 nm. A 

strong and broad UV emission dominates the photoluminescence spectra, the 

energy of which agrees with published literature [114, 138]. This near band edge 

emission is sharp and asymmetric with a tail on the lower energy side for 

samples annealed at temperatures 700°C to 900°C. The UV emission may be 

attributed to the radiative annihilation of excitons near band edge as ZnO has 

exciton binding energy of 60 meV at room temperature [58, 108].  

We observe that ZnO film annealed at 400°C has UV emission at 376 nm 

(3.3 eV) (Fig. 8.12a) which corresponds to the absorption onset of bulk ZnO. The 

ZnO film annealed at 700°C (Fig. 8.12b) shows a broad UV emission peak with 

intensity weaker than that of 400°C. A Gaussian fit to this spectrum (Fig. 8.13a) 

illustrates that the spectrum has two overlapping UV emission peaks at 380 nm 

and 400.5 nm. Similarly, the films annealed at 800°C, both single and five 

layered films (Fig. 8.12c and d), show a broad peak due to two overlapping UV 
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emission peaks (Fig. 8.13b and c). Gaussian fits to these spectra illustrate that 

the peak positions are at 380 nm and 403 nm for 800°C and at 383.5 nm and  

 

Table 8.4: Photoluminescence peak positions and band edge of ZnO thin films 

on sapphire annealed at different temperatures. 

Wavelength (nm) Annealing 

temperature (°C) PL spectra Transmission spectra 

400 376 376 

700 380, 400.5 376 

800 380, 403 374 

800 (5 layers) 383.5, 400 376 

900 380 378 

1000 377 376 

1000 (5 layers) – – 

 

400 nm for 5 layers thick film annealed at 800°C. The ratio of the intensities of 

the two peaks reveals that the peak around 380 nm is more intense for all three 

samples under consideration. Due to increase in thickness of five layered film, 

there is an increase in intensity for ZnO films when annealed at same 

temperature, 800°C. In these spectra, there is a shift in position of 

photoluminescent peaks to higher wavelengths, which may be due to the 

compressive strain in the films owing to thermal expansion mismatch and grain 

growth. On annealing at 900°C, the ZnO film exhibits only one highly intense UV  
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Figure 8.12: Room temperature photoluminescence spectra of ZnO thin films 

spincoated on sapphire substrates at different annealing temperatures: 400°C - 

1000°C. 

 

emission peak at 380 nm (Fig. 8.12e). ZnO film annealed at 1000°C has UV 

photoluminescent peak at 377 nm (Fig. 8.12f). This shift in peak to lower 

wavelength can be attributed to decrease in strain in films due to formation of 

spinel phase. Thicker ZnO film annealed twice at 1000°C does not show any 

emission confirming that ZnO is not present in the film (Fig. 8.12g). There is no 

deep level emission, which is usually present in the blue-green region. This 

suggests that the prepared ZnO thin films are of high crystallinity. From this 

photoluminescent data, we can illustrate that the intensity of the UV emission 
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peak increases with increase in grain size and the position of the peak shifts with 

change in strain in the ZnO films. 

It has been found that the room temperature photoluminescence of ZnO 

thin films has been dominated by free exciton longitudinal optical (LO) phonon 

replica emissions [134]. In other words, there is simultaneous emission of 

photons and phonons during the annihilation process of free excitons [134]. In 

this work, we find that the sample annealed at 400°C has emission at 3.3 eV 

(376 nm) corresponding to room temperature free exciton peak position [27]. As 

the annealing temperature is increased to 700°C, there is a slight peak shift to 

lower energy (3.269 eV) coinciding exactly with the emission of 1LO phonon 

replica of free excitons. The Gaussian fit to these spectra reveals overlap of 2 

peaks (Fig. 8.13). These peaks originate from the emission of free exciton 

phonon replicas. For samples annealed at 800°C, the most intense peak is at 

1LO energy and intensities of higher order of phonon replicas become weaker. 

On increasing the annealing temperature to 900°C, photoluminescent spectra 

illustrates a decrease in intensity of the peak at 400 nm. The photoluminescent 

peak has an asymmetric shape due to the contribution to emission of these 

higher order phonon replicas. In [134], intensities of LO phonon emission 

decreased with increase in data collection temperature. We observe a similar 

trend for room temperature photoluminescence for ZnO thin films on sapphire 

annealed at different temperatures. Moreover, we observe that the PL peak of 

1000°C annealed samples is symmetric in shape suggesting that there is no 

phonon-assisted emission, which may be due to presence of spinel phase. 

158



 

 

Figure 8.13: Gaussian fit to room temperature photoluminescence spectra of 

annealed ZnO thin films on sapphire substrates at temperatures: (a) 700°C, (b) 

800°C, and (c) 5 layers thick film annealed at 800°C. The *(blue) curve is the 

original spectra and the +(red) curve is the Gaussian fit. The spectra have been 

shifted vertically for clarity. 

 

Hence, the LO phonon exciton coupling between temperatures of 700°C to 

900°C confirms superior quality of ZnO formed. 

8.4. Conclusions 

ZnO thin films have been synthesized by spin coating polymeric precursor 

method on sapphire substrates. The polymeric precursor was prepared using 

citric acid and ethylene glycol as chelating agent and reaction medium, 

respectively. The thin films were annealed at various temperatures, namely 
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400°C to 1000°C. XRD data for ZnO thin films show that the synthesized films 

have wurtzite structure when annealed at 400°C and higher temperatures. 

Diffraction spectra illustrates that there is preferred orientation along (002) plane. 

With increase in annealing temperature, the texturing along (002) also becomes 

highly pronounced with the maximum at 1000°C. It is also observed that on 

annealing at 1000°C, there is formation of spinel ZnAl2O4. When a five layered 

ZnO thin film was annealed twice at 1000°C, there is complete transformation of 

ZnO to ZnAl2O4 due to solid state reaction between the ZnO film and Al2O3 

substrate. SEM micrographs illustrate that the ZnO based thin films are smooth, 

dense, and have crack - free microstructures. The images also reveal increase in 

grain size with annealing temperature, which can be attributed to grain growth. It 

has been observed that an increase in annealing temperature improved film 

crystallinity and changed shape of grains from spherical to faceted grains. 

Transmission spectra illustrates that the ZnO films have high transparency (70%) 

in the range 500 - 800 nm. The band edge has been determined to be at 376 nm 

that remains almost constant for different annealing temperatures. Room 

temperature photoluminescent studies reveal that the photoluminescence is 

mostly due to coupling between free excitons and longitudinal optical (LO) 

phonon replicas. The spectra illustrates that the photoluminescent peak is 

located at free exciton-1LO energy and its intensity increases with increase in 

annealing temperature. This may be attributed to an increase in crystallinity and 

preferential orientation of the ZnO film. The peaks due to (LO) phonon replicas 

are noticeable at annealing temperatures of 700°C to 900°C. However, the 
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intensities of emission of the higher order phonon replicas decrease with an 

increase in annealing temperature giving an asymmetrical shape to PL peak. PL 

peak position for 400°C and 1000°C annealed samples, respectively, appear at 

lower wavelengths than for samples of 700°C to 900°C. This may be due to 

smaller crystallite size or due to presence of spinel phase. 
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CHAPTER 9 

MASKLESS DEPOSITION OF ZINC OXIDE FILMS 

Maskless Mesoscale Materials Deposition (M3DTM) is a new direct write 

technique, which is versatile enough to deposit all kinds of precursors and 

colloidal suspensions. It is a simple and convenient process for rapid prototyping 

of structures and components. This maskless deposition method operates in air 

and at room temperature. In this study, glycerol based polymeric precursor was 

used for depositing ZnO thin films on surface modified glass substrates. The 

parameters for deposition using M3DTM were thoroughly examined and optimized. 

9.1. Introduction 

ZnO is II-VI wide band gap semiconductor with important technological 

applications in the areas of transparent conducting electrodes in solar cells, and 

in flat panel displays as a low voltage phosphor [68, 80, 62]. ZnO has a large 

exciton binding energy (60 meV) which provides efficient exciton emissions at 

high temperatures. These properties of ZnO have applications in ultraviolet light 

emitting diodes and laser devices [76]. ZnO is also used in synthesis of planar 

waveguides [87]. 

In [87], the authors used photolithography and wet chemical etching 

methods to fabricate Er-doped ZnO planar waveguide structures. These methods 

are expensive, highly inconvenient and can be averted by direct write 

technologies [21]. The direct write methods are technologically important for 

fabricating mesoscale components, such as resistors, etc, directly on the 

substrates producing prototypes without the use of masks. Different direct write 
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processes, such as, laser direct writing [118, 49, 15] and ink-jet printing [135] can 

deposit desirable patterns in a single step. Maskless Mesoscale Materials 

Deposition (M3DTM), being commercialized by Optomec Inc., and is also a 

method that can be developed into a high volume component manufacturing 

technique [41]. 

Maskless Mesoscale Materials Deposition (M3DTM) is an aerosol-based 

technology for deposition of various materials with particle sizes less than 0.5 

µm. To date, barium titanate, metallic contacts like Au, Ag, Cu and Pt [102], and 

biological materials [41] on various substrates have been deposited using this 

process. In this method, patterns of sub-micron sized aerosol droplets of 

molecular precursors and colloidal suspensions are deposited with ease. The 

desired patterns are drawn using CAD software, which can be conveniently 

converted into CAM tool-paths. This enables rapid prototyping of components. In 

this direct write technology, the precursors or colloidal dispersions are atomized 

pneumatically or ultrasonically. The atomized particles are guided and deposited 

onto substrate surfaces through use of carrier gas. 

In this paper, patterned ZnO films have been deposited by M3DTM 

technology. A specific goal of this work was to deposit continuous ZnO lines 

using a pneumatic configuration. Parameters affecting the quality of deposition of 

polymeric precursor aerosols, such as, rate of atomization, carrier gas flow rates, 

viscosity of precursors, were optimized. An attempt was made to measure the 

electrical resistivity of the deposited patterns. 
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9.2. Experimental Methods 

All chemicals were of analytic - grade and were used as received without 

further purification. 99% pure zinc nitrate, Zn(NO3)2.xH2O and 99% glycerol were 

obtained from Alfa Aesar. 70% nitric acid (HNO3) and ACS grade potassium 

hydroxide (KOH) pellets, were acquired from J. T. Baker and EMD chemical Inc., 

respectively. Deionized and filtered water (resistivity = 18.2MΩ) was utilized in 

preparing solution. Glass microslides were ultrasonically cleaned in acetone, 

methanol and deionized water. The cleaned substrates were immersed in a 1N 

potassium hydroxide (KOH) solution to make the surface hydrophilic and to 

improve wetting characteristics. 

Polymeric precursors for depositing ZnO films were prepared using 

modified Pechini process. In this process, 0.1 moles Zn(NO3)2, 0.9 moles 

glycerol, and 0.1 moles of HNO3, were added together. To this solution, 

deionized water was added and the resulting solution was heated at a constant 

temperature of 70°C while stirring continuously. The final solution synthesized 

was clear, homogeneous, and precipitate free. The prepared solutions were 

utilized in depositing maskless patterns using Maskless Mesoscale Materials 

Deposition (M3DTM, Optomec Inc.,) on surface modified glass substrates, 

followed by curing at 70°C on a hot plate for 1 hour. The films were then 

annealed at 600°C for 10 min in an ambient furnace for pyrolization of the 

organic precursors and ZnO formation. 

In this work, M3DTM deposition system has been used to make patterns of 

ZnO using glycerol based polymeric precursors. Fig. 9.1 shows the schematic 
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diagram of the M3DTM deposition system in a pneumatic configuration. It shows 

an overview of general processes used to aerosolize polymeric precursors. The 

polymeric precursor is kept in a glass atomization container. Compressed 

nitrogen gas is expanded through the atomizer nozzle to produce a high-velocity 

jet. The velocity of the compressed nitrogen gas, also referred as the atomizer 

flow rate, is controlled by a unit called the process control module. Due to the 

Bernoulli effect, the precursor is drawn into the atomizer nozzle. The high velocity  

 

Figure 9.1: Schematic diagram of Maskless Mesoscale Materials Deposition 

system, M3DTM, in pneumatic configuration. 

165



 

gas stream then atomizes the precursor and the resulting droplets are 

suspended in gas flow. After exiting the atomizer nozzle, this gas flow collides 

with the sidewalls of the atomization container to eliminate large droplets while 

smaller droplets are carried towards the deposition head.  

On atomizing the precursors, the aerosol is transported to virtual impactor 

by nitrogen carrier gas. In the virtual impactor, excess carrier gas is removed. In 

pneumatic atomization, there is a size distribution of atomized droplets. The 

virtual impactor helps in limiting the size variations and eliminates the droplets, 

which are below the minimum value. This excess gas flowing out of the virtual 

impactor is referred as impact exhaust flow and is also controlled by the process 

control module. The difference between the atomizer and impact exhaust flow is 

actually the material injected into the deposition head. 

The aerosol is then carried to the deposition head. Another line of nitrogen 

gas, also controlled by the process control module, forms an annular ring around 

the aerosol material. This sheath gas focuses the atomized flow and guides it 

through the deposition head. The aerosol is then deposited on surface modified 

glass substrates. The prepared samples were later heat treated for pyrolization of 

organic material and formation of ZnO.  

After annealing the samples at 600°C, the ZnO films were analyzed by 

optical microscopy (Nikon Digital Optical Microscope), field emission scanning 

electron microscopy (FESEM, Nova Nanolab 200, FEI Co.) and two probe 

resistivity measurements across the deposited line (Model 6430 sub-femto 
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sourcemeter, Keithley Instruments). Prior to FESEM, the patterned samples were 

coated with a 10 nm gold film. 

9.3. Results and Discussion 

9.3.1. Effects of Deposition Conditions 

9.3.1.1. Viscosity  

Experiments were carried out to study the effect of viscosity of polymeric 

precursors on the direct writing of patterns on substrates. Solutions utilized in 

preparing glycerol derived spincoated ZnO thin films [120] were used for direct 

writing of patterns as shown in Fig. 9.2. Fig. 9.3a and 9.3b show the patterns 

made using glycerol based polymeric precursors of 5 cP and 1 cP viscous 

solutions under similar deposition conditions. SEM micrographs of these samples 

reveal that continuous lines with uniform thickness are obtained with 5 cP 

viscous solution whereas a broken line consisting of spherical droplets is formed 

from the 1 cP viscous solution. The width of the deposited continuous line was 

measured to be 200 µm. We observe that for less viscous solution, there is over-

spray of the solution. 

9.3.1.2. Write Speed  

Glycerol based polymeric precursor of 1cP viscosity was used to write 

lines at different speeds with a M3DTM system. The lines were deposited on 

surface modified glass substrates at sheath gas flow rate of 60 cc/min, impact 

exhaust flow rate of 500 cc/min, and atomizer flow rate of 1000 cc/min. The 

deposited samples were cured at 70°C and annealed at 600°C. The lines were 

generated at different writing speeds, such as 1 mm/s (Fig. 9.4a), 5 mm/s (Fig. 
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9.4b), 10 mm/s (Fig. 9.5a), and 20 mm/s (Fig. 9.5b). It is observed that the write 

speeds affect the shape of lines drawn at similar deposition conditions. At write 

speed of 1 mm/s, the lines are of uniform width and as the write speed increases 

to 5 mm/s, the width of these lines decreases. On further increase in writing 

speed, the width decreases further. The shape of the line deposited also differs  

 

Figure 9.2: A complex square pattern of ZnO deposited on surface modified 

glass substrate using Maskless Mesoscale Materials Deposition (M3DTM) 

technology. 
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(a) 

 

(b) 

Figure 9.3: SEM micrographs of directly written line in a M3DTM system using 

polymeric precursors of different viscosity; (a) 5 cP and (b) 1 cP. These images 

are being shown to illustrate the fact that highly viscous precursors deposit 

continuous lines compared to less viscous ones. 
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(a) 

 

(b) 

Figure 9.4: SEM micrographs of microlines written directly using M3DTM system 

using 1 cP viscous glycerol based polymeric precursor at different writing 

speeds; (a) 1 mm/s and (b) 5 mm/s. These images illustrate that continuous lines 

are more likely at lower write speeds. 
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(a) 

 

(b) 

Figure 9.5: SEM micrographs of microlines written directly using M3DTM system 

using 1 cP viscous glycerol based polymeric precursor at different writing 

speeds; (a) 10 mm/s and (b) 20 mm/s. These images illustrate that as write 

speed increases the lines consist of droplets. 
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with writing speed. We observe that with increase in write speed, the lines 

appear broken and formed of droplets. The shape of these droplets becomes 

circular and smaller as the speed increases to 20 mm/s. When the write speed is 

slow, there is more deposition of aerosol and hence, the lines are wider. 

Moreover, there is sufficient time for the atomized particles to deposit and flow 

together uniformly. As the write speed increases, the amount of atomized 

material being deposited on a spot decreases. This results in a non-uniform 

deposition and flow of the aerosol. Hence, at the write speed of 20 mm/s, the 

lines deposited are broken with small circular droplets of atomized material. 

9.3.1.3. Substrate Condition 

Polymeric precursors for synthesizing ZnO films were used to direct write 

patterns on surface modified glass substrates using M3DTM technology. The glass 

substrates were immersed in a 1N KOH solution to functionalize them and to 

improve their hydrophilicity and wetting characteristics. The deposited lines were 

subsequently annealed and characterized by FESEM.  

SEM micrographs shown in Fig. 9.6 (a and b) illustrate that the directly 

written straight lines are of uniform width (200 µm) when deposited on surface 

modified glass substrates. In comparison, the lines, deposited on a heated (at 

70°C) surface modified substrate, are not straight, and are of non – uniform 

width. A closer examination of the micrographs (Fig. 9.6b) reveals that the initial 

deposition of the aerosol is uniform which may be due to the aerosol getting 

heated while nucleating on the substrate. After being in contact with the hot 

substrate, there may be evaporation of the residual water from the deposited  
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(a) 

 

(b) 

Figure 9.6: SEM micrographs of directly written line in a M3DTM system using 

polymeric precursors of 5cP viscosity on surface modified substrates; (a) without 

curing and (b) with curing at 70°C while depositing. 
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aerosol. This evaporation causes the material to dry out faster leading to 

shrinkage along the width. Hence, we conclude that the patterns, with uniform 

widths, have to be deposited on surface modified substrate without curing at 

70°C while writing. 

9.3.1.4. Flow Rates 

 Lines were also written by varying the atomizer flow rate while keeping 

other deposition conditions constant. Glycerol based polymeric precursor of 5 cP 

viscosity was used to write patterns on surface modified glass substrates. The 

sheath gas flow rate and the impact exhaust flow rates were maintained at 60 

cc/min and 500 cc/min, respectively. Fig. 9.7 illustrates the change in line width 

and shape with change in atomizer flow rates when written at a speed of 2 mm/s.  

To begin atomization, the atomizer flow rate has to be higher than the 

impact exhaust flow rate. When an atomizer flow rate of 600 cc/min was chosen, 

there was no deposition due to inadequate atomization of the polymeric 

precursor. SEM micrographs of the samples illustrate a change in line width and 

shape with change in atomizer flow rate. The lines drawn at 700 cc/min of 

atomizer flow rate are narrow but not of uniform width (Fig. 9.7a). Moreover, the 

lines are not continuous at places. When the atomizer flow rate is set to 800 

cc/min, there is a significant improvement in deposition (Fig. 9.7b). The lines are 

continuous but are not of uniform width. There is also some over-spray. At 900 

cc/min flow rate of atomizer (Fig. 9.7c), the over spray of the aerosol decreases 

considerably and the average width of the lines is 195 µm. Uniform lines of 237 

µm wide are deposited at 1000 cc/min. However, there is a lot of over spray (Fig.  
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(a) (b) 

(c) (d) 

Figure 9.7: SEM micrographs of directly written line in a M3DTM system at 

atomizer flow rates; (a) 700 cc/min, (b) 800 cc/min, (c) 900 cc/min, and (d) 1000 

cc/min. These were made using polymeric precursors of 5cP viscosity on 

surface modified substrates at a write speed of 2 mm/s. The sheath gas flow 

rate and the impact exhaust flow rates were maintained at 60 cc/min and 500 

cc/min, respectively. 
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Figure 9.8: Change in line width of directly written lines with atomizer flow rate. 

 

9.7d). From the micrographs, we observe that there is increase in line width with 

increase in atomizer flow rate as plotted in Fig. 9.8. 

Lines were also drawn by varying the impact exhaust flow rate while 

keeping other conditions constant. In this study, 5 cP viscous glycerol based 

polymeric precursor was used for atomization. The sheath gas flow rate and 

atomizer flow rates were maintained at 70 cc/min and 900 cc/min respectively. 

The patterns were directly written at a speed of 2 mm/s. Fig. 9.9 illustrates the 

change in line width and shape with change in impact exhaust flow rates. 

SEM micrographs of the samples illustrate changes in the type of line 
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(a) (b) 

 

(c) (d) 

Figure 9.9: SEM micrographs of directly written lines in a M3DTM system at 

impact exhaust gas flow rates; (a) 300 cc/min, (b) 400 cc/min, (c) 500 cc/min, 

and (d) 600cc/min using 5cP solution on surface modified substrates at a write 

speed of 2 mm/s. The sheath gas flow rate and atomizer flow rates were 

maintained at 70 cc/min and 900 cc/min respectively. 
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drawn as the impact exhaust flow rates change. The lines drawn at 300 cc/min of 

impact exhaust flow rate are narrow (80 µm) and discontinuous (Fig. 9.9a). At 

400 cc/min lines are not broken but their width varies (Fig. 9.9b); average line 

width was determined to be 120 µm. There is a significant improvement in 

deposition (Fig. 9.9c) at 500 cc/min flow rate of impact exhaust. The lines are of 

uniform width (210 µm). The same trend continues when the impact exhaust flow 

rate is set at 600 cc/min (width = 260 µm) (Fig. 9.9d). From the micrographs, we 

observe that there is an increase in line widths with the increase in impact 

exhaust flow rates which is also shown in Fig. 9.10. Moreover, the deposition 

also improves and the lines obtained after annealing are uniformly drawn with no 

cracking. 

On being atomized, the aerosol is carried by nitrogen gas to the virtual 

impactor (Fig. 9.1). In here, the excess gas is stripped off to reduce the aerosol 

flow rate and concentrate the material. When we fixed the impact exhaust flow at 

500 cc/min and varied the atomizer flow rates from 700 cc/min to 1000 cc/min, 

the difference in these flow rates is increased. Hence, more aerosol material is 

available to deposit leading to wider lines. Since less of carrier gas is being 

removed, there is an increase in the over spray or spread in deposition of 

aerosol. In the second study, we had varied the impact exhaust flow rate at fixed 

atomizer flow rate of 900 cc/min. In this case, we observed that as the difference 

in impact exhaust and atomizer flow rates decreased, the lines appear to be 

uniformly wide. This is due to a reduction in excess carrier gas. Therefore, the 

material entering the deposition head consists mostly of the atomized particles 
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Figure 9.10: Change in line width of directly written lines with increase in impact 

exhaust gas flow rates at constant sheath gas flow rate and atomizer flow rates 

at 70 cc/min and 900 cc/min respectively. 

 

which results in wide uniform lines. 

Sheath gas is used in M3DTM to provide an annular flow of nitrogen gas 

around the aerosol jet. We carried out experiments to study changes in written 

lines with sheath gas flow rates (Fig. 9.11). In this study, we chose impact 

exhaust flow rate and atomizer flow rate as 500 cc/min and 900 cc/min, 

respectively. The line patterns of 5 cP solution were written at 2 mm/s. We find 

that there is no difference in line widths or shape with change in sheath gas flow 
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(a) 

 

(b) 

Figure 9.11: SEM micrographs of ZnO lines directly written with impact exhaust 

and atomizer flow rates of 500 cc/min and 900 cc/min, respectively and varying 

sheath gas; (a) 50 cc/min and (b) 70 cc/min. 
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rates. The lines are 195 µm wide and are uniform. 

9.3.2. Electrical Resistivity 

As the first step towards the determination of material properties of ZnO 

lines deposited by M3DTM and annealed at 550°C, electrical resistivity was 

calculated from measured resistances of a series of parallel lines of 

approximately 25 mm length and geometrical data determined by optical 

microscopy. The average resistivity of the ZnO lines was measured to be 9x103 

Ω-m at room temperature. In [6], silver lines were deposited using MAPLE direct-

write technique and the electrical resistivity was measured. They report resistivity 

1000 times higher than the bulk Ag value. The measured resistance also scaled 

with respect to cross-section and length as expected. Despite the poor 

conductivity of the ZnO lines, these initial results demonstrate that patterned ZnO 

films can be fabricated using M3DTM technology. By varying the annealing 

temperatures [25], improvements in conductivity of ZnO patterns produced by 

M3DTM process may be achieved. 

9.4. Conclusions 

Maskless Mesoscale Materials Deposition (M3DTM) is a new versatile 

direct write technique to deposit molecular precursors and colloidal suspensions. 

A glycerol-based polymeric precursor was used for depositing ZnO thin films on 

surface of modified glass substrates. The parameters for deposition were 

examined and optimized and various types of patterns have been deposited 

successfully. 

We conclude that to directly write continuous line of uniform width, we  
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need to use solutions of 5 cP or higher while using pneumatic atomization. For 

viscosity 5 cP, solutions can be atomized by ultrasonic atomization. However, we 

have concentrated our attention only on optimization of deposition parameters for 

pneumatic atomization. The lines need to be written at a speed 2 mm/s on a 

surface modified glass substrate. The atomization of polymeric precursors has to 

be adequate to achieve deposition. The atomizer and impact exhaust flow rates 

have to be chosen appropriately so as to avoid excess stripping of the carrier gas 

and also to avoid over spray of the aerosol. We deduce that for glycerol based 

polymeric precursors, lines 200 µm wide can be written continuously at a speed 

of 2 mm/s for a solution of 5 cP using atomizer, impact exhaust and sheath gas 

flow rates as 900 cc/min, 500 cc/min, and 60 cc/min, respectively. The electrical 

resistivity of these lines was estimated to be 9x103 Ω-m at room temperature. 

Further studies need to be undertaken to accurately measure the resistivity 

values of ZnO lines. 
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CHAPTER 10 

CONCLUSIONS AND FUTURE WORK 

ZnO thin films have been prepared by aqueous polymeric precursor 

process. During the course of this investigation, polymeric precursors have been 

synthesized using different chelating agents such as ethylene glycol, glycerol, 

citric acid, and ethylene diamine tetraacetic acid (EDTA). These chelating agents 

have varying affinity to chelation of Zn cations, which affects the properties of 

ZnO films. These polymeric precursors were spincoated on various substrates 

like glass, silicon, and sapphire. Studies showed different morphologies formed 

using different polymeric precursors. Flower-like ZnO morphology were obtained 

using ethylene glycol based precursor whereas spherical morphologies was 

observed for other precursors. Reactant concentrations, spin coating conditions 

and viscosity were varied to observe changes in flower-like morphology of the 

ZnO structures. TGA data of the polymeric precursors show that ethylene glycol 

has the lowest whereas EDTA has the highest pyrolytic temperature. We 

observed that ethylene glycol based precursor has a low pyrolytic temperature, 

which is suitable for deposition on polymeric substrates. However, these films 

form flower-like morphology instead of smooth crack-free films. So the most 

suitable option would be glycerol-based precursors for applications on polymeric 

substrates. However, electrical resistivity of glycerol derived films is high (298 Ω-

m) when annealed at 600°C in air whereas ZnO films of citric acid based 

precursors have relatively low electrical resistivity (31.63 Ω-m) and high 
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transparency (90%) in the visible region making them suitable as transparent 

conductors. 

Epitaxial ZnO thin films grown on (0001) oriented (basal or c-plane) 

sapphire substrates using citric acid based polymeric precursor. XRD data for 

ZnO thin films show that the synthesized films have wurtzite structure. The effect 

of annealing temperatures on the ZnO films on sapphire was analyzed. XRD 

spectra illustrates that there is texturing along (002) plane. With an increase in 

annealing temperature, the texturing becomes highly pronounced with the 

maximum at 1000°C. Spinel ZnAl2O4 also formed when ZnO films were annealed 

at 1000°C due to solid-state reaction between the ZnO film and Al2O3 substrate. 

SEM micrographs reveal an increase in grain size with annealing temperature, 

which can be attributed to grain growth. An increase in annealing temperature 

improved film crystallinity and grains changed shape from spherical to highly 

faceted. 

The polymeric precursors have been utilized in fabricating maskless 

patterned ZnO thin films in a single step using Maskless Mesoscale Materials 

Deposition (M3DTM) in pneumatic atomization. This processing technique enabled 

us to deposit complex patterns and lines without using photoresists and 

lithography. Parameters were optimized for proper aerosolization for pneumatic 

atomization. Electrical resistivities of directly written continuous lines of uniform 

width were also used calculated. The electrical resistivity of these lines was 

calculated to 9x103 Ω-m at room temperature. Further studies need to be 

undertaken to decipher the enormous resistivity values of ZnO lines. 
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In the future, research has to be carried out for decreasing the resistivity of 

glycerol-based ZnO films by adding suitable dopants or annealing in vacuum. 

Transmission electron microscopic studies will be undertaken to study the effct of 

annealing on Al diffusion into the ZnO films on sapphire substrates. Strain due to 

lattice mismatch between ZnO film and sapphire substrate will also be analyzed 

by HRTEM. Ultrasonic atomization (M3DTM) will be used for depositing patterns of 

ZnO films. 
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