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The development of solution-based processes at low temperature and low cost makes zinc oxide attractive as a material for 
large area and flexible electronics applications. A process for the deposition of 3D flower-like structures of ZnO on glass 
substrates with luminescent properties is presented. The lily flower-like ZnO structures were deposited by a modified 
chemical bath deposition method referred to as Successive Ionic Layer Adsorption and Reaction (SILAR). This method is 
attractive because allows the control of thickness and composition in the films. Also, the effect of deposition parameters 
such as temperature, pH and SILAR cycle’s number in the morphological features were investigated by field emission-
scanning electron microscopy. Two different morphologies, namely lily flower and rice-like structures were obtained with 
particle sizes of 0.5-2 μm emitting in a broad band spectrum centered at a wavelength of 530-580 nm when excited with 
UV light. ZnO structures deposited at 90 °C, pH: 11.02 showed a lily flower-like shape. 
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1. Introduction  

During the last two decades, ZnO thin films have been studied widely due to their potential application as optical 
waveguides [1], piezoelectrics [2], gas sensors [3], solar cells [4], transparent conductive electrodes [5], blue and 
ultraviolet light emitting diodes [6]. ZnO is a low-cost semiconductor with wide direct bandgap (3.37eV) and high 
exciton binding energy (60 meV). There are several reports of ZnO structures with different morphologies: 1D- wires 
[7], rods [8] and tubes [9], 2D- sheets [10], ribbons [11] and 3D- hollow spheres [12], as well as flower-like [13,14] 
structures, which can be obtained depending on the synthesis method and the preparation conditions used. ZnO 
nanostructures have been obtained by different methods, such as chemical vapour deposition [15], spray pyrolysis [16], 
radio frequency magnetron sputtering [17] and thermal evaporation [18]. To date, a lot of morphologies such as 
nanorods, nanoplates, nanoribbons, lotiform-like nanostructures, etc., have been discussed in literature. These branches 
can be attributed to growth which is perpendicular or parallel to the [001] direction, while the lily flower and rice-like 
ZnO nanostructures grow from other directions rarely described. All mentioned methods require expensive equipment 
and need high temperature. On the other hand, the deposition of ZnO thin films based on wet chemical methods is 
gaining attention due to the possibility of deposition at large areas, low temperature and low cost [19-20]. In particular, 
Successive Ionic Layer Adsorption and Reaction (SILAR) is a relatively new chemical deposition method for the 
preparation of thin films and has become attractive because of its control of thickness and composition [21-22]. This 
method was firstly reported by Y.F. Nicolau in 1985 [23].  
 The SILAR methodology involves the subsequent immersion of the substrate in anionic and cationic solutions, and 
the substrate rinsing procedures in between. Between anionic and cationic solution, a rinse step with deionized water is 
used to avoid homogeneous precipitation in the solution, in order to obtain a tightly adsorbed layer on the substrate. 
Thin film growth is given from the adsorption of the ions over the substrate due to an attractive force between ions and 
the surface.  Compared with other deposition methods, the merits of SILAR are the low deposition temperature, the 
layer-by-layer growing feature, the application of aqueous solutions, and the separate anionic and cationic sources. 
 SILAR has been extensively applied to the synthesis of epitaxial and multilayer films since its first report [23]. The 
preparation and understanding of ZnO film growth by SILAR was rather limited. 
 When developing nanomaterials it is important to fully characterize them. One technique employed is scanning 
electron microscopy (SEM) for morphological and chemical composition characterization. Field Emission-Scanning 
Electron Microscope (FE-SEM), is an instrument to observe the morphology of materials by obtaining images or 
micrographs. This instrument provides topographical and elemental information with virtually unlimited depth of field 
working at very low potentials, (0.02 to 5 kV). The operation is the same as a conventional SEM; an electron beam 
sweeps the solid sample surface, and as a result of its interaction with the sample, different types of signals are 
produced. The signals that emerge from electron-sample interactions give information including external morphology, 
chemical composition, crystalline structure and orientation of the materials. These signals include secondary and 

Microscopy and imaging science: practical approaches to applied research and education (A. Méndez-Vilas, Ed.)

431

___________________________________________________________________________________________



 

 
 

backscattered electrons, characteristic X-rays, visible light, diffracted backscattered electrons and heat. Data is collected 
over a selected area of the surface of the sample, and a bi-dimensional image is formed displaying spatial variations on 
a monitor. 
 The electron generation system is the main difference between FE-SEM and SEM. Compared with conventional 
SEM, FE-SEM gives clearer, less distorted images with spatial resolution down to 2 nm, which means up to six times 
better resolution. A field emission cathode in the electron gun of a SEM gives narrower probing beams as well as high 
electron energy giving both improved spatial resolution and minimized sample damage. The electron beam produced by 
a FE-SEM has up to three orders of magnitude greater current density or brightness than conventional thermionic 
emitters such as tungsten filament [24-25]. The result is significantly improved signal-to-noise ratio and spatial 
resolution, greatly increasing emitter lifetime and reliability compared with thermionic devices. 
 The use of a detector within the lens (In-lens) is a special remarkable feature of the FE-SEM. This detector is 
optimized to work at high resolution and with very low potential for acceleration.  
 With In-lens field emission scanning electron microscopy (In-Lens FE-SEM) it is possible to get topographical 
information at large magnifications (1,000,000x). In-lens FE-SEM virtually eliminates aberration, resulting in optimal 
spatial resolution and additionally producing less electrostatically distorted images than SEM, with 10 times better 
resolution than conventional SEM. The benefits of In‐lens mode are: SE and BSE high detection efficiency, more 
detailed information from surface, and clear edge effect [26]. 
 The formation of a film or nanostructure is governed by factors including the surface zeta potential, pH, time, 
synthesis temperature, complexing agents, concentrations of precursor solutions, solvents, etc. In this work, we 
presented the synthesis of lily flower-like ZnO structures in aqueous solution without the use of any solvent or 
stabilizing toxic agent, obtaining an environment-friendly process. The pH effect in the cationic precursor solution and 
the rising temperature on the structural, compositional and morphological properties of the ZnO thin films have been 
investigated. 

2. Materials and Methods 

2.1 ZnO thin film deposition by SILAR method 

The deposition of ZnO thin films was done on Corning glass substrates (2.5 cm x 7.5 cm x 0.1 cm). The glass substrates 
were ultrasonically cleaned in acetone, isopropyl alcohol and deionized water, and dried in flowing N2 air. The reaction 
solution was prepared by mixing 40 mL of ZnSO4 0.1M and 4.8 mL of NH4OH at different concentrations until 
achieving pHs of 9.36, 10.25 and 11.02. The substrates were immersed in Zn (NH3)4

2+ precursor solution by 15 seconds, 
after that the films were immersed in deionized water at different temperature (60 – 90°C) for 7 seconds. Then, the 
substrates were exposed to ultrasonic washing for 1 minute, in order to remove the largest particles adsorbed on the 
substrate. Finally, the films were dried with N2. The deposit was developed in 1, 3, 5 and 10 cycles.  

2.2 Characterization  

The samples were secured with carbon conductive tape, double coated, on an Al stub and examined using a FE-SEM 
(Nova NanoSEM200, FEI Company). The Helix detector was used to obtain high resolution SE images. This detector is 
the best for high resolution imaging used under low vacuum conditions from 0.08 to 1.5 Torr (10 - 200 Pa). Conductive 
coatings are not necessary on insulating materials. The Helix detector (UHR low vacuum SED) is primarily designed 
for giving superior signal in immersion mode. The immersion mode ensures that >95% of all generated secondary 
electrons are forced back into the final lens, delivering an outstanding signal-to noise ratio when using In-lens detectors 
[27-28]. The structural properties of the deposited ZnO thin film samples were studied using a Panalytical Empyrean X-
ray diffractometer (XRD) with Cu Kα radiation (λ=1.54056 Å). The room temperature photoluminiscence measurement 
was carried out on a FluoroMax-4 spectrophotometer using a Xe lamp. 

3. Results and Discussion 

3.1 Chemistry of cationic precursor solution  

In the SILAR method, the cationic solution contains ZnSO4 as zinc precursor and ammonia as complexing agent [29]. 
Equation (1) shows the reaction when aqueous ammonia is added into the ZnSO4 solution, causing Zn2+ ions to react 
with OH- to form a white precipitate of Zn(OH)2. The deposition of ZnO films from aqueous solution involves the 
precipitation of Zn(OH)2, the dehydration of Zn(OH)2 to ZnO, and the crystallization of ZnO. 

ZnSO4 + NH4OH  Zn(OH)2↓  + (NH4)SO4                                                       (1) 
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 When an excess of NH4OH is added to the solution, ammonia dissolves the hydroxide thus forming a transparent 
solution of two different chemical species as showed in Equations (2-3). 

Zn(OH)2 + 3NH4OH  [Zn(NH3)4]
2+  + 2H2O + OH-                                              (2) 

Zn(OH)2 + 2OH-   [Zn(OH)4]
2-                                                            (3) 

 Equations (4) and (5) show the reaction when these complexes are heated around 80 ºC, forming ZnO. 

[Zn(NH3)4]
2+ +2OH-   ZnO + H2O + 4NH3                                                     (4) 

Zn(OH)4
2-  ZnO + H2O + 2OH-                                                          (5) 

 
 Among the most important experimental parameters that can influence this deposition process and the film quality, 
are the molar ratio of Zn:NH4OH, the duration of the reaction in hot water, and the drying process. 
 Four processes are needed for a full deposition cycle: the adsorption of zinc–ammonia complex on the substrate, the 
formation of Zn(OH)2, the ultrasonic rinsing of substrate to remove counter-ions and loosely bonded Zn(OH)2, and the 
immersion of substrate in hot water to convert Zn(OH)2 to ZnO. 

3.2 Structure and morphology   

X-ray diffraction patterns (XRD) for each film with 1, 3, 5 and 10 cycles are shown in Fig. 1. XRD patterns for the 
films with 5 and 10 cycles showed three main peaks located at 31.8, 34.5 and 36.3°, corresponding to the planes (100), 
(002) and (101), respectively. All the observed peaks are attributed to the hexagonal wurtzite ZnO according to the 
JCPDS card 01-075-0576 (Joint Committee on Powder Diffraction Standards). When cycle number is less than 5, we 
observe a poor formation of ZnO over the surface; but after 5 cycles, the thin film starts growing. An improvement in 
the crystallinity of thin films is perceptible when the number of cycles increases due to a higher density and continuous 
growing over the substrate. Our thin films resulted polycrystalline with the main reflections (100), (101), (002) 
appearing, and all those indicated in the XRD spectra for thicker samples. Samples were also single-phase since no 
secondary phases were detected. Masashi Ohyama et al., reports that preferential orientation occurs depending of the 
precursor nature and suggests that solvents with low boiling points difficult the preferential orientation in the thin film 
growth [30].  The ZnO structures showed good crystallinity even when they were synthesized at low temperature.  

 

Fig. 1 XRD patterns for ZnO thin films with 1, 3, 5 and 10 cycles number deposited by SILAR method.  
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  Figure 2 shows typical FE-SEM images of the as-synthesized ZnO films. Several morphologies when depositing with 
different number of cycles were found. The distribution of the nanostructures in the surface is shown as an inset in each 
micrograph; an increment of the number of particles, size and a denser distribution was observed when the number of 
cycles was increased. In the 1 cycle sample, a bottom of around 320 nm of diameter accompanied by two petals of 
around 200 nm long and 250 nm wide were identified. Samples with a single deposit cycle exhibit few and small 
particles distributed on the substrate surface which reveals the nucleation stage for the ZnO growth. Also, a zone with 
very small grains is presented around the halo observed for 1 cycle sample and could be part of the ZnO growth. It is 
supposed that these particles have a larger surface energy compared to glass as confirmed at the sample with 3 cycles of 
deposition. For this condition, the aggregated particles prefer to grow in those already existing particles than on the 
uncovered surface. The continuous SILAR deposition up to 5 cycles reveals the structure evolution with a size of 
around 2.3μm with larger bottom and petals. The end particle size for 10 cycle deposition was 3μm. The flower-like 
microstructures consist of several leaf-like crystals (petals) with sharp ends radiating from the centre. These structures 
can be considered as cone-shaped particles that eventually transform into ZnO flower-like architectures. Even when the 
particles reach larger sizes at the end of 10 cycles, some small particles are still present. It is believed that the process 
occurs by the growth of large particles at the expense of smaller ones which dissolve (Ostwald ripening). This phase 
transformation process has been observed in a large number of systems where particles with different sizes are 
dispersed in a crystalline volume or matrix. The driving force of this process is the decrease in total surface free energy. 
At any stage during coarsening there is a so-called critical particle radius r∗ being in equilibrium with the crystalline 
volume; ZnO particles with r > r∗ will grow and ZnO particles with r < r∗ will shrink. The end point is a dispersion of 
precipitate particles embedded in the matrix, whose sizes vary depending on the nucleation rate of the precipitate. 
 Because of the excess surface energy represented by the ZnO particulate ensemble, this condition does not satisfy the 
requirement of a minimum energy configuration. The system therefore continues to evolve to the state where the 
surface energy is lowered as much as possible.  
 First, the ZnO nuclei are formed. Afterwards, the corners are produced as cones which are favorable for further 
nucleation and growth, and successive nanoparticles are adsorbed (cycle 1). New growth sites and nuclei are formed 
(cycle 3). Finally, the growth of units is carried out and the flower-like ZnO structure is obtained (cycle 5). Increasing 
the number of cycles to 10 provides a flower-like structure with greater number of petals, and a larger diameter. 
 

 
Fig. 2 FE-SEM images of ZnO lily flower-like structures deposited by SILAR method at 90 °C and pH: 11.02. 

 
 The proposed growth mechanism of a lily flower-like ZnO structure is shown in Fig. 3. The polarity of some planes 
in the ZnO structure has been described by some research groups [31-33]. Considering this argument there are positive 
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and negative charges in the medium as Zn2+, OH- and Zn(OH)4
2- ions that adsorb in some planes depending of their 

polarity. The Zn(OH)4
2- and OH- ions are attracted to the positive polar planes (0001) of Zn2+[31], and the reaction 

established in Equation (5) is carried out. ZnO will preferably grow in the c-axis direction. The growth of the ZnO-rod 
along the positive planes is limited by the amount of NH3, which can react with the Zn2+ ions in the positive polar 
surface forming Zn(NH3)

2+ complexes. If a large amount of NH3 reacts with Zn2+, the surface energy of this plane will 
be reduced, inhibiting the growth. Therefore, the process is carried out at the middle of this rod, with the six facets of 
hexagonal wurtzite crystal forming six petals. 

 
 

Fig. 3  Growth mechanism of a ZnO lily flower-like structure prepared by SILAR method. 
 
 The growth of these structures is governed mainly by the pH and the [OH-] /[Zn2+] molar ratio. The several 
morphologies and sizes of ZnO structures obtained are strongly influenced by these two factors. Therefore, the effect of 
pH on the morphology of the structures was studied. In Fig. 4 the morphologies for different deposits made at pH 9.36, 
10.25 and 10.62 are shown. When the deposit is made under pH 10.25, there is an inhibition for the formation of the 
flower-like ZnO structure; it could be observed that the particles grow in rice-shaped or bicone-like structures. When 
the pH increases to 10.62, there is coalescence of these particles causing a 3-dimensional structure arrangement. 
 

 

Fig. 4 FE-SEM images of ZnO obtained at 90 °C and 10 deposit cycles at different pH. 
 
 Figure 5 shows the morphology of samples deposited at different temperatures. Deposits made at a temperature 
below 60 ° C exhibit a two-dimensional growth; a thin layer of ZnO can be observed on the substrate surface. The 
formation of different three-dimensional structures is favoured at a temperature of 70 ° C. The adopted morphology is 
very diverse when deposits are made at 70 and 80 ° C, not showing well-defined growth. The flower-like ZnO 
structures were obtained at a temperature of 90 ° C, where it can be seen that the bundles strongly resemble natural lily 
flowers. 
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Fig. 5 FE-SEM images of ZnO obtained at a pH: 11.02 and 10 deposit cycles deposited at different temperatures. 
 
 Fluorescence spectra of ZnO structures are characterized by an emission band close to the ultraviolet region and 
another wide emission band due to deep levels in the visible region. The width of this band results from the overlap of 
various deep light emitting levels that occur at the same time. Figure 6 shows the fluorescence spectra for the deposits at 
different temperatures and number of SILAR cycles. In the graphs it can be observed that the highest intensity comes 
from the samples deposited at a pH of 11.02 and a temperature of 90 ° C. These spectra are characterized by a band 
around 375 nm which can be attributed to exciton recombination. The wide band located in the region of 460-600 nm is 
attributed to surface defects, such as zinc vacancies or interstitial oxygen [34]. Samples deposited at a temperature 
below 70 ° C do not show luminescence in the visible region. 
 
 

 

Fig. 6 Fluorescence spectra of ZnO deposited at different temperatures and number of cycles. 

4. Conclusions 

It was demonstrated that ZnO thin films with different kind of morphologies can be produced using Successive Ionic 
Layer Adsorption and Reaction (SILAR) method at low temperature. The effect of pH and cycle number influences the 
final morphologies. Lily flower-like morphologies are obtained when the cycle number increases from 1 to 10. 
Whenever pH is varied we find that ZnO growth is rice shaped, and while the pH is varied, we find that ZnO growth of 
in rice shaped. If the temperature is increased on the rinsing step from 60°C to 90°C, we find that the tips of the flowers 
are softer in shape than the tips of the flowers grown at room temperature. This kind of morphologies could be used in 
different applications because their surface area is larger than the conventional morphologies.      
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