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Abstract 

Research and development of nano-sized Zinc Oxide (ZnO) has recently received great 

attention due to its remarkable properties such as large exciton binding energy of 60 meV, 

extraordinary photosensitivity, nontoxic nature, wide bandgap and the fact that it is a low cost 

material with many technological applications. The inherent necessity for stoichiometric ZnO 

nanostructures suggest that a deposition method where the film stoichiometry is controlled by 

a chemical reaction is un-avoidable. Moreover, it is extremely important, when developing 

new methods for deposition of ZnO nanostructures to keep the deposition system as simple as 

possible, maximize throughput, and keep costs at a minimum. Modified aqueous chemical 

growth method offer such an opportunity. In this work, ZnO nano-petals on microscope glass 

substrates have been prepared by using a modified aqueous chemical growth method. On the 

other hand, before utilization of the fabricated ZnO nanostructures by any technique for any 

technological applications, it is essential to investigate morphological, optical, electrical and 

structural properties. In this work morphological, optical, electrical and structural properties 

with respect to change in deposition time have been cross examined using FESEM, UV-Vis 

spectroscopy, I-V properties by Keithley system and XRD respectively. SEM micrographs 

have revealed very little changes in the shape, orientations and distribution of ZnO nano-

petals formed with change in deposition times. SEM micrographs have also revealed the 

growth pattern for the prepared ZnO nano-petals which proceeds via a nucleation, and 

coalescence of ZnO nuclei. XRD analysis have revealed that the synthesized ZnO nano-petals 

have a hexagonal Wurtzite ZnO structure with peaks at 2θ positions 31.7°, 34.4°, 36.2°, 

47.4°, 56.5°and 62.7° belonging to the (100), (002), (101), (102), (110) and (103) planes 

respectively. UV-Vis spectroscopy has in the same way shown that the synthesized ZnO 

nano-petals have energy band gaps ranging from 3.46 eV to 3.65 eV. I-V measurements have 

disclosed that the ZnO nano-petals are conductive. Film resistivity values obtained from the 

I-V curves showed an exponential increase in resistivity with increased film thickness. Our 

method of preparation of ZnO nano-petals via a chemical assisted route can serve as 

benchmark for controlled synthesis of ZnO nanostructures for various technological 

applications.  
 
Author to whom corresponding should be addressed (F.I. Ezema):  
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1. Introduction 

ZnO is a group II–VI semiconductor material with characteristic optical, transport and 

piezoelectric properties [1]. It has a wurtzite structure and a wide band-gap of about 3.4 eV, 

which makes it suitable for optoelectronic applications at short wavelengths [2–4]. It also has 

a high exciton binding energy of 60 mV at room temperature which has been reported to 

yield good excitonic emission at ultraviolet spectrum in disordered nanoparticles [5]. Because 

of its high optical transparency in the visible and excellent electrical properties, especially 

when doped by aluminium [3], thin films of ZnO and ZnO-based materials have received 

enormous research attention in applications ranging from electrodes for solar cells and 

optoelectronic devices; to sensors and piezoelectric transducers, among other applications [1-

10]. They are widely studied as alternative transparent conducting oxide (TCO) to mitigate 

the high cost of indium tin oxide (ITO) caused by the scarcity of indium. These studies have 

also produced large spectrum of ZnO nano-assemblies with different morphologies, including 

nanowires [6], nanorods [7], nanopillars [8], nanorings [9], nanospikes [10], nanoflakes [11], 

nanoflowers [12], and nanopencils [13].  

With the progress made so far on arrays of different ZnO nano-assemblies that can be 

fabricated, the necessity to utilize high quality ZnO nanostructures in devices suggest that a 

deposition method where the film quality is controlled by a chemical reaction is un-

avoidable. Moreover, it is an inherent requirement, when developing new methods for 

deposition of ZnO nanostructures to keep the deposition system as simple as possible, 

maximize throughput and keep costs at a minimum. To date, these requirements have not 

been satisfactorily met as most reported quality ZnO nanostructures requires high cost and 

complex deposition systems/methods such as RF magnetron sputtering, photo-atomic layer 

deposition, chemical vapour deposition [15], ultrasonic pyrolysis [16] and thermal 

evaporation  [14-19]. Indeed, aqueous chemical growth method offers an alternative platform 

and the prospect of a deposition process at low cost and moderate temperatures. The method 

has the advantage of non-toxicity, reproducibility and suitability for deposition on a variety of 

substrates  [20-21]. More intriguing is the prospect of good control of sample morphology 

despite the fact that controlling thin film morphology of inorganic materials is a demanding 

experimental challenge [22]. In the case of chemical growth method, the morphology of ZnO 

thin films can be tuned by utilizing such experimental factors as concentration [23], pH of 
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precursor [24], type of substrate used [25], deposition temperature and deposition time [26, 

27]. 

Herein, we investigate the effects of deposition time on the properties of ZnO 

nanostructural thin films fabricated using a modified aqueous chemical growth method. A 

decisive advantage of varying the deposition time is that it directly controls the film 

thickness, and consequently the properties of the samples. For instance, crystallite size and 

orientation can be tuned on the basis of the films thickness and by extension the grain 

boundary and porosity of such thin films. Our deposition method utilizes ZnO seed layer 

fabricated at an optimized time of 10 seconds in a dilute solution of zinc acetate to create 

nuclei on which ZnO crystals can grow in solution. We show that our method preserves the 

flower-like structure and the orientations of the needle-like crystals emanating from a single 

‘flower’ of ZnO nanostructured thin films fabricated at four different deposition times of 15, 

20, 25 and 30 minutes respectively. A comprehensive results and discussion on the 

morphological, optical, electrical and structural properties of these samples will be presented. 

 

2. Experimental details 

Reproducible ZnO nanostructures have been prepared via a two stage process: step (I) 

through a wet chemical process that involves the formation of thin layer of ZnO nano-seeds 

on the surface of a microscope glass slide and second step (II) for the growth of ordered ZnO 

nanostructures by refluxing the ZnO nano-seeds at different times. In a typical synthesis 

route, non-conductive microscope glass slides were ultrasonically cleaned in acetone and 

methanol and subsequently dried in air prior to use. As shown in Fig.1, 0.3 M Zinc acetate 

(Zn(CH3COO)2.2H2O) precursor solution was prepared by dissolving 50 ml of ethanol in 

‘beaker A’. 1.097 g of diethanolamine (HN(CH2CH2OH)2, DEA) was dissolved in 100 ml of 

ethanol in ‘beaker B’. The content of the two beakers were then poured simultaneously to 

another beaker and ultrasonically mixed prior to thin film deposition. To form ZnO seed 

layer, glass substrates were dipped in the precursor solutions for 10 seconds and allowed to 

dry in air at room temperature for 24 hrs. The coated substrates were annealed at 350 °C for 5 

minutes to form uniform seed layer on the glass slides.  

Figure 1 also presents the refluxing apparatus used in preparation of ZnO 

nanostructures. A sample holder was fabricated out of glass block for accurate and 

reproducible positioning of the substrates during all the depositions. One end of the holder is 

a cylindrical block that fits and seal the neck of the conical flask, whereas the opposite end of 

the holder is rectangular in shape, engineered at the centre to allow 5 mm wide glass to be 
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fastened and held in position during thin film depositions. The precursor was maintained at a 

predetermined temperature using the refluxing set up shown here in Figure 1. In this way, the 

thin film depositions were uniquely maintained at predetermined conditions.  

To deposit nanostructured ZnO thin films, the substrate/ZnO seed layer was inserted in 

the conical flask containing 200 ml solution of 0.05 M zinc acetate and 0.05 M 

hexamethylenetetramine (HMTA), with the heating mantle maintained at a steady 

temperature of 85 oC. Four samples of a hierarchical based ZnO thin films were allowed to 

grow in a sequence of nucleation, coalescence and cluster growth for different time durations 

of 15, 20, 25 and 30 minutes respectively. This method of deposition of zinc oxide thin film 

in an aqueous solution is based on controlled precipitation on the substrate via condensation 

reaction of zinc ion. The as-grown films were rinsed in distilled water to remove the loose 

and residual part of the deposited material and subsequently allowed to dry in air at room 

temperature. 

 

Figure 1: Schematic demonstration of synthesis steps of ZnO thin films studied in this work.  

At an optimized short dip time of 10 seconds in a dilute solution of zinc acetate and 

subsequent high temperature thermal annealing for 5 minutes, nano-sized seed layer of ZnO 

is grown on a microscope glass slide. In the second step, the refluxing apparatus equipped 

with home-made substrate holder is used to grow hierarchical, flower-like structured ZnO at 

four different deposition times of 15, 20, 25 and 30 minutes. The substrate holder ensures that 

the substrate/ZnO seeds are retained in the same upright position throughout the deposition 

time. 
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The morphology of the ZnO nanostructures was cross examined using a LEO (Zeiss) 

1540 field scanning electron microscope FESEM. Witec Alpha300S atomic force microscopy 

was used to study the thickness of our ZnO nanostructural thin films. To obtain the thickness, 

artificial steps were created on the sample surface with soft probes that were known not to 

scratch the substrate. A 10 m by 10 m AFM scan was subsequently carried out on the 

sample-substrate interface. The line profile of the step at the interface was then used to 

determine the thickness of the samples. The crystalline structure and identification of phases 

were studied using XRD technique. The optical properties were investigated using CARY 5E 

UV-Vis-NIR spectrophotometer. The vibrational modes were observed using the Raman 

Spectroscopy technique.  

The current-voltage (I-V) characteristics of ZnO thin films were obtained using a 

Keithley 2400 source meter operated in the range of ±3 V. The set-up for measuring the I-V 

characteristics of the films at different thicknesses is shown in Fig. 2. Aluminum contacts of 

length L, in which two adjacent stripes are separated by a gap w, were used as contact for 

applied voltage, Va. In this configuration, the in-plane surface conductivity is expected to 

play a dominate role over the bulk electrical conduction, which is generally observed in 

sandwich configuration. 

 

Figure 2: The configuration for measuring the I-V characteristics of ZnO thin films of 

different thicknesses in which Va is the applied voltage to drive current through the ZnO 

sample of thickness, t. The configuration includes thermally evaporated Al contact of uniform 

length, L and separation, w. 

   

 

3. Results and discussion 

3.1. SEM analysis  

SEM studies were conducted to examine the effect of deposition time on the surface 

morphology of ZnO nanostructures prepared by a modified aqueous chemical growth 

method. The SEM images presented in Fig. 3 show sparsely distributed flower-like structures 
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with bud-like nanopetals that grow from the centre of each ‘nanoflowers’. These ZnO 

nanoflowers are formed even at 15 min. deposition time and grow in size and length with 

time, as expected. The length of the nanopetal estimated from the SEM micrograms shows a 

growth rate of 4 nm/min. from the centre of the nanoflower. Their values are 20 nm, 30 nm, 

45 nm and 80 nm at deposition time of 15, 20, 25 and 30 minutes respectively. While the size 

and density of the ZnO nanoflower/nanocluster grows as the deposition time increases, the 

shape, orientations and distribution of the nanostructures remain essentially the same even at 

highest deposition time of 30 minutes. The homogeneity in shape and consistent 

nanostructure of the samples even at double of the initial deposition time can be attributed to 

the presence of the seed layer which acts as the building block for the growth of these 

nanostructures. The significant of maintaining a consistent deposition conditions, including 

temperature of the aqueous solution, substrate position and pH of the solution bath cannot be 

ruled out. Changing these deposition conditions can potentially alter the morphology of 

chemically fabricated nanostructured thin films [28–30]. 

 

Figure 3: FESEM images of nanosctructured ZnO thin films deposited at different refluxing 

times of (a) 15 mins, (b) 20 mins, (c) 25 mins and (d) 30 mins The images were acquired at 

12.5 K. Included on the left is 50 K magnified images of (a) and (c) for clarity. Irrespective of 

dip time, the images indicate similar growth pattern of nucleation, coalescence and 

subsequent growth of individual clusters.  
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The magnified images of Fig. 3(a) and 3(b) have revealed the ideal growth pattern of 

these ZnO nanoflowers prepared by our method. The growth pattern proceeds via nucleation 

and growth from existing ZnO nanoseeds. ZnO seeds serve as the initial nuclei on which 

impinging Zn and O/OH ions nucleate in controlled manner via condensation reactions 

reminiscent of  assisted chemical reactions [23,28,31–32]. The actual nucleation and growth 

of the sample from these precipitates follows exactly the Volmer-Weber growth mode [33]. 

The growth of the initial island of ZnO is favoured because the atoms and ions in the 

condensation share stronger bonds with each other than with the substrate. The fabrication of 

ZnO island seed on glass substrate were activated by high temperature annealing at 350 oC. 

Once the seed layer is fabricated, they become the rallying point for nucleation and growth by 

Volmer-Weber growth mode as depicted in Fig. 4. The evolution of ZnO nanoflower begins 

as soon as ZnO precipitates are formed under refluxing conditions described earlier in Fig. 1. 

The precipitates stick and nucleate on the ZnO seed and grow in different directions, away 

from the central seed to form flower-like structures. Coalesces of latter nuclei can also occur 

and is primarily responsible for increase in density of the nanoflowers and surface area 

coverage observed in the SEM image after deposition at 25 mins. This can also lead to rapid 

increase of thickness of the sample as we show in the following section. 

 

 

Figure 4: Heterogeneous growth of ZnO on glass substrate described by Volmer-Weber 

growth mode. 

 

The fact that impinging atoms tend to nucleate on existing ZnO seeds more than the 

glass substrate can be a consequence of the interfacial free energy and possible lattice 

mismatch between the substrate and the condensation species. The Young-Dupre equations is 

a useful tool to describe accurately the relationship between the surface energies in most 

heterogeneous thin films growth [34,35]: 
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)( CosFVFLSV            (1)  

In this equation,   is the surface energy, SV is substrate-vapour, FL is film-liquid and FV is 

the film-vapour, and   is the contact angle. These surface energies play significant role in 

determining how ZnO precipitates grow on the substrate surface. When the substrate surface 

energy is sufficiently high, the substrate tends to provide a good adhesive ‘wet out’ on which 

rapid and uniform surface coverage of the growing species can be achieved. If, on the other 

hand, FL  is comparatively higher, then ZnO seeds serve as the building block for the 

formation of final product. Hence, nucleation and island/cluster growth is favoured at the 

opposite of planar growth when the film-liquid interfacial energy, FL  and film-vapour 

surface energy, FV are high enough to satisfy the following inequality: 

FVFSSV              (2) 

It is well known [36–41] that the contact angle of reported ZnO nanostructures are 

always greater than zero, which satisfies eq. (2) above. Although wettability study was not 

carried out in the present work, visual inspection of SEM images in Fig. 3 clearly shows that 

the deposited ZnO nanostructures are inclined to the substrate in conformity to eqs. (1) and 

(2). The SEM images also indicate that the unique advantage of the modified aqueous 

chemical growth method adopted in the present work is that the morphological evolution at 

different deposition time preserves the structure and orientation of the deposited ZnO 

samples. This can serve as a benchmark for synthesis of a variety of nanostructured thin films 

and study of their properties that are generally morphology dependent. 

 

3.2  Atomic Force Microscopy (AFM) 

 The AFM morphological images, roughness and the thickness were determined on 

each sample using a Witec Alpha300S atomic force microscope (AFM) operating in tapping 

mode. Fig 5(a-d) shows the 3-dimensional AFM images obtained at different deposition 

times. The results indicate that variation in deposition time had a significant effect on the 

density of the ZnO nanostructures, in conformity with SEM micrograph. The z-scale of the 

AFM topographic images shows an out-of-plane growth favoured at higher deposition times. 

The estimated length of the ZnO nanoclusters from AFM images are 89 nm, 112 nm, 186 nm 

and 258 nm for the samples deposited at 15, 20, 25 and 30 minutes, respectively. These 

values are for the entire length of nanoclusters, which are different from the values of single 

ZnO nanopetals obtained previously from the SEM micrographs. 

 Fig. 5(e) shows that the thickness of the ZnO nanoclusters increases as the depositions 

time in conformity to the observed z-scale values. The result also shows rapid increase in the 
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thickness after 25 min of ZnO deposition. The root mean square (RMS) roughness is highest 

in the sample deposited after 20 min. and decreases to a minimum after 30 min. deposition 

time (Fig. 5f). From the AFM and SEM images, it can be inferred that 20 min. represents the 

optimum depositions time for complete formation of ZnO nanoflower from existing seed 

layers. Above the 20 min. mark, the nanoclusters grow very rapidly both in size and height 

from the impinging Zn2+ and OH-‒ species in solution. This is responsible for the rapid 

increase in the cluster thickness observed in Fig. 5e and decrease in the sample roughness 

shown in panel (f).   

 

Figure 5: Three dimensional AFM topographic images of ZnO thin films deposited at (a) 15 

mins. (b) 20 mins. (c) 25 mins. and (d) 30 mins. (e) Thickness of ZnO thin films versus the 

deposition time and (f) Variation of the RMS roughness with the deposition time. 
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3.3  X-ray Diffraction (XRD) 

Figure 6 presents the XRD diffractograms of the ZnO nano-petals prepared by a 

modified aqueous chemical growth method. Figure 6, has revealed diffraction peaks at 31.7°, 

34.4°, 36.2°, 47.4°, 56.5°and 62.7° respectively belonging to the (100), (002), (101), (102), 

(110) and (103) planes with (002) being the most prominent. All of these peaks exhibit the 

characteristic peaks of hexagonal Wurtzite structure as evidenced by JCPDS data to be 

zincite 01-070-2551 phase). The intensity along the (002) plane increased as the deposition 

time increased which indicates that large amount of bulk of crystallites are oriented along 

(002) plane.  

 

Figure 6: XRD patterns of nanostructured ZnO thin films deposited at different time intervals 

of 15, 20, 25 and 30 minutes. The diffraction peaks decrease in intensity as the deposition 

time. 

 

Table 1 and Table 2 show the values of different parameters calculated from the XRD 

diffraction plots. The average crystallite sizes (D) were obtained from the diffraction line 

broadening using Scherrer’s formula [42]. 





Cos
D

9.0


 ,          (3) 

where D is the grain diameter, β is the full width at half maximum (FWHM) (in radians), λ is 

the wavelength of the monochromatic light used (1.54178Å) and θ is the Bragg’s angle. The 

average sizes of the ZnO nanocrystals obtained increased with an increase in film thickness. 

The lattice strain, ε, which is as a result of distortion and inhomogeneity was calculated using 

the equation (2) [43]. 




tan4
            (4) 
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The interplanar distance at the 002 plane, d, which is the vertical spacing between 

parallel atomic planes in a crystal was calculated using equation (5) [44]. An increase in the 

film thickness from 72 nm to 121 nm showed a minute change in interplanar distance from 

0.2602 nm to 0.2600 nm. Thereafter, the interplanar distance remains constant. 




sin2
d            (5) 

The lattice constants a and c were calculated using equations (6) and (7) respectively [45]. 




sin3
a           (6) 




sin
c            (7) 

The strain towards the a-axis (εa) and c-axis (εc) were calculated using equations (8) and (9) 

respectively [46]. 

bulk

bulk

a
a

aa )( 
           (8) 

bulk

bulk

c
c

cc )( 
             (9) 

Where abulk (0.324 nm) and cbulk (0.52 nm) are the lattice constants of unstrained ZnO. The 

low values of εa and εc in Table 1, indicate that there is little strain on the deposited ZnO films 

compared to that of bulk unstrained ZnO films. 

 

Table 1: Lattice parameters of ZnO at different deposition times 

Time, t 

(mins) 

Thickness 

(nm) 

FWHM 

 

D 

 (nm) 

ε d 

(nm) 

a 

(nm) 

c 

(nm) 

εa εc 

15 72 0.2093 41.59 0.002591 0.2602 0.3248 0.52042 0.002813 0.0008022 

20 121 0.2073 42.10 0.003046 0.2600 0.3251 0.52004 0.003072 0.0000698 

25 240 0.2068 42.20 0.003475 0.2600 0.3246 0.52004 0.002554 0.0000698 

30 464 0.1628 53.45 0.003997 0.2600 0.3243 0.52004 0.002296 0.0000698 

 

The Zn-O bond length was calculated using equations (10) and (11) [47] 
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L                    (10) 
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c
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u                     (11) 

Where u is a positional parameter for Wurtzite structures. 

The values of the bond length ranged from 0.197420 nm to 0.197743 nm which is 

remarkably close to the ideal value for bulk zinc (1.9767 nm) [48]. This also indicates very 
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little compressive strain of the deposited films. The positional parameter values were slightly 

greater than the ideal Wurtzite phase of hexagonal ZnO which is 0.375 [46]. 

The bond angles α and β were obtained using equation (12) and (13) respectively [46]. 
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The calculated bond angles α ranging from 108.354⁰ to 108.484⁰ is only slightly lower than 

that of the ideal value while β ranging from 110.423⁰ to 110.548⁰ is only slightly greater that 

the ideal bond angle value given as 109.47⁰. 

 

Table 2: Positional parameter, bond length, bond angles α and β, c/a ratio 

Time, t 

(mins) 

u L 

(nm) 

α  

(deg) 

β 

(deg) 

c/a 

15 0.379850 0.197681 108.437 110.468 1.6022 

20 0.380248 0.197743 108.354 110.548 1.5998 

25 0.379833 0.197527 108.441 110.464 1.6023 

30 0.379626 0.197420 108.484 110.423 1.6035 

 

 

3.4 Optical Properties 

 Figure 7 (a-d) shows the transmittance, absorbance and reflectance curves respectively 

for ZnO nanoflowers obtained at different deposition times. An increase in deposition time 

showed a decrease in the transmittance in shown 7(a). A sharp increase in the transmittance is 

noticed at the visible light region and is found to be consistent with ZnO thin films obtained 

in ref. 28. The average transmittance in the visible spectrum was obtained to be 69%, 61%, 

47% and 41% for 15, 20, 25 and 30 mins deposition times respectively. The absorbance, A 

(panel b) and reflectance, R (panel c) data were obtained using equations (14) and (15) 

respectively.  

T
A

1
log                      (14) 

)(1 ATR                      (15) 
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where T is the transmittance. The absorbance curve in 7(b) shows a sharp decrease in the 

visible light spectrum with the lowest absorption being from the sample obtained at 15 mins 

deposition time. The reflectance curve on the other hand showed a fluctuation between 300 

and 400 nm wavelengths before maintaining a near constant value at the visible light region. 

This is also consistent with ZnO reflectance curve reported in the literature [49]. 

 

Figure 7: Normal incidence (a) transmittance (b) absorbance and (c) reflectance spectra of 

nanostructured ZnO thin films at different deposition times. 

 

The absorption coefficient was obtained using equation (16) [50]: 

 












 


T

R

d

2
1

ln
1

                     (16) 

where α is the absorption coefficient and d is the film thickness. The absorption and 

extinction coefficient curves are shown in figure 8(a-b). A sharp decrease occurred in the 

absorption coefficient around the absorption edge. The average absorption coefficient was 

calculated to range from 6.66 – 12.88 x 105 cm-1 in the visible light spectrum. The trend of the 

extinction coefficient k with respect to the wavelength shown in Fig. 8(b) agrees with the 

behaviour of the absorption coefficient since α is the main factor in the calculation of k.   
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Figure 8: (a) Absorption coefficient and (b) extinction coefficient of nanostructured ZnO thin 

films at different deposition times. 

The bandgap curves are shown in Figure 9(a-d). The bandgap values obtained ranged 

from 3.46 eV to 3.65eV.  The result shows that the band gap energy decreased with the time 

of deposition from 15 to 25 mins. and reverts to a high value at 30 mins. While the cause of 

this swift shift of trend is not certain, it could be as a result of the relatively higher value of 

lattice strain observed in the sample deposited at 30 minutes. Although the lattice spacing 

reported previously on Table 1 remained constant, distortion due to increased strain can 

produce defect sites with trapped carriers in the grain boundary which can increase the optical 

band gap.  

 

 

Figure 9: Plots of (h) squared versus photon energy, h to determine the band gap energy 

of nanostructured ZnO thin films deposited at different times. The band gap energies, Eg of 

each of the samples is indicated in the plot. 

 

Near the band edge, the absorption coefficient is exponentially dependent on the 

photon energy and this relationship is given by the Urbach’s empirical formula given in 

equation (17) [51]. 

uE

h
 exp0                     (17) 
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Where hν is the photon energy in eV, α0 is a constant and Eu is the Urbach energy which 

corresponds to the width of the exponential tail. This Urbach tail’s energy is obtained as the 

inverse of the slope of the linear part of the plot of ln α with respect to the photon energy as 

shown in Figure 10. The Urbach energies of 0.119 eV, 0.153 eV, 0.182 eV and 0.193 eV 

were obtained for 15, 20, 25 and 30 mins deposition times respectively. This Urbach energy  

increase is attributed to the increase in the disorderliness of the film [52].  

 

Figure 10: Plot of ln α versus photon energy, h to obtain the Urbach Energies of 

nanostructured ZnO thin films at different deposition times. 

The refractive index was obtained using equation (18) [50] 

 
2

2
1

4

1

1
k

R

R

R

R
n 














         (18) 

where k, the extinction coefficient.  

As expected, an increase in deposition time increased the refractive index of the film 

as shown in Figure 11. However, at between 25 and 30 mins deposition time, the refractive 

index maintained an average value of 2.63 eV. 
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Figure 11: Plot of refractive index as a function of the wavelength of nanostructured ZnO thin 

films deposited at different times. 

The real and imaginary dielectric constants ε1 and ε2 of ZnO were obtained using the 

following relations: ε1 = n2 – k2 and ε2 = 2nk. Figure 12 (a) and (b) shows the plots of the real 

and imaginary dielectric constants with respect to wavelength, respectively. ε1 can be 

expressed in correlation with the free carrier contribution given by equation (19) [53] 

2

*

0

22

2

1
4




 












 

mc

Ne
                (19) 

where, ε∞is the high frequency dielectric constant, e is the elementary charge, c is the speed 

of light, ε0 is the vacuum permittivity, N is the free carrier concentration and m* is the 

effective mass. Figure 12(c) shows the change in ε1 with respect to λ2. The high frequency 

dielectric constant, ε∞ was obtained as the vertical intercept of the straight line obtained in the 

graph. 
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Figure 12: Plots of (a) Real dielectric constant and (b) Imaginary dielectric constant of 

nanostructured ZnO thin films as a function of wavelength. (c) Real dielectric constant as a 

function of λ2 

 

Table 3 shows a summary of the optical parameter obtained in this study. Note that the values 

of T, A, R, α, n and k are the respective average values in the visible light spectrum (400 to 

700 nm). 

 

Table 3: Summary of the optical properties of ZnO obtained at different deposition times. 

Deposition 

time 

(mins) 

T 

(%) 

A  

(%) 

R 

(%) 

Eg 

(eV) 

α 

(x105) 

(cm-1) 

Eu 

(eV) 

n k  

(x10-2) 

 

ε1 ε2 ε∞ 

15 69 16 15 3.58 6.67 0.119 2.25 2.94 5.07 0.132 4.93 

20 61 22 17 3.50 9.23 0.153 2.44 4.05 5.98 0.198 5.78 

25 47 33 20 3.46 12.88 0.182 2.63 5.69 6.93 0.299 6.90 

30 41 39 20 3.65 9.45 0.193 2.63 4.16 6.95 0.219 7.00 
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3.5 Raman Spectroscopy 

Theoretically, ZnO has a Wurtzite structure, which fits to the space group C_6v^4, 

with two formula units per primitive cell where the entire atoms occupy the 2b sites of the 

symmetry C_3v [54–56]. For a perfect ZnO crystal, only the optical phonons at Γ point group 

of the Brillouin zone are included in the first order Raman scattering [56]. Zone center optical 

phonons envisages the existence of the resulting modes: Γopt = A_1+2B_1+E_1+2E_2 [57]. 

The, A_1 and E_1 modes are polar. The polar modes are split further into transverse optical 

(A_1 TO and E_1TO) and longitudinal optical (A_1TO and E_1TO) components. E_2.mode 

consists of two modes of low and high of frequency phonons (E_2 low and E_2 high). The 

E_2 low is related with the vibration of heavy Zn sub lattice, whereas the E_2 high mode is 

related with vibration of oxygen atoms only. 

The phonon frequencies detected in the Raman spectra shown in Figure 13 are: 

334 cm− 1 (E2(high)-E2(low)), 435 cm− 1(E2(high)), 578 cm− 1 (A1(LO)) and 1092cm-1 

(2(LO)). This observations confirms the as  prepared ZnO nano-petal have a hexagonal 

Wurtzite structure [58]. These observations are in mutual agreement with XRD analysis that 

revealed the prepared samples have a Wurtzite crystalline structure. Our Raman analysis has 

equally shown that there is a decrease in peak intensity with increase in deposition time. This 

can be attributed to decrease in crystallinity or orderliness of the Wurtzite ZnO structure with 

increase in deposition times. This observation is in mutual agreement with XRD analysis that 

has revealed that the intensity of the 002 plane increased as the deposition time increased 

which indicates crystallite growth was more favoured through 002 plane rather than the 

normal 001 plane of Wurtzite ZnO. Hence, this led to crystallite distortion as the deposition 

time was increased. In the same vein, the observation agrees with the calculated urbach 

energies which increased from 0.119 eV, to 0.193 eV with increase in deposition times from 

10 mins to 30 mins respectively. Which further cements that crystallite disorderliness of 

Wurtzite ZnO increased with increase in deposition times [52].   
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Figure 13: Raman spectra of nanostructured ZnO thin films deposited at 15, 20, 25 and 30 

minutes. Peak intensity broadens and increases in height as the deposition time increases 

from 15 min. to 30 min. Phonon frequencies appear consistently fixed in value in all the 

samples. 

 

3.6 Electrical Properties 

The I-V curves of the ZnO nanostructured thin films are shown in Figure 14(a). The 

linear I-V curve is an indication that the Al metal contact shows Ohmic behavior with the thin 

films. Hence, our ZnO films are very conductive. A plot of the film resistivity obtained from 

the I-V curve and plotted against the film thickness is shown in Panel (b) of Fig. 14. The 

result shows an increase in resistivity with thickness and hence, with the deposition time. 

Film thickness can significantly affect the electrical conductivity of ZnO thin films in a 

variety of ways [60]. In our case, the observed increase of the film resistivity can be 

attributed to an increase of trapped carriers in the grain boundary since the calculated lattice 

strain in Table 1 also increased with thickness. Our highly conductive, thinnest ZnO samples 

are capable of satisfying the thinness requirements of next-generation optoelectronics devices 

when optimized to form highly homogeneous layer.  
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Figure 14: (a) I-V curves of ZnO thin films at four different thicknesses. (b) Film resistivity 

values obtained from the I-V curves.  

 

4. Conclusion 

In this work, ZnO nanoflowers have been synthesized using a modified aqueous 

chemical growth method on microscope glass slides. SEM analysis has revealed a consistent 

surface morphology with increase in deposition times. Moreover, this SEM analysis revealed 

the ideal growth pattern which has been depicted to grown via nucleation and amalgamation 

of proceeding ZnO nuclei. The theory mechanism behind the portrayed growth pattern has 

been cross examined using Young-Dupre equations. SEM analysis have shown that the 

controlled modified chemical bath method adopted in this study can be used as benchmark 

for preparation of a variety of ZnO nano-structures with a controlled morphology for various 

applications.  XRD analysis has revealed that the synthesized ZnO nano-petals have a 

Wurtzite structure with peaks at two theta angles of 31.7°, 34.4°, 36.2°, 47.4°, 56.5°and 62.7° 

respectively belonging to the (100), (002), (101), (102), (110) and (103) planes.  Raman 

analysis has also confirmed the presence of a Wurtzite ZnO structures with Raman vibration 

frequencies and symmetries at 334 cm−1 (E2(high)-E2(low)), 435 cm− 1(E2(high)), 578 cm− 1 

(A1(LO)) and 1092cm-1 (2(LO)). I-V measurements have revealed that the prepared ZnO 

nanostructural thin films are highly conductive. I-V analysis has also revealed that the 

resistivity increased with increase in deposition which has been attributed to increased thin 

film thickness with deposition times which in turn reduces electron mobility. 

Different characterisation techniques were used to obtain the morphology, structure, 

optical and electrical properties of the samples obtained at different deposition times. An 

increase in deposition time showed an improvement in the overall structure, crystallinity of 

ZnO nanopetals.  Hence, these parameters can be tuned by changing the deposition time 
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using this modified aqueous chemical growth method for their applications in numerous 

fields.  
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