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Abstract 

In this paper, synthesis of high quality nanocrystalline zinc oxide (ZnO) thin films is 

presented. A novel polymeric precursor route using ethylene diamine tetraacetic acid (EDTA) as 

chelating agent for Zn cations has been developed. The synthesized polymeric precursors were 

spincoated on different surface-modified substrates and were annealed at different temperatures. 

The effect of annealing, over the range of 300-600C, on the properties of the ZnO films was 

investigated. The surface morphology, average crystallite size, degree of crystallization, and 

optical properties were also investigated. XRD results illustrate that the ZnO thin films are 

polycrystalline with texturing along the (002) plane. The thin films are dense, have homogeneous 

microstructure, with absorption edge at 375 nm, and optical transparency of over 85% in the 

visible region. The optical band gap energy of ZnO films was found to red-shift on annealing. 

Room temperature photoluminescence spectra of these films show strong UV emission on 

annealing.  
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1. Introduction 

Zinc oxide (ZnO) is an n-type direct wide band-gap semiconductor (3.3eV) with large 

exciton binding energy of 60 meV at room temperature with near UV-emission. Owing to its 

optical properties, ZnO has plausible electro-optical applications, such as, solar cells [1, 2], light-

emitting diodes [3, 4], UV lasers [5], thin film transistors [6,7], and UV photodetectors [8]. 

Besides these properties, ZnO thin films are chemically stable, non-toxic, bio-compatible, and 

are environmentally benign. ZnO thin films have been fabricated by various techniques, such as, 

pulsed laser deposition [9, 10], molecular beam epitaxy [11, 12], chemical vapor deposition [13], 

and sol–gel process [14-16].  

However, thin film synthesis should be done via simple, cheap, convenient route for 

production at industrial scale, and easily adaptable for process control for reproducibility. The 

Pechini method [17] is one such processing technique that has been used for synthesis of several 

polycation oxides and perovskites [18- 20]. This process is an aqueous polymeric precursor route 

providing good stoichiometry, particle size control, and the added benefit of preparation in 

ambient atmosphere. In this process, an alpha-hydroxycarboxylic acid, such as citric acid, is 

generally employed as the chelating agent. However, it has been proven that ethylene diamine 

tetraacetic acid (EDTA) improves distribution of metal cations uniformly in the solution, 

resulting in high quality thin films. Research has been performed on synthesizing polymeric 

precursors using EDTA as chelating agent [21-22] for oxides.  

To date, EDTA-derived ZnO thin films have not been prepared by the polymeric 

precursor method. In this paper, a novel simple modified aqueous polymeric precursor method is 

presented for synthesis of oxide thin films using EDTA as complexing agent. The modified 

precursor process has been implemented to synthesize smooth crack-free ZnO thin films on 
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annealing. The paper further presents in-depth study of the effect of annealing on the properties 

of the ZnO thin films. 

In this paper, nanocrystalline ZnO thin films prepared by a modified Pechini process have 

been studied in-depth. Citric acid in Pechini process has been replaced with EDTA as the 

complexing agent so as to increase the extent of chelation of Zn cations in the solutions. The 

prepared polymeric precursors were spincoated on surface modified substrates and annealed to 

different temperatures. Thermal evolution of the ZnO was studied by thermogravimetric analysis 

(TGA) and infra-red spectroscopy. Structural microstructure of the annealed thin films was 

characterized by XRD, SEM, and AFM. Room temperature photoluminescence (PL) and UV-

transmission measurements were investigated to study the effect of annealing on optical 

properties of ZnO films. 

 

2. Experimental Methods 

2.1. Preparation of polymeric precursors and ZnO films 

All chemicals acquired were of analytic-grade and were used as-received. ZnO polymeric 

precursors were prepared via the modified Pechini process using EDTA as the chelating agent. 

Zinc nitrate, Zn(NO3)2.xH2O (99%, Alfa Aesar), ethylene glycol (EG) (99%, Alfa Aesar), EDTA 

(99%, Acros), ammonium hydroxide, NH4OH (29%, Fisher Scientific Inc.), and nitric acid, 

HNO3 (70%, J. T. Baker) were used for preparing polymeric precursors. Deionized and filtered 

water (resistivity = 18.2MΩ) was used as the solvent in preparing the precursors.  

A flow chart for the preparation of polymeric precursors using EDTA is shown in Fig.1. 

Zn(NO3)2, dissolved in deionized water, was standardized thermogravimetrically to calculate the 

amount of cation content. The amount of EDTA was determined by the molar ratio of EDTA to 
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Zn cations.  2.0 moles of EDTA were dissolved in 50ml of NH4OH to facilitate its dissolution in 

deionized water. To this, 0.1 mole of zinc nitrate, dissolved in deionized and filtered water 

(resistivity = 18.2M), was added to the solution, followed by 0.9 mole of EG. The resulting 

solution, with pH = 9, was then stirred and heated continuously at 80ºC. After heating for an 

hour, 0.1 mole of nitric acid was added drop-wise to the solution. Addition of nitric acid 

promotes polymerization, and hence, enhances the number of chelating sites for Zn cations. 

Although the pH decreased (pH = 7) on adding nitric acid, pH was maintained above 5 to prevent 

irreversible precipitation. The solution was heated constantly at 80ºC as temperatures less than 

80ºC also resulted in a precipitated solution [22]. The solution was heated for approximately 10 

hours while stirring continuously to obtain a clear, precipitate free solution with desired 

viscosity. 

Glass microslides and silicon (2.54cm x 2.54cm) were used as substrates. The substrates 

were thoroughly rinsed ultrasonically in acetone, methanol, and deionized water. These were 

then immersed in 1N potassium hydroxide (KOH, EMD chemical Inc.) solution to modify the 

surface with hydroxyl ions so as to improve wetting characteristics of the substrates. The 

polymeric precursor was spincoated (CEE Model 100CB, Brewer Science, Inc., Rolla, MO) at 

4000 rpm for 30s on the surface modified substrates, followed by curing at 70ºC on a hot plate 

for 1 hour for removal of residual water. The films were then annealed in air furnace at a ramp 

rate of 5ºC/min  and were held for 10 minutes at temperatures of 300ºC, 450ºC, and 600ºC, 

respectively, for the pyrolization of the organic precursors and formation of ZnO. 
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2.2. Characterization of ZnO films  

Thermogravimetric analysis (TGA, Perkin Elmer TGA-7) was used to monitor the 

pyrolysis of organic precursors and formation of the ZnO at a heating rate of 1C/min under 

nitrogen atmosphere. Grazing incidence X-ray diffraction patterns were obtained on a Rigaku 

Ultima III X-ray diffractometer (Rigaku Corp., Tokyo, Japan) using CuK radiation (40 kV and 

44 mA) in the interval of 20º to 70º. The surface morphology of the annealed ZnO thin films was 

characterized by field emission scanning electron microscopy, FESEM, (Nova Nanolab 200, FEI 

Co.) and atomic force microscopy, AFM, (Multi-Mode Nanoscope IIIa, Digital Instruments). 

Annealed ZnO thin films were imaged in tapping mode of AFM using a silicon cantilever with a 

spring constant of 20–80 N/m at a scanning rate of 1 Hz. Surface roughness (root mean square, 

Rrms) was calculated using the software provided with the equipment. Thicknesses of the 

annealed films were determined by focused ion beam (FIB) cross-sections (Nova Nanolab 200, 

FEI Co., Hillsboro, OR).  Changes in the optical transparency of the ZnO films in the visible 

region with annealing were monitored in transmission mode by a variable angle spectroscopic 

ellipsometer (VASE, J.A.Woollam Co. Inc., Lincoln, NE). The optical band-gap energy was 

estimated from optical transmittance and wavelength data, using an extrapolation of the linear 

portion of the plot of square of absorption coefficient (α2) versus the photon energy (hν). Room 

temperature photoluminescence spectra were acquired using a scanning spectrofluorometer 

(Quantamaster QM-4, Photon Technology International) at an excitation wavelength of 320 nm 

using a Xenon lamp as an excitation source. The emission spectra were corrected for the detector 

response. 
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3. Results and discussion 

Figure 2 shows the thermogravimetric analysis (TGA) curve of the synthesized polymeric 

precursors at a heating rate of 1ºC/min. The TGA analysis indicated a major weight loss (30%) 

between 30ºC and 150ºC, which corresponds to the evaporation of absorbed water and 

pyrolization of excess polyethylene glycol (PEG). A plateau is evident from 150ºC to 210ºC, 

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 210ºC and 255ºC. This loss may be due to pyrolization of EG. There is further weight 

loss (15%) up to 450ºC indicating that all of the organic precursors including EDTA have been 

removed [24], giving way to formation of ZnO. Beyond 450ºC, the weight decreases 

progressively upon further heating as the organics still present cannot be removed by oxidation 

in nitrogen atmosphere [25].  

 The ATR-FTIR absorption spectrum of the polymeric precursor prepared using EDTA 

and EG as chelating agents is shown in figure 3. A broad asymmetrical band between 2800 cm-1 

and 3500 cm-1, with few peaks of very weak intensities, is assigned to the presence of the O-H 

stretching mode of hydroxyl group and C-H stretching vibrations of the alkane groups. The 

peaks at 1320 cm-1, 1390 cm-1, 1420 cm-1 and 1590 cm-1 may be attributed to the bending modes 

of the O-H group [26, 27]. The strong, sharp bands at 1390 cm-1 and 1590 cm-1 may be attributed 

to the asymmetric and symmetric stretching modes of carboxylate group [22]. Bonding of metal 

cation to carbonyl group leads to sharp absorption peaks in the region of 1700 to 2200 cm-1 [26]. 

Absence of peaks within this spectral region illustrates that Zn cations are bonded to the 

hydroxyl group. The two strong bands appearing at 1040 cm-1 and 1080 cm-1 arise due to C-O 

stretching modes corresponding to the primary and secondary alcohols. The out-of-plane bending 
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vibrations of C-H give rise to the band in the range of 850 cm-1 to 1000 cm-1. The weak bands 

between 400 cm-1 and 850 cm-1 (fingerprint region) are the vibrations of the metal cations in the 

precursor [28]. FTIR spectra of the spincoated ZnO thin films (figure 4) illustrate the 

decomposition of the organic precursors and formation of the oxide with increase in annealing 

temperature. The characteristic bands of Zn-O vibrations appear at 444 and 457 cm-1 as shown in 

inset [29]. Additional peaks at 607 cm-1, 669 cm-1, and 1100 cm-1 arise due to silicon, which was 

used as substrate in these studies [30].  

XRD spectra were acquired in the grazing incidence mode to determine the crystallite 

size, orientation, and average strain of annealed ZnO thin films deposited on silicon substrates. 

On annealing at 300ºC, diffraction peaks related to ZnO are not observed in the XRD spectrum, 

as shown in Fig. 5a. This observation reconfirms TGA data indicating the presence of organic 

precursors and absence of ZnO at 300ºC. The XRD spectrum of 450ºC-annealed ZnO thin films 

exhibit diffraction peaks which can be indexed to polycrystalline wurtzite ZnO (space group 

P63mc; JCPDS no. 36-1451, Fig. 5b). One of these peaks at 2θ = 51.3º is not a ZnO diffraction 

peak and may be related to carbon. Presence of this peak suggests that the organic precursors are 

not completely pyrolyzed at 450ºC. On annealing at 600ºC (Fig. 5c), the diffraction peak at 2θ = 

51.3º disappears revealing that the thin films synthesized are of pure ZnO. On annealing, the 

intensity of the peaks increased due to improved crystallinity. The full width at half maximum 

(FWHM) of the (002) diffraction peak of the ZnO thin films decreases from 0.51º to 0.43º on 

annealing from 450ºC to 600ºC suggesting grain growth at high temperatures. The crystallite size 

was estimated using Scherrer’s method and was found to be 28.5 nm and 33.7 nm for 450ºC and 

600ºC, respectively. Moreover, there is no shift in the diffraction peak positions as compared to 

bulk ZnO indicating that the thin films are strain free even when annealed at high temperatures. 
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It is also observed that there is texturing in the ZnO films along the (002) plane on annealing 

above 450ºC.  

SEM micrographs of annealed ZnO thin films prepared by spin-coating using EDTA-

derived polymeric precursors are displayed in Fig. 6. Samples annealed at 300ºC show smooth, 

highly porous structure due to the presence of organic precursors (Fig. 6a) confirming that ZnO 

does not form at 300ºC. Mean surface roughness (Rrms) of these films, as determined by AFM, 

was found to be 2.592 nm. Micrographs of ZnO thin films annealed at 450ºC (Fig. 6b) illustrate 

uniformly distributed homogeneous granular structure with an average grain size of 60 – 70 nm 

and surface roughness of 14.07 nm. On annealing at 600ºC (Fig. 6c), ZnO films are dense, mono-

dispersed, homogeneous with spherical morphology, and without cracks. The average grain size 

and surface roughness of these films decreased to 25 – 30 nm and 3.59 nm, respectively. This 

decrease in average grain size contradicts the fact that there is always grain growth on annealing. 

Presence of unpyrolized organic matter at 450°C may be the cause of an increase in average 

grain size and increased roughness of the films. On annealing at 600°C, there is complete 

pyrolysis and formation of pure ZnO.  

The thickness of ZnO thin films annealed at 450ºC and 600ºC was obtained from FIB 

cross-sections. Films annealed at 450ºC and 600ºC were about 25 nm and 130 nm thick, 

respectively. The cross-section of 600ºC film on silicon substrate appears dense with texturing, 

as shown in Fig. 7. 

Fig. 8 shows spectral dependencies of transmission in the wavelength range 260 - 750 nm 

for the annealed ZnO thin films. The film annealed at 300ºC (Fig. 8a) does not show absorption 

edge for the whole range suggesting that formation of ZnO did not take place. ZnO films 

annealed at 450ºC and 600ºC (Fig. 8b and 8c) exhibit an average transmittance of above 85% in 
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the visible region suggesting superior optical quality. The transmission increases sharply in the 

visible region due to onset of fundamental absorption of ZnO. It is observed that on annealing, 

there is a decrease in transmission in the visible region attributed to an increase in optical 

scattering due to rough surface [31-33].  There is a shift in absorption edge with annealing 

attributed to grain growth. 

The optical absorption coefficient, was evaluated from transmission spectra by the 

following 1
d lnTwhere d is the thickness of the film obtained from FIB cross-sections 

and T is the transmittance.The absorption coefficient, varies with photon energy, h, by 

following the relationship

    

where C is a constant and Eg is the optical band gap for allowed direct band transitionFigure 9 

shows the Tauc plot of (h)2 versus photon energy, h of the annealed ZnO films. Linear 

dependence of (h)2 versus h at higher energy indicates that the annealed ZnO films are direct 

band semiconductors. The optical band gap values were determined by extrapolating the linear 

portion of the Tauc plots to intersect the energy axis. The optical band gap of the films decreased 

from 3.298 eV to 3.194 eV on annealing from 450ºC to 600ºC. This band gap narrowing is due 

to improved crystallinity and grain growth usually observed in direct band transition 

semiconductors [32].  

Room temperature PL emission spectra of annealed ZnO thin films in the range of 350 – 

550 nm for different annealing temperatures are shown in Fig. 10. The emission spectra were 

collected using a Xenon lamp under photon excitation of 320 nm. ZnO film annealed at 300ºC 

did not show any UV emission due to absence of ZnO and hence, reconfirming the XRD and 
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SEM data. PL spectra of 450ºC and 600ºC-annealed films show near UV emission peak 

attributed to free - exciton recombination near band edge [31, 34]. No peak was observed in the 

visible region, which is attributed to the presence of structural defects. There is no significant 

change in intensity of near UV emission peak on annealing. The UV emission peak has 

considerably red - shifted on annealing from 380.4nm at 450ºC to 384.7nm at 600ºC.  

The refractive index, n and the extinction coefficient, k of the annealed ZnO films were 

calculated from the transmittance data [35]. Figure 11 shows the variation of refractive index with 

wavelength in the range of 380 – 800 nm. The refractive index decreased with increase in 

wavelength in the visible region. Moreover, the refractive index increased from 1.67 to 1.93 at 

380 nm on annealing from 450ºC to 600ºC which is slightly lower than n = 2 for bulk ZnO. The 

extinction coefficient, k, is related to the absorption coefficient, , by   4⁄   where  is the 

wavelength. Change in the extinction coefficient with wavelength is shown on Fig. 12. It is 

observed that the extinction coefficient decreased with rise in annealing temperatures suggesting 

improved stoichiometry of the ZnO films. For 450ºC-annealed films, there is a steep decline in 

the extinction coefficient near the absorption edge as compared to the 600ºC-annealed films.  

 The refractive index depends on the relative density of the thin films. The relative density 

was calculated using the Lorentz-Lorenz equation for ZnO films [36, 37]: 

Relative density  %    x 100%                                                                (2) 

where n and nb are the refractive indices of the film and the bulk ZnO (2.0), respectively [38]. 

The relative densities of the annealed ZnO thin films increased on annealing; from 75% at 450ºC 

to 95% at 600ºC at 385 nm. The densities of the annealed ZnO films also decreased with increase 

in wavelength.  
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ZnO thin films have been fabricated via modified polymeric precursor process using 

EDTA and EG as chelating agents. EDTA is chosen as chelating agent to study its strong 

chelating power to chelate Zn cations. It is observed that the molar ratios of the reactants 

determine the microstructure of ceramic films synthesized via polymeric precursor process [37]. 

When the ratio of EDTA/EG was greater than 2, the spincoated films appeared continuous but 

they cracked on annealing. Since the spincoated films have to be pyrolysed, the amount of 

organics has to be minimized to prevent cracking in the films [21]. For a lower ratio, there is a 

possibility that the Zn cations may not get chelated. Therefore, the ratio of EDTA/ EG was 

chosen to be around 2 as it produced continuous, dense, crack-free ZnO thin films. 

EDTA has been chosen as complexing agent as it provides six chelating bonds. ZnO thin 

films have been synthesized using other complexing agents such as citric acid, glycerol, and EG 

[20, 37, 39].  It is found that ZnO films have hexagonal flower-like morphology instead of 

continuous thin films when derived from EG-based polymeric precursors [39]. Glycerol and 

citric acid derived ZnO thin films have a smooth microstructure but EDTA-derived ZnO films 

have smaller crystallite sizes comparable to glycerol and citric acid complexing agents. The 

advantage of using EDTA in place of citric acid or glycerol is that it provides better chelating 

power and the grain size is small even when annealed at 600ºC. These films are better suited for 

high temperature applications as the effect of sintering on grain growth is quite slow.  

 

4. Conclusions 

High quality nanocrystalline ZnO thin films have been synthesized by a novel modified 

polymeric precursor method using EDTA as chelating agent. ZnO thin films have not been 

synthesized by this modified method until now. Results show that ZnO is formed when annealed 
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at temperatures higher than 300C. Polycrystalline wurtzite ZnO thin films are formed, which is 

supported by TGA, XRD, and SEM data. The ZnO films are smooth, stress free, without cracks, 

dense, and have 85% transmittance in the visible region. The effect of annealing on these ZnO 

films was also studied. TGA and XRD results indicate that all organics get pyrolysed only on 

annealing at 600C. ZnO thin films, annealed at 600C, show texturing along the (002) plane 

with increase in annealing temperature. SEM micrographs reveal that the grain size decreases 

with increase in annealing temperatures, which is due to the presence of unpyrolized organic 

matter. Transmittance spectra illustrate that the annealed ZnO films are highly transparent in the 

visible region and have a band edge at about 375 nm. There is a decrease in optical band gap 

energy with increase in annealing temperature due to grain growth. The films exhibit strong PL 

emission in the near UV region suggesting high quality of the films.  
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Figure Captions 

Figure 1: Flow-chart of procedure for the preparation of EDTA-derived polymeric precursor and 

the ZnO thin films. 

Figure 2: TGA curve (heating rate = 2ºC/min) of ZnO polymeric precursor prepared using 

ethylene glycol and EDTA as chelating agents. 

Figure 3: ATR spectra of polymeric precursor prepared using EDTA and ethylene glycol as 

chelating agents. 

Figure 4: FTIR spectra of annealed ZnO thin films synthesized from polymeric precursor, 

prepared using EDTA and ethylene glycol as chelating agents. Inset shows the vibrations 

characteristic to ZnO at different annealing temperatures. 

Figure 5: XRD spectra of polymeric precursor based ZnO thin films annealed at: (a) 300°C, (b) 

450°C, and (c) 600°C. 

Figure 6: SEM micrographs of the ZnO thin films synthesized using EDTA based polymeric 

precursor and annealed at: (a) 300°C, (b) 450°C, and (c) 600°C. 

Figure 7: Micrograph of FIB cross-section of ZnO thin films on silicon substrate annealed at 

600°C. The image shows that the ZnO films are 130nm thick and textured. 

Figure 8: Optical transmittance spectra of EDTA-derived ZnO thin films annealed at (a) 300°C, 

(b) 450°C, and (c) 600°C. 

Figure 9: Tauc plots of annealed polymeric precursor derived ZnO thin films. The band gap 

decreased from 3.316 eV to 3.194 eV with increase in annealing temperature from 450°C to 

600°C. 

Figure 10: Room temperature photoluminescence of ZnO thin films prepared from EDTA 

polymeric precursors and annealed at (a) 300°C, (b) 450°C, and (b) 600°C. 
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Figure 11: Variation of refractive index of EDTA-derived ZnO thin films with increase in 

annealing temperature. 

Figure 12: Extinction coefficient of EDTA-derived annealed ZnO thin films as a function of 

wavelength. 
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Fig. 1: Flow-chart of procedure for the preparation of EDTA-derived polymeric precursor 

and the ZnO thin films. 
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Fig. 2: TGA curve (heating rate = 2ºC/min) of ZnO polymeric precursor prepared using 

ethylene glycol and EDTA as chelating agents. 
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Fig. 3: ATR spectra of polymeric precursor prepared using EDTA and ethylene glycol as 

chelating agents. 
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Fig. 4: FTIR spectra of annealed ZnO thin films synthesized from polymeric precursor, 

prepared using EDTA and ethylene glycol as chelating agents. Inset shows the vibrations 

characteristic to ZnO at different annealing temperatures. 
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Fig. 5: XRD spectra of polymeric precursor based ZnO thin films annealed at: (a) 300°C, 

(b) 450°C, and (c) 600°C. 
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(a) 

 

(b) 

 

(c) 

Fig. 6: SEM micrographs of the ZnO thin films synthesized using EDTA based polymeric 

precursor and annealed at: (a) 300°C, (b) 450°C, and (c) 600°C. 
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Fig. 7: Micrograph of FIB cross-section of ZnO thin films on silicon substrate annealed at 

600°C. The image shows that the ZnO films are 130nm thick and textured. 
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Fig. 8: Optical transmittance spectra of EDTA-derived ZnO thin films annealed at (a) 

300°C, (b) 450°C, and (c) 600°C. 
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Fig. 9: Tauc plots of annealed polymeric precursor derived ZnO thin films. The band gap 

decreased from 3.298 eV to 3.194 eV with increase in annealing temperature from 450°C 

to 600°C. 
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Fig. 10: Room temperature photoluminescence of ZnO thin films prepared from EDTA 

polymeric precursors and annealed at (a) 300°C, (b) 450°C, and (b) 600°C. 
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Fig. 11: Variation of refractive index of EDTA-derived ZnO thin films with increase in 

annealing temperature. 
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Fig. 12: Extinction coefficient of EDTA-derived annealed ZnO thin films as a function of 

wavelength. 

 

 

 


