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Abstract
ZnO thin films with various surface morphologies were deposited on glass substrate via a facile and well-controllable 
method so-called ultrasonic mist vapor deposition (UMVD). The effects of important growth parameters namely substrate 
temperature (Ts), nozzle-substrate distance (D) and nozzle aperture diameter (d) on optical, electrical and surface properties 
(both in micro and macro-scale) of synthesized thin films were carefully investigated. In case of d = 10 mm and D = 6 cm, 
ZnO nanoseeds and nanorods were grown at Ts = 330 and 500 °C, respectively. Interestingly, ZnO nanosheets were grown 
perpendicular to the substrate when d = 10 mm, D = 9 cm and Ts = 400 °C. More rough surfaces (in macroscopic scale) were 
grown for small D (6 and 9 cm) and lower substrate temperature (Ts = 330 and 400 °C) while for Ts = 500 °C a smooth and 
uniform surface can be obtained at any distance. The layer prepared with d = 10 mm, has the lowest roughness (33 nm) which 
is one order of magnitude lower than other samples. Increment of Ts, d and also D reduced the electrical sheet resistance. 
The growth mechanisms leading to obtain various morphologies for different samples were also proposed and discussed.

1  Introduction

Zinc oxide is a semiconductor (SC) with a direct band gap 
of 3.3 eV and an exciton binding energy of around 60 meV 
[1, 2]. As a SC, ZnO has high electron mobility (higher 
than famous TiO2 semiconductor [3]), high transparency 
and photoluminescence properties as same as CdS quantum 
dots [4, 5]. Moreover, among all SCs, zinc oxide has the 
most diverse nanostructures including nanowires (NWs) 
[6], nanorods (NRs) [7], nanosheets (NSs) [8], nanobelts 
(NBs) [9], nanotubes (NTs) [10], nanoflowers (NFs) [11] 
and etc. These various nanostructures possess different opti-
cal and physical properties making them suitable as building 
blocks for diverse devices. Therefore, ZnO is an important 
multifunctional material which can be used in a wide range 
of applications such as solar cells [12, 13], light emitting 
diodes (LEDs) [14–17], sensors [18], transparent conduc-
tive films [19, 20] and photocatalytic applications [21–23].

The properties of nanostructured ZnO thin films strongly 
depend on their preparation procedures [24]. Over the past 
decades, numerous physical and chemical methods such as 
pulsed laser deposition (PLD) [25, 26], molecular beam epi-
taxy (MBE) [27], sputtering deposition [28], chemical vapor 
deposition (CVD) [29, 30], hydro/solvothermal method [31, 
32], sol–gel [33, 34], ultrasonic spray pyrolysis (USP) [35, 
36] and etc. have been developed to prepare different ZnO 
nanostructures with desired physico-chemical properties. 
ZnO nanostructured thin films with high quality, high charge 
carrier mobility and desired uniformity can be obtained via 
physical methods of MBE, PLD, sputtering and so on. But, 
these methods need expensive and complicated equipment 
which are not feasible in many common labs. In this regard, 
chemical methods (hydro/solvothermal, sol–gel, USP and 
etc.) have great advantages of low-cost and simple setups 
that if the process parameters are adequately tuned and con-
trolled, high quality thin films could be also prepared.

Sol–gel method (using spin coating or dip coating deposi-
tion technique) is most common facile chemical route to pre-
pare diverse ZnO nanostructured thin films. But, this approach 
is not compatible with uniform and large scale thin film prepa-
ration with unlimited thickness. furthermore, it is not possible 
to completely remove some residual organic compounds such 
as ethanolamine (EA) which are commonly used in sol gel 
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based techniques [37]. These residues have significant effects 
on the properties of prepared thin films. Ultrasonic mist vapor 
deposition (UMVD) is a simple chemical technique to deposit 
small as well as large area ZnO thin films with desired thick-
ness at low cost without using any additive compound [37–39].

In UMVD technique, a metal source solution (usually with 
low viscosity) is ultrasonically atomized to produce mist par-
ticles or aerosols. The atomized particles are transferred via a 
carrier gas toward a pre-heated substrate to be deposited as a 
film [40]. All of these non-vacuum steps are conducted under 
ambient pressure and there is no need to a high pressure carrier 
gas tank or pump, which are used in common spray pyrolysis 
technique. Moreover, in UMVD, all of the important deposi-
tion parameters such as mist flow rate, substrate temperature 
and alignment, nozzle diameter, nozzle to substrate distance, 
spraying geometry and thin film thickness can be easily and 
adequately controlled. Thus UMVD can eliminate many draw-
backs of sol–gel method.

In order to improve the physical properties of ZnO nano-
structured thin films prepared via UMVD, all of important 
growth parameters should be investigated and optimized. 
Although there are numerous reports about sprayed ZnO films 
[35, 41, 42], there is still lack of a comprehensive investigation 
about the effect of important growth parameters on topograph-
ical, optical and electrical properties of the prepared thin films. 
Especially, there are limited reports about the effects of these 
parameters on the growth of various nanostructures.

Herein, we have manipulated the important process 
parameters of UMVD namely substrate temperature (Ts), 
nozzle diameter (d), nozzle–substrate distance (D). The 
effects of these parameters on surface topographies and 
morphologies as well as optical and electrical properties 
of prepared ZnO thin films were explored in a systematic 
manner both in microscopic and macroscopic scale. We 
found that uniform ZnO thin film with various morpholo-
gies including nanoseeds, nanorod, nanoball, nanosheets or a 
mixture of them can be obtained by appropriate selection of 
the mentioned growth parameters. Finally, the mechanisms 
responsible for such obtained morphologies were also pro-
posed and discussed based on characterization results. Our 
findings provide very valuable information for various ZnO 
thin film applications and strongly verify the high advan-
tages of our applied method to prepare different desired ZnO 
nanostructures with high accuracy in a well controllable and 
straightforward manner.

2 � Experimental

2.1 � Materials

Zinc acetate (Zn(CH3COO)2H2O, analytical reagent grade, 
Merck) was used as received without further purification. 

The precursor solution with concentration of 50 mM was 
obtained by dissolving appropriate amount of zinc acetate 
in 500 mL of deionized (DI) water. Few drops of acetic acid 
were added to get a clear solution. The used substrates were 
soda lime glasses with dimensions of 1.3 × 1.3 cm. Before 
deposition, the substrates were cleaned via sonication in ace-
tone (10 min) and then ethanol (10 min) and finally methanol 
(10 min) in an ultrasonic bath.

2.2 � Thin film deposition

The zinc oxide thin films were deposited via a home-made 
UMVD system. The precursor solution was put inside a 
Teflon-lined cylinder equipped with a mini industrial pie-
zoelectric crystal with operational frequency of 1.7 MHz 
which was used as ultrasonic transducer to produce mist 
vapor. The air was used as carrier gas at atmospheric condi-
tion to produce a mist vapor production rate of 5 mL/min. 
The mist vapor flowed through a nozzle placed normal to the 
glass substrates. The distances of nozzle to the substrates (D) 
were chosen as 6, 9 and 12 cm. The different nozzle aperture 
diameters (d) of 6, 7, 8 and 10 mm were also considered. 
The effect of substrate temperature (Ts) was also investi-
gated by setting the hot plate temperature at 330, 400, 450 
and 500 °C. Figure 1 shows a schematic illustration of used 
UMVD system.

2.3 � Characterization

The surface morphologies of ZnO nanostructured thin films 
were studied by a field emission scanning electron micros-
copy (FE-SEM, TESCAN Mira 3-XMU). A Jasco V530 
UV–Vis spectrophotometer was utilized to investigate the 
optical properties of the prepared samples. The crystal phase 
of the layers was determined via X-ray diffraction technique 
(XRD, PANalytical X’Pert PRO MPD, CuKα irradiation, 
λ = 1.54 Å) with a step of 0.03°. The macroscopic surface 
topographies were evaluated via a confocal microscope 
(Nanofocus) with lateral resolution (X–Y plane) of 1 µm and 
vertical resolution (Z axis) of 1 nm. The electrical properties 
of the thin films were characterized via Keithley 2400 power 
supply and a four-point probe system.

3 � Results and discussions

The XRD pattern of ZnO thin film grown with Ts = 500 °C, 
D = 6 cm and d = 10 mm can be seen in Fig. 2. As it is clear, 
there are five sharp peaks at 2θ = 3 4.49, 36.28, 47.55, 62.88 
and 67.90 degree corresponding to crystal planes of (002), 
(101), (102) (103) and (112) respectively. This XRD pattern 
corresponds to ZnO wurtzite crystal structure according to 
JCPDS card number of 036-1451 [43]. The very sharp peak 
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at 2θ = 34.49°, corresponding to (002) plane, indicates the ten-
dency of ZnO crystal to grow vertical to the substrate. It has 
been established that the high temperature difference between 
the hot spots (produced by ultrasonic waves due to acoustic 
cavitation followed by impulsive collapse) and the bulk solu-
tion could be responsible for the preferential (002) crystal ori-
entation [24, 44]. The obtained XRD data are in agreement 
with other reports [35, 45]. The crystallite size of the prepared 
sample was determined by Debye–Scherrer equation:

where S is the crystal size, λ is X-ray wavelength (0.154 nm), 
β is full width at half-maximum (FWHM, radian) and θ 

(1)S =

0.9�

� cos �

is diffraction angel. Considering (002) diffraction peak 
(θ = 17.245°), the S ≈ 36 nm was obtained for deposited 
ZnO crystal.

The SEM images of ZnO thin films prepared at different 
D and Ts have been shown in Fig. 3. In case of D = 6 cm, it 
can be seen that ZnO nanoseeds were grown with average 
diameter of 10.1 nm and 12.5 nm for Ts = 330 and 400 °C, 
respectively. While for the sample deposited at Ts = 500 °C, 
seeds were changed to nanorods with average diameter of 
40 nm, in good agreement with crystal size (S) obtained 
via XRD results. The results are obviously different for 
D = 9 cm. A smooth worm-like morphology can be seen at 
Ts = 330 °C, while for Ts = 400 °C, nanosheets with average 
size of 150 nm and thickness of 15 nm were grown per-
pendicular to the substrate. By increasing the Ts to 500 °C, 
a mixed vertical nanosheet–nanorod morphology was 
observed. For D = 12 cm, the rough worm-like morphology, 
vertical nanosheet and semi-hexagonal petals (with diago-
nal of 250 nm) were grown at Ts = 330, 400 and 500 °C, 
respectively. As it is clear from Fig. 3, both Ts and D have 
significant effects on morphologies of deposited ZnO thin 
films. The Various structures, from smooth seed layers to 
complex mixed nanorod–nanosheet morphology, could be 
obtained easily by changing the nozzle to substrate distance 
as well as substrate temperature which can be controlled 
with high accuracy.

The effects of growth parameters on macro-scale topog-
raphy of the prepared samples were studied by confocal 
microscopy. The obtained 3D images have been sorted in 
Fig. 4, same as the SEM images order. The images were 
taken from selected areas with lateral dimensions of 
270 × 270 µm. Herein, it can be seen that with increasing 
the distance (down to up in the figure) layers with smoother 
surface were grown. For short D, the mist vapor drops do 

Fig. 1   Schematic illustration 
of home-made UMVD system 
used to prepare ZnO thin films
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Fig. 2   XRD pattern of ZnO thin film grown at D = 6 cm, Ts = 500 °C 
and d = 10 mm. the intensity of (002) peak has been divided by 10 for 
better demonstration
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not have enough time to evaporate before reaching to surface 
leading to increase of surface roughness [46, 47].

Similar behavior can also be observed when Ts was 
increased. Substrate temperature increment leads to faster 
drying of solution drops and they completely evaporate 
before reaching the samples surfaces [47, 48]. Therefore, a 
thin film with smoother surface could be obtained. As Fig. 4 
shows, the best surface macro-uniformity was obtained when 
D = 12 cm and Ts = 500 °C. The obtained macro-roughness 
data for different sample have been listed in Table 1. It 
is worth to note that for distance of D = 12 cm and noz-
zle diameter of d = 10 mm, the diameter of mist flow at 
substrate surface was 2 cm, which is larger than the sub-
strate dimensions (1.3 × 1.3 cm). Therefore, it is possible to 
achieve uniform deposition by D = 12 cm. The uniformity 
of the samples obtained by D = 12 cm and d = 10 mm, was 
confirmed via confocal microscope images captured from 
different areas of the samples surfaces.

To study optical properties of the samples prepared with 
different growth conditions, transmittance spectra of the 
samples were recorded with UV–Visible spectrometer. Fig-
ure 5 shows the effects of temperature and distance on the 
optical properties of the samples. All of the samples show 
the same absorption edge at 375 nm, corresponding to band 
gap energy (Eg) of 3.31 eV, which is in good agreement 
with standard ZnO absorption edge and band gap energy 

[31, 49]. In the top row of Fig. 5, three sets of UV–visible 
transmittance spectra have been plotted for Ts = 330, 400 
and 500 °C (Fig. 5a, b, c, respectively) and inside every 
plot of this set, the effect of distance has been compared. At 
Ts = 330 °C (Fig. 5a), it can be seen some peaks and valleys 
in range of 400–1100 nm when D = 12 cm, while there is no 
peak or valley when D = 6 and 9 cm. The similar behavior 
can also be observed when the thin films are prepared at 
Ts = 400 °C (Fig. 5b). The presence of such fluctuations in 
transmittance spectrum is a result of light interference from 
compact and smooth surfaces [38]. Therefore, the behavior 
observed in transmittance spectra indicates that more rough 
surfaces (in macroscopic scale) were grown for short D (6 
and 9 cm) and lower substrate temperature (Ts = 330 and 
400 °C) while the sample prepared at D = 12 cm is more 
uniform with low roughness. When Ts increased to 500 °C, 
all of the layers showed some peaks and valleys in their 
transmittance spectra (Fig. 5c), indicating that a smooth and 
uniform surface can be obtained at any distance at high sub-
strate temperature.

In order to observe the effect of temperature on the opti-
cal properties of the layers, three sets of curves have been 
depicted in the bottom row of Fig. 5(d–f) corresponding to 
D = 6, 9 and 12 cm. Inside every set, there are three curves 
related to Ts = 330, 400 and 500 °C. Using such ordering and 
comparison, it can be seen that for small D values (6 and 

Fig. 3   SEM images of ZnO thin 
films deposited with different D 
and Ts. the “d” was 10 mm for 
all samples
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9 cm) only high Ts could resulted in a transmission spec-
trum with fluctuations which is originated from a smooth 
and compact layer. But for long D (12 cm), a layer with 
low roughness could be obtained even at low Ts. The results 
obtained from UV–visible (Fig. 5) are completely in agree-
ment with confocal microscope images and data (Fig. 4; 
Table 1). These findings provide very valuable information 
for various ZnO thin film applications. For instance, if a ZnO 
thin film with smooth surface should be deposited at low 
temperature (in case of organic substrate for example) one 
should select high nozzle to substrate distance.

Ts and D have also significant effects on sheet resistance 
(Rs) and deposition time (td) (to get a specific thickness of 
300 nm). Figure 6 provides a comprehensive view which 
shows three dimensional bars comparing the effects of sub-
strate temperature and nozzle-substrate distance on td, Rs 
and surface roughness. It is clear from Fig. 6(a) that longer 
deposition time is needed as D is increased for every sub-
strate temperature. In another view of point, td increased 
as Ts is higher for every nozzle-substrate distance. Higher 
Ts causes more evaporation of solution drops reaching to 
the surface. Similarly, for longer distances, there is more 
time for drops to reach to the substrate leading to more 

evaporation. Therefore, longer td will be needed as Ts and 
D increase.

Figure 6(b) and (c) show that D and Ts have influenced 
on the surface roughness (obtained from confocal micro-
scope) and sheet resistance in a same manner. It can be 
concluded that increment of both Ts and D has resulted in 
surface roughness reduction as well as Rs. Higher Ts results 
in lower deposition rate and therefore smoother layer with 
lower surface roughness could be obtained. Such a smooth 
layer with less pinholes and defects has lower Rs.

The maximum value that our equipment could measure 
was about 1000 MΩ/□, so for two samples that deposited 
at 330 °C in D = 6 and 9 cm, our data for Rs are overflow. 
Due to absence of any doping in ZnO lattice, the resistance 
of layers was fairly high. It is clear that the Rs and surface 
roughness behavior of the samples presented in Fig. 6 are 
in good consistence with optical properties obtained from 
UV–visible transmittance data (Fig. 5).

After investigation of Ts and D effects on ZnO thin 
films, the effect of nozzle diameter (d) was also explored. 
To do that, three different nozzle diameters of 6, 7, 8 and 
10 mm were considered. The substrate temperature and 
nozzle–substrate distance were fixed at 450 °C and 9 cm, 

Fig. 4   3D Confocal microscope images of ZnO thin films deposited with d = 10 mm and different substrate temperatures and nozzle–substrate 
distances. All numbers in images have µm unit
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respectively. The effect of nozzle diameter on the opti-
cal and surface properties of prepared ZnO thin films has 
been shown in Fig. 7 for different samples. According to 
Fig. 7c, there is no fluctuation in transmittance spectra 
except for the layer prepared with d = 10 mm. other noz-
zle diameters cannot provide a smooth and compact layer 
(in macro-scale). This fact was also confirmed via con-
focal microscope data (Fig. 7b; Table 1). As it is clear 
from Fig. 7b, the layer prepared with d = 10 mm, has the 
smoothest surface with lowest roughness which is one 
order of magnitude lower than other samples. From micro-
scale view of point, The SEM images were taken from the 
thin films prepared with different “d” and the results have 
been shown in Fig. 7a. Accordingly, the size of ZnO seeds 
on the surface increased, and seeds coalesce together to 
make worm-like shapes as nozzle diameter increased from 
6 to 8 mm. furtherer increase of “d” to 10 mm, makes 
worm-like seeds to grow vertical to the substrate and 
nanosheets were formed. As it is mentioned in Table 2, the 
deposition time is prolonged by increasing nozzle diameter 
and thus the seeds have more time to coalesce and grow 
vertical to the substrate.

The information about the different ZnO thin films 
deposited with various nozzle diameters has been listed 
in Table 2.

3.1 � Growth mechanism

After considering all of the obtained results, the growth 
mechanism of ZnO thin films for different Ts and D could 
be proposed as illustrated schematically in Fig. 8. In case 
of small D values (Fig. 8a), the solution droplets quickly 
reach to the hot substrate and have not enough time to evapo-
rate before deposition. Therefore, big mist particles drop 
down to the substrate surface and create island-like particles 
(Fig. 8a). Solvent evaporation through such big and fixed 
islands results in splitting them into many small ZnO parti-
cles (seeds) with a lot of voids among them [47, 48], lead-
ing to a seeded surface morphology with high macroscopic 
surface roughness. Now, if the substrate temperature is high, 
these seeds can migrate through the surface more easily and 
coalesce together to grow up and fill the voids because of 
incorporative principle of Ostawald [39, 50]. Therefore, a 
compact smooth layer would be obtained with low macro-
scopic surface roughness. Dense ZnO seeds provide growth 
nuclei along the direction of which has the lowest energy 
in wurtzite crystal structure [39, 51]. Afterward, the more 
growth of ZnO will be along (002) crystal plane which 
results in vertically grown nanorods.

When a large D value is selected (Fig. 8b), the solution 
droplets have enough time to evaporate as they approach to 

Table 1   The effects of substrate-nozzle distance and substrate temperature on physical properties of ZnO thin films deposited via UMVD tech-
nique. The data were obtained for nozzle diameter of d = 10 mm

Ts (°C) D (cm) td (s) Roughness ± 5% (nm) Resist-
ance ± 5% (MΩ/□)

Substrate–nozzle Distance (D) 330 6 110 165 > 1000
9 245 72 > 1000

12 900 37 400
400 6 210 130 850

9 300 77 260
12 1080 26 180

500 6 220 15 225
9 590 21 215

12 1440 12 145

D (cm) Ts (°C) td (s) Roughness ± 5% (nm) Resist-
ance ± 5% (MΩ/□)

Substrate temperature (Ts) 6 330 110 166 > 1000
400 210 130 850
500 220 15 225

9 330 245 72 > 1000
400 260 68 32
500 590 21 43

12 330 900 37 80
400 1080 26 26
500 1440 12 29
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the substrate. Such pre-deposition evaporation lead to gas-
phase diffusion onto the substrate which allows the precursor 
gases to make chains on the surface [46, 47]. The growth of 
these chains upon low and mild heating provides worm-like 
surface morphology. But if the Ts is high, the chains can 
migrate and agglomerate together laterally to create nano-
plates. The mentioned mechanism can be also responsible 
for seed and worm-like morphologies observed for the ZnO 
thin films prepared with different nozzle diameter.

4 � Conclusion

A systematic investigation was performed to explore the 
effects of growth parameters on optical, electrical and 
surface properties of ZnO thin films deposited via a facile 
atmospheric pressure ultrasonic mist vapor deposition. Many 
different morphologies, including nanoseeds, nanosheets and 
mixed nanorod–nanosheets morphologies, were obtained by 
selecting different substrate–nozzle distance (D), substrate 
temperature (Ts) and nozzle diameter (d). The results showed 
that increment of both Ts and D has reduced surface rough-
ness as well as Rs. A smooth and compact layer (in macro-
scale) was obtained using large nozzle diameter (d = 10 mm) 
which was confirmed via confocal microscope and UV–vis-
ible transmittance data. The mechanisms of the observed 
behavior of the samples were also proposed and discussed. 
These parameters (D, Ts and d) are easily controllable with 
high accuracy and straightforward manner to prepare differ-
ent desired ZnO surface structures.

Fig. 5   UV–visible spectra of 
ZnO thin films prepared via 
UMVD with d = 10 mm and 
different D and Ts. The top row 
presents the effect of D at con-
stant Ts and bottom row depicts 
vice versa
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Fig. 6   Three dimensional plots 
of deposition time (a), surface 
roughness (b) and sheet resist-
ance (c) obtained for the ZnO 
thin films deposited at different 
substrate temperature and 
nozzle-substrate distance

Fig. 7   Effect of nozzle diameter 
on the surface properties in 
microscale a SEM images, 
macro-scale b confocal 
microscope images and optical 
properties c UV–visible trans-
mittance spectra. All the layers 
were deposited at Ts = 450 °C 
and D = 9 cm
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