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ZnO complex microstructures were deposited onto interdigitated metallic electrodes by 

electrospraying. Simple methods, such as wet chemical precipitation and optical 

lithography, were used for the synthesis of flower-like and snowflake-like ZnO structures 

and for the preparation of interdigitated metallic electrodes, respectively. The 

electrosprayed ZnO particles preserve the structural, optical and morphological properties 

of the chemically synthesized ZnO powders. During the electrospraying process, the ZnO 

microstructures form bridges between the interdigitated metallic electrodes leading to 

electrical contacting. Changes in the electron transport through the ZnO microstructures 

are evidenced by their exposure to ammonia or their passivation with poly(methyl 

methacrylate). Merging such easy-scalable and low-cost techniques, devices based on 

electrosprayed complex ZnO structures can be designed.  
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1. Introduction 
 

During the last decade, electrospraying has emerged as a powerful and suitable technique 

in micro/nanotechnologies as a solution for the preparation of functional metal oxide 

micro/nanostructures [1-5]. The main benefits of this method are the simplicity and the cost-

effectiveness of the setup, which operates at ambient atmosphere with high deposition efficiency. 

Recently, due to the ZnO’s unique properties (direct band gap (3.37 eV at 300 K), relatively large 

exciton binding energy (60 meV), high mechanical, thermal and chemical stability, etc.) [6], a 

particular interest was given to the electrospraying of ZnO particles [7, 8]. The semiconducting 

structures can be directly electrosprayed from their dispersions [7] or can be synthesized during or 

after the electrospraying process by using zinc salts solutions as precursors for ZnO preparation 

[8]. Furthermore, features such as its rich family of structure morphologies (wires, rods, prisms, 

tubes, etc.), high occurrence, non-toxicity and low-price recommend ZnO structures for integration 

in relatively low-cost electronic and optoelectronic devices [9-12]. Generally, when such devices 

are designed, a patterning technique for producing metallic electrodes, like photolithography 

(highly efficient and low-cost technique, yielding large patterned surfaces in a short time using 

only UV light) is combined with a ZnO preparation method in order to achieve functionality.  

In this context, chemically synthesized ZnO powders containing complex microstructures 

(flowers and snowflakes) were electrosprayed on photolithographically prepared interdigitated 

metallic electrodes. The structural, optical, morphological and electrical properties of the 

electrosprayed ZnO microstructures were studied using X-ray diffraction, reflectance, 

photoluminescence, scanning electron microscopy and current-voltage measurements. Usually, in 

order to investigate the electrical properties of the ZnO structures, these are covered by conducting 

layers used as electrodes [13, 14]. As an alternative, by electrospraying the ZnO microstructures 

onto the interdigits, their electrical properties can be evaluated without any additional contacting 
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steps, taking into account that the electrodes are connected by junctions formed directly by the 

semiconducting particles providing electrical paths. To emphasize changes in the electron 

transport through the electrosprayed ZnO microstructures, the electrical measurements were 

carried out while exposing the samples to ammonia vapors or after covering them with a thin layer 

of poly(methyl methacrylate). This kind of information is helpful for designing devices based on 

such electrosprayed semiconducting structures. 

 

 

2. Experimental  
 

ZnO powders with different morphologies were prepared by wet chemical precipitation 

according to the procedure presented in Ref. [15], using as reactants zinc nitrate (Zn(NO3)2) and an 

alkaline compound such as sodium hydroxide (NaOH) or potassium hydroxide (KOH). Depending 

on the precipitating agent, ZnO particles having flower-like structures (NaOH) or snowflake-like 

structures (KOH) were obtained, the mechanism responsible for the formation of these two 

morphologies being described in Ref. [16, 17]. All chemicals were purchased from Sigma-Aldrich. 

Briefly, a 0.01 M Zn(NO3)2 aqueous solution was placed in a thermostatic bath under continuous 

stirring and when it reached 90 ˚C a 0.01 M alkaline aqueous solution (NaOH or KOH) was added. 

After 3 h the synthesized ZnO white powder was collected through centrifugation, washed several 

times with distilled water and dried on filter paper at room temperature. By ultrasonicating the 

synthesized ZnO powder in ethanol for 15 min, a homogeneous suspension (5 wt %) was obtained 

to be further used in the electrospraying process. The ZnO particles suspension was introduced in a 

syringe pump (New Era Pump System).  

In order to use a specific metallic collector in the electrospraying technique, interdigitated 

metallic electrodes (IME) were prepared on SiO2/Si wafer by standard photolithography in a 

cleanroom class 100 (ISO EN 14644). Thus, a photoresist (AZ5214E - Microchemicals) was spin-

coated on the SiO2/Si substrate and, by UV light exposures and thermal treatments through a mask, 

the IME were formed on a 0.4 mm
2
 size area having widths of 4 μm and gaps of 4 μm.  After the 

developing procedure, the deposition of the Ti/Au thin layer was made in a TECTRA equipment 

using RF sputtering (10 nm Ti layer) and thermal vacuum evaporation (90 nm Au layer). The Ti 

layer is required for the improvement of the adhesion of the Au layer to the SiO2/Si substrate. 

After removing the photoresist in acetone, the interdigitated Ti/Au electrodes can be used as metal 

collectors for the deposition of ZnO particles by electrospraying. The syringe pump containing the 

ZnO particles suspension was connected through the metallic needle to a high voltage power 

supply (30kV Spellman SL300). The electrospraying process parameters were: 10 ml/h solution 

flow rate, 20 kV applied voltage and 20 cm needle-to-metal collector distance. The electrosprayed 

particles deposited on IME were dried under ambient atmosphere, a simplified illustration of the 

process being presented in Fig. 1.  

As it can be seen in the optical photographs and the scanning electron microscopy (SEM) 

images (Fig. 2), for both types of ZnO morphology (flower or snowflake), the electrospraying 

results in completely covered substrates containing the interdigitated metallic electrodes. 

The structural, optical and morphological properties of the electrosprayed ZnO particles 

were investigated using X-ray diffraction, reflectance, photoluminescence and scanning electron 

microscopy. For the X-ray diffraction characterization, a Bruker AXS D8 Advance instrument 

with Cu Kα radiation (λ= 0.154 nm) was used. The source was operated at 40 kV and 40 mA and 

the Kα radiation was removed using a nickel filter. The total reflection spectra were measured 

using a Perkin-Elmer Lambda 45 UV-VIS spectrophotometer equipped with an integrating sphere. 

The photoluminescence measurements were performed at 350 nm excitation wavelength using FL 

920 Edinburgh Instruments spectrometer with a 450 W Xe lamp excitation and double 

monochromators on both excitation and emission. The morphologies of the samples were 

evaluated using a Zeiss Evo 50 XVP scanning electron microscope. Also, the electrical properties 

of the electrosprayed ZnO particles were characterized using a Keithley 4200 SCS and a Cascade 

Microtech MPS 150 probe station. The current–voltage characteristics were obtained by a 

conventional two-probe method for the samples in air, when exposed to ammonia vapors and when 

covered with a thin layer of poly(methyl methacrylate) (PMMA). The PMMA layer was obtained 
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by spin-coating at 6000 rpm for 30s a commercially available solution of PMMA 7% in anisole 

(Microchemicals). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

Fig. 1. Schematic representation of the experimental procedures involved in the electrospraying 

 of ZnO microstructures on interdigitated metallic electrodes 

 

 

 
 

Figure 2. Optical photographs and SEM images of SiO2/Si containing interdigitated 

metallic electrodes covered by electrosprayed ZnO microstructures chemically synthesized 

from Zn(NO3)2 and NaOH (A) or KOH (B). 

 

 

3. Results and discussion 
 

In order to confirm that the electrospraying process did not affect the properties of the 

ZnO particles in powder form, the structural, optical and morphological properties of the 

electrosprayed ZnO particles deposited on IME were investigated. Thus, the X-ray diffraction 

patterns presented in Fig. 3A show four peaks corresponding to the Miller indexes of the reflecting 

planes for ZnO (100), (002), (101) and (102) (JCPDS file no. 36-1451) proving the formation of 

ZnO hexagonal wurtzite phase and other three peaks which characteristic to the substrate (Si and 

Au). The room temperature reflectance and photoluminescence spectra of the electrosprayed ZnO 

particles deposited on IME are shown in Fig. 3B and Fig. 3C, respectively.  
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Fig. 3.  X-ray diffraction patterns (A), Reflectance spectra (B) and Photoluminescence spectra (C) of 

electrosprayed ZnO microstructures chemically synthesized from Zn(NO3)2 and NaOH (curve 1) or KOH 

(curve 2).  Peaks attributed to Si ( ) and Au ( ). 

 

 

Analyzing the reflectance data, a strong decrease can be noticed below 380 nm, this being 

attributed to the ZnO band-to-band transition. In both cases, the band gap value was estimated at 

around 3.25 eV by using the Kubelka–Munk function F(R) = (1–R)
1/2

 / 2R, where R is the 

observed diffuse reflectance. Regarding the emission data, the photoluminescence spectra exhibit 

only a strong, broad emission band centered at about 560 nm (~2.2 eV) linked to the incorporation 

of hydroxyl groups in the crystal lattice during the growth process and to the oxygen defects 

(interstitial ions or vacancies) [18, 19]. Typically, the ZnO emission spectra display two main 

emission bands: one in UV domain, of excitonic origin, and another, in the visible range, linked to 

defects [20]. In our case, the absence of the excitonic emission in the samples photoluminescence 

spectra can be explained by taking into account the preparation method of the ZnO particles. Thus, 

in the wet chemical synthesis methods, the ZnO crystallites are formed by Zn(OH)2 dehydration, 

traces of this compound on the ZnO surface can lead to the quenching of the ZnO exciton emission 

[21]. Therefore, the structural and optical properties of electrosprayed ZnO microstructures 

preserve the properties of the ZnO particles synthesized as powders [15]. 

In order to find whether the ZnO particles morphology is affected by the electrospraying 

process or not, the samples were investigated by SEM (Fig. 4). In both cases, the low 

magnification SEM images (Fig. 4A and Fig. 4C) reveal that the electrosprayed ZnO particles 

cover both the IME and the gaps between them. As it is shown in the high magnification SEM 

images (Fig. 4B and Fig. 4D), after the electrospraying process, the ZnO particles have the same 

morphologies as those observed in the case where they are in powder form [15] having the flower 

and snowflake like shapes, formed by assembled leaves (Fig. 4B) and platelets (Fig. 4D), 

respectively and having sizes in the 1-2 μm range. 

In the case of the ZnO microstructures electrosprayed on IME, the main advantage is 

given by the formation of ZnO bridges onto the IME as it can be observed in Fig. 5, providing in 
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this way electrical paths between the neighboring grid structures. Taking into account that ZnO 

structures based devices are sensitive to surface-adsorbed oxygen and/or water molecules, which 

influence their electrical properties [22, 23], the current-voltage measurements were carried out 

when exposing the ZnO samples to ammonia vapors (Fig. 6A and Fig. 6C) and when they were 

covered with a PMMA thin layer (Fig. 7A and Fig. 7C).  

 

 
 

Fig. 4. SEM images (at different magnifications) of electrosprayed  ZnO microstructures on  

interdigitated metallic electrodes: flowers (A, B) and snowflakes (C, D). 

 

 

 
 

Fig. 5. SEM images of bridges formed by electrosprayed ZnO microstructures on 

 interdigitated metallic electrodes: flowers (A) and snowflakes (B) 

  

 

Regardless of their morphology, the transport of charges takes place by percolating 

through the formed junctions over the interdigits, travelling from one ZnO microstructure to 

another until reaching the metallic electrodes (Fig. 5A and Fig. 5B), and depends on the 

concentration of free electrons in the conduction band. Any modification that could occur at the 
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surface of the ZnO microstructures can induce a change in the electrical characteristics. The 

adsorbed oxygen can extract electrons available for conduction and become O2
−
, O

−
, or O

2−
 species 

[24]. As shown in Fig. 6A and Fig. 6C a decrease in current takes place when exposing to 

ammonia either flower or snowflake like microstructures. The resistance increases after the 

samples’ exposure to ammonia are presented in the Fig. 6B and Fig. 6D. The adsorption of oxygen 

or water molecules can be enhanced by the presence of ammonia, leading to an increase in 

resistance up to a saturation point reached when the adsorption processes are also saturated [22, 

25].  

 
Fig. 6. Changes induced in the current–voltage characteristics of electrosprayed ZnO 

microstructures on interdigitated metallic electrodes by their exposure to ammonia (A, C) 

and the resistance variation of the ZnO samples (at 2 V) with the time of exposure to 

ammonia (B, D): flowers (A, B) and snowflakes (C, D). 

 

 

Instead, if the surface of the ZnO microstructures is covered by a layer, this can provide 

insulation between the surface and the ambient environment, resulting in no interaction between 

the adsorbed ions and the electrons from the conduction band.  Thus, the surface passivation with a 

PMMA layer is bound to lead to an increase in current and therefore a lower resistance [26], as 

shown in Fig. 7A and Fig. 7C. Furthermore, a gradual increase in current can be noticed with the 

PMMA solvent’s (anisole) evaporation time, up to a saturation current given by the formation of a 

compact polymer film.  
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Fig. 7. Changes induced in the current–voltage characteristics of electrosprayed ZnO 

microstructures on interdigitated metallic electrodes by their passivation with  PMMA (A, 

C) and the resistance variation of the ZnO samples (at 2 V)  with  the  PMMA’s  solvent  

evaporation time (B, D): flowers (A, B) and snowflakes (C, D). 

 

 

In the same time, a decrease in the samples' resistance is observed in the insets of Fig. 7B 

and Fig. 7D. The ZnO microstructures are sensitive to the anisole vapors that are present on their 

surface inducing changes in the current-voltage characteristics in the rather short time of the 

PMMA solvent evaporation. The saturation of the current, and of course of the resistance, takes 

place when the evaporation process is over and the ZnO microstructures surfaces are insulated 

from the ambient environment. 

 

 

4. Conclusions 

 
The electrospraying of ZnO microstructures on interdigitated metallic electrodes leads to 

the formation of ZnO bridges between the interdigits, providing electrical paths. After the 

electrospraying process, the ZnO microstructures have the same structural (hexagonal wurtzite), 

optical (band-gap and emission band) and morphological (flowers and snowflakes shapes) 

properties as those observed when they are in powder form. The electrical measurements revealed 

that the electrosprayed ZnO microstructures are sensitive to any adsorption processes taking place 

at their surfaces when they are exposed to ammonia vapors, or when they are covered with a thin 

layer of PMMA. Therefore, electrospraying of ZnO microstructures is an effective technique for 

fabricating devices with potential applications in electronic and optoelectronic devices (sensors, 

transistors, etc.). Also, the results described herein are of great interest taking into account that the 

methods used in samples preparation, wet chemical precipitation, conventional photolithography 
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and electrospraying, are low-cost and easily scalable, being efficient and suitable for industrial 

processing. 
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