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Abstract. In this work we developed and tested spray pyrolysis system for layers deposition. In the 
system we have used ultrasonic apparatus (nebulizator) as a sprayer. A zinc nitrate aqueous solution has 
been used as a precursor solution. The idea of the method is the decomposition of nitrate on a hot substrate 
according to the reaction Zn(NO3)2 → ZnO +2 NO2 +1/2O2. The layers were grown on glass, (001)Si and 
KCl substrates at the temperatures 300 – 5000C. The thickness of the obtained layers was in the range 50 – 
500 nm, depending on the growth time and rate. The influence of substrate temperature on the morphology 
of the layers has been studied by SEM method. The energy gap of the layers was found to be the range of 
 3.26-3.3 eV from their absorption spectra. 

 

 

 

1 Introduction 
 
In the early 2000s T. Dietl and H. Ohno [1] predicted 
theoretically high temperature ferromagnetism in 
ZnO:Mn diluted magnetic semiconductor (DMS), which 
make it very prospective material for spintronic 
application. Basing on a Zener model of ferromagnetism 
[2], they calculated the value of Curie temperature in the 
range of 300 – 400 K for InN, GaN and also ZnO with 
5% content of Mn and high hole concentration (more 
than 3.5·1020cm-3). Although after huge number of works 
with synthesis of such a materials the idea of room 
temperature DMS has not been verified experimentally 
for this material [3, 4], ZnO thin films have many other 
practical application as a material for variety of 
optoelectronic and electroacoustic devices (see e.g. the 
review paper [5]). In numerous laboratory ZnO thin 
films were deposited by well-known techniques, such as 
molecular been epitaxy [6, 7], magnetron sputtering [8], 
chemical vapor deposition [9], pulsed-laser deposition 
[10] and atomic layer deposition [11, 12]. In this paper 
we have applied spray pyrolysis method, which is more 
rarely used for the sake of thin layers or nanoparticles 
fabrication. Normally, this method are applied for 
fabrication of thin-film gas sensors (e.g. SnO2) and 
conducting and transparent ZnO:In layers [5], as well as 
for carbon coating of electrodes in fuel cells technology 
and in lithium-ion batteries production. The main 
advantages of the spray pyrolysis are small cost of the 
set up, flexibility of the process, low temperature and 
vacuum less processing, uniform layer coating, 
possibility of coating of large area substrates. The aim of 
present paper is to prepare ZnO thin layers by pyrolysis 
method [13, 14] and test their structural and optical 
quality. For our purposes, we have developed a 

homemade system for small (5�5 mm2) and large (10�10 
cm2 ) area layer deposition. We have obtained ZnO 
layers using Zn(NO3)2 as a precursor. For structural 
measurements the layers were grown on Si substrates, 
whereas glass substrates were used for optical and 
electrical characterization of the grown layers. 

 
 

2 Experimental 

2.1. A homemade system for spray pyrolysis 

A homemade apparatus for spray pyrolysis (Fig. 1) 
consists of ultrasonic nebulizer, nozzle, and heating 
plate. An air was used as a carrier gas. Ultrasonic 
nebulizer is connected with air pump and with nozzle 
mounted on X–Y throat. The position and movement of 
the nozzle in X-Y plane was controlled by computer. 
Deposition was carried out via scanning the surface of 
the substrate by nozzle in 20 rows, each of 3 mm wide. 
The flow of air gas was controlled by flow meter. 
Heating plate was equipped with contact thermometer 
and temperature controller. The temperature was 
changed in the range of 100 – 600oC. Single crystalline 
(100)-oriented Si, glass and single crystalline KCl were 
used as substrates. The deposition of the layers was 
carried out at various technological parameters: 
1. The distance of nozzle – substrate: 1, 2, 3 and 4 cm; 2. 
Flow of air: 3.3 min-1; 3. Temperature of substrate: 200 – 
6000C; 4. Concentration of precursor in water: 0.1 M. 
All samples presented in this paper were deposited onto 
substrates heated to the 600 0C, at precursor 
concentration of 0.1 M and nozzle-substrate distance of 
20 mm. 
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Fig. 1. Spray pyrolysis system.  

Zinc nitrates appear in the form of four hydrated and one 
anhydrous (Table 1). 
 
Table 1. Forms of zinc nitrates and their melting temperatures. 

Thermal decomposition of zinc nitrates was extensively 
studied by B. Malecka [15] by using of mass 
spectroscopy technique. The decomposition is a many 
stage chemical process via intermediate products. In our 
experiment we were working with heksahydrate 
Zn(NO3)2·6H2O. At 338 K an intermediate compound 
Zn(NO3)2·Zn(OH)2·2H2O are formed during slow 
thermal decomposition. At 393 K another compound, 
Zn(NO3)2·2 Zn(OH)2, is formed. In general, the kind of 
the intermediate phase depends on the temperature and 
heating rate [15]. At temperature greater than 250ºC the 
metastable phases transform into ZnO. Besides of ZnO, 
oxygen and nitrogen oxides are the final products. If the 
temperature of pyrolysis was too low, the residual of 
nitrogen intermediate products were observed in the 
layers by registering their different colors. Scheme of the 
thermal decomposition of Zn(NO3)2 ·6H2O can be 
written as [16]: 

��(���)� → 	 ��(�
)�����(���)���(�
)(���)� → ��� + ���� + ��� (1) 

2.2. Characterization of the layers 

Structure of the layers, deposited onto glass substrates, 
was investigated using optical microscopy. The films, 
grown on Si and glass substrates, were studied by means 
of scanning electron microscopy (SEM) using Vega 3 
Tescan electron microscopy (U = 25 kV). The 
composition of the layers was measured by energy 
dispersive X-ray (EDS) method on this electron 
microscopy equipped with Bruker Quatax software and 
10 mm2 area, 126 eV resolution detector. The 
measurements absorption spectra for determination of 
the layers’ energy gap were carried out on Carry UV-

3100 spectrometer in the wavelength range of 200 –
1200 nm. 

3 Results and discussion

Solid zinc nitrate begin to decompose thermally at 
350ºC. However, the start of spray pyrolysis with 
aqueous solution of zinc nitrate was observed at lower 
temperatures 150 – 1700C. Studenikin et al. [16] showed 
that the layers obtained in such low temperatures are of 
bad quality. The critical temperature of 180ºC has been 
introduced, above this temperature (at 180 – 400ºC) the 
layers are very smooth to the eye and almost transparent. 
In Table 2 the preparation conditions of the investigated 
layers are collected.
Fig. 2 presents SEM images of the ZnO layers obtained 
on the chemo-mechanically polished and mirror-like 
(100)-oriented surface of single crystalline Si. The layers 
were deposited at 300ºC, 400ºC and 500ºC. Low 
magnification images (μm-scaled) of the layers are 
presented on the left panel of Fig. 2, while the images in 
a greater magnification are collected on the right panel. 
Photos on the right indicate good morphology of the 
proper layers, without drops visible on the left images. 
The layers contain drops with diameter of about 2 μm 
(Fig. 2 a, c, e), which is the same for each temperature of 
pyrolysis. The value of the drop on the films surfaces 
corresponds well with that of drops in aqueous solution 
of zinc nitrate in aerosol. However, the morphology of 
the drops changes with the increase of the growth 
temperature. At 300ºC drops are of regular form, at 
400ºC some drops have holes inside (Fig. 2c) and at 
500ºC a number of drops are in the form of the rings 
with well-defined outside faces (Fig. 2e). Such a change 
of the drops morphology reflects the corresponding steps 
of process evolution during the thermal decomposition 
of the solution of the precursor. The sequence of the 
decomposition is as follows (Fig. 3): atomization �
solvent evaporation by diffusion � shell formation 
�evaporation by open shells � decomposition of 
particles or shells � crystallization. 
The rate of evolution presented in Fig. 3 depends on time 
of the thermal treatment of the particles and on 
temperature of the substrate. The size of the particles 
also influences the morphology of final product. In the 
 scanning method of layers formation the time of 
deposition is much shorter in respect to the time of 
“thermal annealing” during deposition and after 
deposition (cooling of the sample). Therefore, we relate 
the change of morphology with the annealing of the 
samples. In Fig. 2a one can notice solid particles with 
very rough shell. It means that at this temperature the 
process of evaporation was not finished. At growth 
temperature 400ºC solid shells are visible and some of 
them are damaged and empty inside. It is clear from Fig. 
2e that the temperature 500ºC was high enough in order 
that all drops become hollow. 
Most of the shells are crushed forming flat layer, which 
structure is not observable by SEM microscope even at 
considerably high magnification (Fig. 2f). 

Form of Zn(NO3)2 Melting point [K]
Zn(NO3)2·H2O 343,9
Zn(NO3)2·2H2O 328,6
Zn(NO3)2·4H2O 317,9
Zn(NO3)2·6H2O 308,3

Zn(NO3)2 623 (decomposition 
temperature)
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Table 2. Technological parameters of the ZnO thin films, chosen for the studies (C is a concentration of precursor, D is 
a spray nozzle – substrate distance, tp is a time of pyrolysis).

a) b)

c) d)

e) f)

Fig. 2: SEM images of the samples No. 39 (a, b), No. 52 (d, e) and No. 41 (e, f) obtained at temperatures 3000C, 4000C and 5000C, 
respectively.

Sample
No. T (°C) Substrate Thickness

[nm]
C

(M)
D

(mm)
tp
(s) Results

39 300 Si(001) 40 0.1 30±1 600±1 SEM
52 400 Si(001) 80 0.1 20±1 600±1 SEM
41 500 Si(001) 70 0.1 20±1 600±1 SEM
36 300 glass 40 0.1 20±10 600±1 SEM
53 300 glass 40 0.1 20±1 600±1 R(t)
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Fig. 3. Evolution of decomposition of the droplets in spray 
pyrolysis method (reproduced from Fig. 1 of paper [13]).

In Fig. 2c single particles (dark balls) are visible as well. 
The structure of these balls was not investigated in the 
present paper. The proper layer obtained at 300ºC (Fig. 
2b) has fractal structure [17]. It consists from aggregates 
(with diameter about 500 nm) built from the small 
individual 10 nm-sized particles. These later are 
composed from the smaller ones, etc. Such morphology 
is not observed for the layers obtained at 4000C and at 
5000C (see Fig. 2 d, f). Chemical composition of layers 
measured by EDS method points on good stoichiometry 
1:1. [Fig.4]. Due to a small  thickness of the layers (tens 
nanometers ) the EDS accuracy of the  measure is not 
high. Therefore, the layer measured was spited from the 
substrate and composition of  obtained powder of ZnO 
was determined. 
The results EDX measurements, shown in Fig. 4, 
indicated deviation of the stoichiometry of the obtained 
films to oxygen-enriched side. But exact determination 
of their composition is hindered by the fact that 
generation region of characteristic X-rays in ZnO in 
EDX method is higher than thickness (tens of 
nanometers) of the layers. Therefore, substrates could 
contribute to the recorded EDX signal, lowering the 
accuracy of the analysis.

Fig. 4. Composition of the layers No. 36, measured by EDX at 
the applied voltages of 8 kV (a) and 3 kV (b).

Transmission spectrum of the sample No. 53 (Fig. 5a) 
revealed very sharp absorption edge, which are typical 
for most of the layers obtained in this work. In Fig. 5b 
spectral dependence in the narrower interval near the 
fundamental absorption edge is presented. Although the 
dependence is not exactly linear at this energy range, we 
determined the energy gap Eg using formulae for the 
direct interband transitions: 

           2
1

)(
g

EhCh ��� ���           (2) 

where hν is a photon energy. We obtained the values in 
the range 3.24 – 3.30 eV for the several measured 
samples, which are less values compared to those  
(3.3 eV) reported by Studenikin et al. [16]. We did not 
notice any dependence of the energy gap on the 
temperature of pyrolysis. 
All samples were of high electrical resistance (more than 
1 MΩ), as it was determined by two-contact method. 
Their photoconductive relaxation was tested using 
mercury lamp equipped with ultraviolet filter. 
Measurements of transient photoconductivity after 
switching of the lamp revealed long (tens of minutes) 
relaxation time (Fig. 6), the exact nature of which is not 
clear yet. 
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Fig.5: Absorption spectrum of the sample No. 36.

Fig.6: Relaxation of photoresistance for the sample No. 53. 

4. Conclusions 

The ultrasound spray pyrolysis is an advantage technique 
for thin films fabrication. It is unexpensive and vacuum-
less method suitable for mass production of selected 
semiconductor films, such as ZnO and CuO. These 
materials are good candidates for photovoltaic industry 
due to the low cost of Zn and Cu metals. In this paper we 
presented a simple homemade system for pyrolysis, 
which is proved to be suited for fabrication of both small 
and large-area (up to 10�10 cm2) ZnO thin films. The 

morphology of the deposited films indicated their 
polycrystalline character regardless of the structure of 
the used substrate (single crystalline (100)-oriented Si or 
amorphous glass). The size of crystallites in the 
deposited layer can be controlled by tuning the size of 
droplets in the spray, which is controlled by the 
parameters of the spray generator. SEM studies of the 
layers obtained at 300ºC, 400ºC and 500ºC confirmed 
the model of evolution of morphology of zinc nitrate 
drops during the pyrolysis process, previously published 
by K. Okuyama et al. [13]. The deposited layers 
demonstrated good optical quality and crystallinity, 
being almost transparent in the visible region of the 
spectrum, and are characterized by sharp absorption edge 
(having small tail only), which is not dependent on the 
technological parameters of layers fabrication. The 
obtained layers are of high electrical resistance (in order 
of MΩ) and show longtime (up to tens of minutes) 
characteristic relaxation of photoelectrical response. 
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