
INTRODUCTION

Zinc oxide (ZnO) films hold great promise as transparent 
conductive oxides owing to their outstanding chemical and 
thermal stability, wide direct band gap energy (Eg=3.3 eV), 
and abundant availability [1,2]. This class of materials finds 
applications in various devices, including solar cells, gas 
sensors, diodes, and optical filters [3]. Several techniques have 
been developed for producing these films, including atomic 
layer deposition, chemical vapor deposition, pulsed laser 
deposition, radio frequency magnetron sputtering, and sol-
gel-based methods [4-6]. Sol-gel techniques have garnered 
significant attention due to their ability to operate under 
atmospheric pressure, without requiring stringent conditions 
or expensive equipment [7-9]. Among sol-gel methods, those 
employing spray-pyrolysis or pyrolytic nebulization have 
seen increasing exploration in the past decade [10-13]. The 
key common feature of these techniques is the generation of 
droplets from a solution containing the necessary cation for 
the desired material, which are then deposited onto a heated 
substrate [14]. Depending on the method used to generate the 

droplets, these sol-gel techniques can be classified into almost 
three types: Pneumatic Spray Pyrolysis (PSP), Jet Nebulizer 
Spray Pyrolysis (JNSP), and Ultrasonic Nebulizer Spray 
Pyrolysis (UNSP).

In PSP, where pneumatic spraying is the source of the 
droplets, the precursor solution and pressurized carrier gas are 
delivered to the atomization nozzle, where the liquid is then 
sprayed directly onto the substrate using either a manual or 
automated application system. Several authors have reported 
the use of an airbrush or spraying gun for this purpose [7,10,11].

In the case of JNSP, the precursor solution, held in a 
nebulization reservoir, is atomized into fine droplets via the 
Venturi effect and directed to the substrate through a pipe. 

For UNSP, the process is similar to JNSP, but the aerosol 
or nebulization mist is generated by ultrasonic vibration 
produced by a piezoelectric device.

While all these processes are cost-effective, environmentally 
friendly, easily scalable, and capable of producing thin films 
[10,11,17], significant differences exist between them. 
PSP, for instance, is the most reported technique for certain 
parametric variations and different applications. However, it 
does not allow a gentle carrier gas flow, which is desirable for 
precise deposition control, and it typically requires a higher 
consumption of materials [18].

On the other hand, both JNSP and UNSP techniques 
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allow for a gentle carrier gas flow and better deposition 
control, as previously mentioned, but they differ due to the 
physical mechanisms underlying each nebulization process 
[19]. Differences in droplet size, temperature variation, and 
sol concentration during mist generation exist between these 
techniques, influencing the film growth process [20, 21].

The characteristics of these methods and the typical 
applications of the films they produce are summarized in 
Table I.

Regarding the use of these techniques for producing ZnO 
films, the achieved characteristics depend on the method 
employed and on various growth variables such as application 
distance, substrate temperature, carrier gas pressure, and 
solvent composition, among others [35-37]. In the literature, 
several studies have explored the impact of varying growth 
parameters on film properties. For PSP, investigations have 
focused on the influence of solvent composition [35, 36, 38], 
carrier gas pressure [8], application distance [11, 39], and 
substrate temperature [15, 40] on the final film properties. 
Similarly, the effect of substrate temperature has been 
analyzed for UNSP [12] and JNSP [16]. However, there is 
limited information available regarding parametric variations 
in JNSP.

Furthermore, to our knowledge, the impact of solvent 
composition (deionized water/ethanol ratio), application 
distance, and gas carrier pressure on film properties produced 
by JNSP has not been extensively studied. Optimization of 
these JNSP parameters according to desired film features is 
a crucial aspect of the manufacturing process, often requiring 
iterative experimentation due to the scarcity of published 
information at this stage [16]. Additionally, previous works 
in the field have generally overlooked the characterization of 
coverage area and macroscopic images of resulting films and 
their relationship with other film properties. This information 
is essential for film growth assessment, process evaluation, 
and ensuring repeatability.

Moreover, a current challenge in engineering ZnO film 

growth is to develop a cost-effective sol-gel process capable 
of producing thick, high-quality films [41]. These films are 
desirable for various optoelectronic and photonic devices, 
including 2D diodes, electrodes, solar cells, and optical 
waveguides [42-44]. Achieving epitaxial growth is crucial 
[45], and target films should be composed of compact and 
homogeneous crystalline grains without overgrowth to 
ensure surface electronic contact and minimize crystalline 
defects [46]. Additionally, characteristics such as a visible 
transparency of around 90% and a controllable thickness of up 
to approximately 1 µm are highly desirable [27].

In this study, we present an analysis of ZnO film features 
after producing variations on the fabrication parameters in the 
JNSP technique. The evaluated parameters include application 
distance, substrate temperature, air carrier pressure, and 
solvent composition. The film properties are assessed using 
scanning electron microscopy (SEM), X-ray diffraction 
(XRD), UV-VIS-NIR transmittance spectroscopy, and 
macroscopic images of the films. The obtained results provide 
valuable insights for optimizing the growth conditions of ZnO 
films tailored to specific applications and, notably, represent a 
crucial initial step toward achieving thick, high-quality ZnO 
films.

MATERIALS AND METHODS 

Raw Materials

The starting solution was prepared by dissolving zinc 
acetate dihydrate (Zn(CH3CO2)2•2H2O, Biopack, 99% purity) 
precursor in absolute ethanol (Biopack, 99% purity) with 
varying proportions of deionized water (99.9% purity). A 
small quantity (5 drops) of acetic acid (Biopack, 99% purity) 
was added to enhance the solubility of the reagent salt. The 
resulting mixture, with a zinc concentration of 0.1 M, was 
stirred at room temperature for 20 minutes until a clear and 
homogeneous solution was achieved.

Table I - Spray pyrolysis Variants, Characteristics, and Film applications 
Technique Characteristics Applications

PSP
Well-known deposition conditions, higher carrier gas Flow, higher 
material consumption, higher droplet size dispersion, Easy nozzle 
obturation, less repetitively.

Solar cells[22]
Gas sensors [23] 
UV detectors [24] 
Optical waveguiding [25-27]

JNSP
Smooth Carrier gas Flow, lower material consumption,lower droplet 
size dispersion, smaller droplet mean size, robust system.

Solar cells [28]
Gas sensors [29]
Diodes [30]

UNSP
Limited deposition time because of overheating, higher droplet size 
control,
smaller droplet mean size. 

Solar cells  [31]
Gas sensor [32]
Optical waveguiding [33]
Antibacterial coatings [34]
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Characterizations

The morphology of the samples was examined using 
Scanning Electron Microscopy (SEM, FEI Quanta 200) 
under high vacuum conditions and at 20.00 kV. The 
crystalline structure was analyzed by X-ray diffraction 
(XRD, Bruker D2 Phaser instrument) with a 2θ range from 
20 to 70° and steps of 0.02° with a duration of 1 s. Optical 
properties were investigated by UV-VIS-NIR transmittance 
spectroscopy using an Agilent 8453 HP spectrophotometer 
across a wavelength range of 200 to 1200 nm. Subsequently, 
the computation of the theoretical transmittance spectrum 
allowed an estimation of the film thickness as previously 
reported by our group [14], and the bandgap (Eg) was 
determined using the Tauc relation [47].

Films Set up Preparations

Films were grown using a JNSP system as illustrated in 
Figure 1. A standard nebulizer device with a 10 ml solution 
capacity (tank D in the figure) was connected to a compressed 
air line, and the nebulized droplets were directed toward the 

substrate through a polypropylene pipe (E) with a 20 mm 
internal diameter. The spray application was continuous 
over time, with no relative movement between the mist pipe 
and the substrate (E and G in the figure, respectively). The 
substrate holder and mist pipe ends were enclosed within a 
transparent acrylic cabin (I) within a fume hood. Commercial 
soda-lime microscope slides (dimensions 2x7x0.1 cm) 
were used as film substrates. Before each growth process, 
the substrate was cleaned sequentially with a detergent 
solution, deionized water, ethanol, and acetone, and dried 
using compressed air. The substrate (G) was then placed on 
a heating plate (H) (OHAUS, model e-G51HP07C).

The growth parameters were varied as follows: for Series 
I, the application distance (marked as F in Fig. 1) ranged 
from 2 to 8 cm; for Series 2, the substrate temperature 
was varied from 350 to 425°C; for Series 3, the carrier air 
pressure (see inset Fig.1) was adjusted from 5 to 15 psi; 
for Series 4, the molar ratio between deionized water and 
ethanol ranged from 0 to 25%. Freshly prepared solutions 
were used for all the films. The conditions for each Series 
are specified in Table II. Additionally, the duration of 
each film manufacturing process is indicated as growth 
time. After the specified duration, 10 ml of solution was 
completely nebulized over the substrate. The carrier air 
pressure represents the nebulization pressure and is marked 
in the jet nebulizer scheme inset Figure 1. This pressure was 
measured using the manometer (C) when the air valve (B) 
was open.

RESULTS

Series I: Effect of application distance 

SEM micrographs showing film morphologies produced 
at application distances ranging from 8 to 2 cm are presented 
in Figures 2(a) to 2(e). All observed morphologies at the 
microscale are practically crack-free, and two distinct 
appearances can be identified. For the sample produced at 
8 cm, compact morphology predominates, characterized by 
near-circular small grains with a diameter of approximately 
20 nm (indicated by A in the figure). Interspersed among 
these small grains are larger platelets measuring around 

Table II. Parameters used for each Series of films; in all the precursor solutions the molarity of Zn is 0.1.
Data Series Distance 

(cm)
Temperature 

(°C)
Carrier air pressure 

(psi)
Solvent composition 

(H2O/C2H6O%)
Growth time 

(min)
Mist flow rate

(ml/s)

Series I 2, 3.5, 5, 
6.5, 8

400 5 25 40 15

Series II 3.5 325, 350, 375, 
425

5 25 40 15

Series III 3.5 375 5, 10, 15 25 40, 10, 7 15, 25, 48

Series IV 3.5 375 10 0, 6, 12, 18, 25 5, 7, 10, 10, 
10

25

Figure 1: Scheme of the system is employed for films growth, 
where the following parts are demarcated: (A) pressure knob, (B) 
compressed air valve, (C) manometer, (D) nebulizer (E) mist pipe, 
(F) application distance, (G) substrate, (H) heating plate, and (I) 
acrylic cabin.
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400 nm in size (indicated by B). Conversely, for samples 
produced at distances below 6.5 cm, bright elongated 
structures with dimensions of about 250 x 20 nm were 
observed (indicated by D), along with a background formed 
by platelets with dimensions of about 250 nm (indicated by 
E) and small grains (F).

Detailed close-ups depicting the morphologies of samples 
produced at 8 cm and 2 cm are provided in Figures 2(f) and 
2(g), respectively. Comparing the morphologies described, 
it can be inferred that the first morphology corresponds to an 
early stage of film growth, characterized by a lower amount 
of deposited material due to the small and compacted grains 
on the surface. In contrast, the second morphology indicates 
a more advanced stage of the growth process, as evidenced 
by its more disordered surface due to the presence of various 
types of grain structures not parallel to the surface.

The XRD patterns presented in Fig. 2(h) reveal the 
characteristic hexagonal wurtzite crystal structure typical for 
ZnO. In this respect, Fig. 2(h) also includes the reflections 
of the polycrystalline ZnO powder taken from the JCPDC 
card 36-1451. Within the 2θ range from 30 to 40°, three 
prominent peaks are observed: the 001-peak at 31.75°, the 
002-peak at 34.35°, and the 101-peak at 36.25° [49]. In the 
obtained patterns, only the [002] peak is weakly observed 
for the 8 cm sample, while both the 002 and 101 peaks are 
observed for the 6.5 cm and 5 cm samples. Interestingly, all 
three peaks mentioned are observed for the 3.5 cm and 2 cm 
samples. The predominant intensity of the 002 peak in all 
cases indicates a preferred growth direction along the crystal 
c-axis in this Series [50].

Figure 3 presents the optical transmittance spectra as a 
function of wavelength T(λ) for the different application 
distances, where the different regions are indicated (UV-VIS-
NIR). In the UV region, it is observed that greater application 

distances result in films with higher UV transmittance. 
This phenomenon is attributed to film thickness: thinner 
films exhibit reduced propagation distances for absorbed 
radiation, resulting in decreased absorbance [11,39,46].

The VIS region displays moderate absorption, with no 
clear correlation observed with application distance. The 
film produced at the greatest distance exhibits the highest 
transparency in this region, while the film produced at 
the intermediate distance of 6.5 cm shows slightly lower 
transparency. This difference may be attributed to optical 
scattering caused by variations in film topography [46, 52, 
53].

For the NIR region, all transmittance values fall within 
the range of 75% to 90%, with no significant difference 
observed in their mean transmittance values.

However, distinct ripples can be identified above 
λ=500 nm, and these can be utilized to determine the film 
thickness [7, 51]. To this end, the experimental spectra was 
compared to simulations of T(λ) obtained using the known 
expression:

T(λ,s,n,t)= A/(B-C.cos(φ)+D)     		    (A)

where A=16ns2, B=(n+1)3(n+s2), C=2(n2-1) (n2-s2), D=(n-1)3(n-s2), 
and φ=4πnd/λ, being λ the wavelength, s is the substrate 
refractive index (assumed constant and equal to 1.45), n is the 
film refractive index assumed constant and equal to 1.8 [14] and 
d is the film thickness. This expression for T(λ) considers that the 
optical absorptions of substrate and film are negligible [51]. As 
the product nd determines the transmittance spectral oscillations 
due to the interference process inside the film, different values 
of d were set until the ripples of T(λ) matched the experimental 
measurement. 

The optically determined thicknesses for the current 
Series are 410±10 nm and 480±10 nm for films corresponding 
to application distances of 2 cm and 3.5 cm, respectively. 
For the film produced at a distance of 5 cm the thickness is 
310±10 nm, for the film produced at 6.5 cm is 210±10 nm, and 
an undetermined value less than 100 nm is obtained for the film 
produced at a distance of 8 cm. These results suggest that 
the amount of material deposited increases as the application 
distance is reduced. A similar result related to thickness 

Figure 3: (a) Transmittance spectra for films produced with 
application distances in the range 2 to 8 cm, and (b) Tauc plots.
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variation was recently obtained for spray pyrolysis, but the 
“nozzle-substrate” distances for this technique can reach up 
to 30 cm. Moreover, the films obtained in the current work 
exhibit a higher degree of crystalline orientation and better 
control of resulting thickness compared to the study [11].

On the other hand, the transmittance spectral region 
near the threshold wavelength (~380 nm) was utilized 
to determine the direct bandgap Eg through the Tauc’s 
relation αhν=A0(hν-Eg)

0.5 [20], where hν represents the 
photon energy, ɑ is the absorption coefficient of the film 
and A0 is a constant. For all the samples in this Series, it 
was determined Eg= 3.26±0.02 eV, which shows that the 
bandgap structure is invariant concerning the variation of 
this parameter. 

Series II: Effect of substrate temperature 

SEM micrographs of the films manufactured by varying 
the substrate temperatures are presented in Figures 3(a-
d). The observed morphology for lower temperatures 
(325 and 350 ºC) differs from that observed for higher 
temperatures (375 and 425 °C). For temperatures of 325 and 
350 ºC, elongated grains of approximately 200 nm in size 
were observed, which are overlapped and do not exhibit a 
specific orientation along their normal axes. In contrast, 
for temperatures of 375 and 425 °C, platelets with sizes 
of around 250 nm (marked by Ain Fig 4(c)) were observed, 
oriented perpendicular to the substrate. Additionally, small 
grains of approximately 10 nm in size (marked by B) and some 
elongated structures of 200 nm in size (marked by C in Fig 
4) were observed. This indicates that increasing the substrate 
temperature promotes increased mobility of particles during 
material growth, resulting in a more compact structure.

The XRD patterns for the films in this Series are 

presented in Figure 4(e). In the XRD patterns for substrate 
temperatures of 325 and 350 °C all peaks exhibit almost 
the same intensity (Fig 3c), suggesting a lower degree of 
preferential crystalline plane orientation. This observation 
is consistent with the lack of specific orientation of the 
platelets observed by SEM for this Series. In contrast, a 
higher intensity of the 002-peak is observed in the XRD 
patterns when substrate temperatures are 375 and 425 °C, 
indicating a preferred growth direction along the crystalline 
c-axis. This finding is consistent with the SEM micrographs 
of Fig. 4, where a predominant orientation of platelets 
parallel to the substrate surface is observed.

The optical transmittance spectra for the films in this 
Series are presented in Figure 5. The transmittance in the 
UV spectral range is below 1% for all samples in this Series. 
In the VIS spectral region, the maximum transmittance is 
obtained for the lowest growth temperature (325ºC, Fig. 
3d), reaching a value of about 85%. For higher substrate 
temperatures (350, 375, and 425 °C), the transmittance in 
this region is lower, approximately 70% at λ=500 nm, with 
minor differences (< 5%) between each other. A similar 
result was obtained in a previous work [12], but higher 
absorption values were observed for the higher temperatures. 
This difference can be attributed to a higher water/ethanol 
ratio employed by them. As will be mentioned in Section 
3.4, this ratio affects the absorption of the resulting film. 
The optically determined thicknesses are 300±10 nm, 
380±10 nm, 500±10 nm, and 560±10 nm for the substrate 
temperatures of 325, 350, 375, and 425 °C, respectively. 
Finally, a bandgap Eg=3.26±0.02 eV is determined for all 
the samples in this series.

Series III: Effect of carrier air pressure 

SEM micrographs of this Series are presented in Figures 
6(a-c). The morphology observed for lower pressures (5 
and 10 psi) differs from that observed for 15 psi. For 5 and 
10 psi, it is evident that an overgrowth of grains is present, 

Figure 4: SEM images and XRD patterns for films produced using 
different substrate temperatures. Micrographs correspond to substrate 
temperatures of (a) 325°C, (b) 350°C, (c) 375°C, (d) 425°C, with close-
up views in all cases and (e) their corresponding XRD patterns.
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characterized by elongated grains (marked by A in Fig. 6a) 
appearing as wedges emerging from the background surface 
[48]. This background surface is formed by a combination 
of planar platelets (marked by B in fig.) and small grains 
(marked by C in fig.). These morphologies resemble those 
observed in Series I and suggest that the bright elongated 
grains observed there may be also associated with an 
overgrowth of grains. In contrast, for 15 psi, the elongated 
overgrowth grains are not observed. Instead, there is a 
compact surface composed of grains of different dimensions, 
similar to the background morphology observed in the 
previous samples. This indicates that carrier air pressure 
affects the morphology of the films, in a way that the use of 
lower pressure results in an overgrowth of grains.

The XRD patterns presented in Figure 4(d) reveal that 
in all the films of this Series, the intensity of the [002] 
peak is notably higher than that of the other two peaks 
corresponding to the 001 and 101 planes. This difference is 
particularly pronounced for the sample at 15 psi, indicating 
an increased degree of preferred 002 orientation with 
higher airline pressure. This observation is consistent with 
the morphology observed in SEM micrographs, where no 
overlapped grains were found for the sample at 15 psi.

The transmittance spectra of this Series are presented 
in Figure 7 and show an increase in the UV and VIS 
spectral ranges as the pressure increases. In the NIR range, 
the mean transmittance value does not exhibit significant 
changes among samples, remaining around 80%. The 
thicknesses are 680±10 nm, 480±10 nm, and 300±10 nm for 
the films corresponding to 5, 10, and 15 psi, respectively. 
Additionally, the computed bandgap is Eg= 3.26±0.02 eV 
for all the samples in this Series.

The results obtained for this Series indicate an 
important relationship between the carrier air pressure 
and film thickness. As the applied pressure increases, 
significantly thinner films are generated with a predominant 
002-crystallographic orientation. This phenomenon can be 
attributed to the increased velocity of the drops reaching 

the substrate under higher pressure. Consequently, they 
exhibit stronger bouncing over the substrate and travel 
further, resulting in thinner films. This effect is analogous 
to that observed when increasing the application distance, 
where thickness is also notably reduced. Moreover, the 
crystallographic texture remains similar for films with 
similar thicknesses, such as the 5 cm and 15 psi samples. In 
both cases, the dominant crystallographic orientation persists 
along the 002-direction, despite the higher growth rate for 
the 15 psi sample (7 minutes compared to 40 minutes, as 
indicated in Table II).

Series IV: Effect of solution composition 

SEM micrographs of the films manufactured using 
different water/ethanol molar ratios are presented in Figures 
8(a-b). Interestingly, three different morphologies are found 
depending on the solvent composition. The first prevalent 
morphology, observed for 0% and 6% water/ethanol 
ratio, is characterized by homogeneous platelets of about                    
30 nm (enclosed by the dashed curve in Fig 8(a)). Within 
this type, the 6% sample exhibits slightly more elongated 
platelets (marked by A in Fig. 8(b)) and a denser foreground 
compared to the 0% solvent composition.

The second morphology is observed for the sample 
produced using a 12% water/ethanol ratio. It presents 
compact small grains of about 10 nm in the background and 
larger 500 nm-sized structures over the surface (denoted as 
B in Fig. 8(c)).

The third morphology, observed for solvent compositions 
with 18% and 25% water/ethanol ratio, exhibits elongated 
platelets growing over a background of differently sized 
grains. This morphology suggests a higher content of water 
leads to increased overgrowth of the grains and thickness. In 
this respect, Figures 8(e) and 8(f) present SEM cross section 
views for the films produced using water/ethanol ratios of 
6 and 25%, respectively. From the comparison between 
these two cases, the later film is thicker than that produced 
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with lower water content (thicknesses are approx. 471 and 
265 nm, respectively), and it can also distinguish the grain 
overgrowth over the surface in the sample produced using 
the 25% ratio.

The XRD results for this Series are presented in Figure 
8(h). The patterns of samples produced with 0, 6, and 
12 % water/ethanol ratios present peaks with a weaker 
intensity in comparison with the glass substrate signal. 
Within these patterns, 0 and 6% samples show a moderate 
002 crystallographic orientation, and the 12% sample is 
not oriented (the three peaks in the 30-40° 2θ range have 
practically the same relative intensities as those of the 
polycrystalline ZnO powder shown in the JCPDC card of Fig 
2(h)). In the case of the patterns of 18 % and 25% samples, 
a strong 002 orientation can be observed. The obtained 
XRD patterns show that the starting solution composition 
influences the crystalline structure of the final film, in a way 
that lower and higher water/ethanol ratios favor moderate 
and strong 002 crystalline orientation, respectively, while for 
intermediate ratios no preferential orientation is observed.

Figure 9 presents the transmittance spectra of this Series, 
and reveals that in the UV spectral region, the sample 
corresponding to a 0% ratio exhibits transmittance values 
around 10%, while those corresponding to 6% and 12% water 
percentage have a UV transmittance curve of about 3%. For 

18% and 25% samples, the transmittance drops below 1%. 
Thus, the UV absorption of the films increases as the water/
ethanol ratio in the starting solution is increased. In the VIS 
spectral region, films corresponding to higher water/ethanol 
ratios (18% and 25%) present lower transmittance values 
than those corresponding to lower ratios, with a medium 
value of 70% at λ= 500 nm. This reduction in transparency in 
the VIS region also correlates with an increase in the water/
ethanol ratio. For the NIR range, the transmittance mean 
value does not show significant changes between samples, 
remaining around 80%.

The optically determined thicknesses are 200±10, 
285±10, 290±10, 410±10, and 400±10 nm for the films 
corresponding to 0%, 6%, 12%, 18%, and 25% water 
content, respectively. This indicates that the thickness of 
the films increases as the solvent composition is increased, 
consistent with the reduction in UV transmittance. These 
thickness measurements agree with those observed through 
SEM cross-view micrographs in Figs 8(e) and 8(f).

The thickness increase with the solution water content 
can be explained due to the higher solubility of zinc acetate 
in water (43 g/100 mL) compared to its solubility in ethanol 
(3.3 g/100 mL), which along with a longer nebulization 
duration as the water/ethanol ratio increases (from 5 to 10 
minutes, see Table II), results in a larger amount of deposited 
material for 12%, 18%, and 25% water content.

Finally, a bandgap of Eg= 3.26±0.02 eV is obtained for 
all the samples in this Series. This result is equal to those 
determined for all the samples in the other Series and is also 
in agreement with those reported in the literature for ZnO 
nebulized films [54].

General analysis 

In the following paragraphs, the most relevant results 
observed on the studied properties and the relationships 
between them will be summarized.

The crystalline orientation of the films was primarily 
influenced by temperature and solvent composition. Higher 

Figure 8: SEM images and XRD patterns for films produced 
using solutions with different water/ethanol ratios. SEM surface 
micrographs correspond to ratios of (a) 0%, (b) 6%, (c) 12%, (d) 
18%, and (e) 25%, and SEM cross-view are for ratios of (f) 6% and 
(g) 25%, and (h) their corresponding XRD patterns.
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temperatures and water/ethanol ratios favored the formation 
of strongly oriented 002 films, and, other parameters did 
not significantly affect crystalline orientation under the 
specified conditions. The UV transparency exhibited a 
strong dependence on application distance, with greater 
distances resulting in higher transparency. Conversely, 
higher air carrier pressure led to a slight increase in UV 
transparency, while higher water/ethanol ratios slightly 
decreased transparency. In contrast, VIS transparency 
showed a strong correlation with air carrier pressure, with 
higher pressure associated with reduced transparency. 
Additionally, moderate dependencies on temperature and 
solvent composition were observed. Increased temperature 
led to decreased VIS transparency, while higher water 
content slightly decreased transparency. Closer application 
distances also resulted in lower VIS transparency.

In regard to film thickness, the variation in application 
distance showed a significant effect, with a considerable 
reduction in the film thickness for longer distances. 
Increasing substrate temperature led to a moderate increase 
in thickness. Conversely, higher air carrier pressure resulted 
in reduced thickness, while increasing water content in the 
solution led to an increase. Overall, these results indicate 
that the thickness of ZnO films is influenced by various 
manufacturing parameters, emphasizing the importance 
of carefully controlling these parameters to achieve the 
desired thickness.

Another aspect to mention regarding film thickness 
and the covered area is the film growth process. A 
frontal macroscopic image of one of the thicker films 
(approximately 480 nm thick) is presented in Figure 
10(a) as a representative example where different color 
fringes can be identified through naked-eye inspection. 
The formation of these fringes during the growth process 
is presented in more detail in Appendix A. The fringes in 
Fig. 10(a), enclosed by dashed curves, form near-elliptical 
areas associated with different growth stages. These stages 
are illustrated in the lower scheme (Fig. 10(b)), where 

the profile of the film is represented. Initially, the sample 
starts as a white-colored thin film represented as the white 
step in Fig. 10(b). As more material is deposited, new 
fringes appear, which are identified by the different colors 
they have in the scheme of the figure. Considering the 
optically measured thickness and the number of fringes, 
the profile suggests a thickness of about 60 nm for each 
fringe. Additionally, the film profile represented in Fig. 
10 suggests a limit for its maximum height due to the 
reduction in the area between successive layers under the 
current experimental conditions. Figure 10(c) shows how 
it changes the macroscopic appearance of the film and its 
fringe pattern as the substrate-nozzle distance is increased. 
The evaluation of the transmittance spectrum in the center 
(Zone A) and the surrounding (Zone B) of the growth 
material indicates a different thickness for each zone, for 
the spectrum of Zone A more nipples and less transparency 
than that of Zone B can be identified, indicating a wider 
thickness in the first. This tendency was reproducible for 
all the samples. Also, for all the Series, an increment in the 
number of interference fringes agrees with an increment in 
the optically determined thickness.

Finally, a comprehensive overview of the effect of 
fabrication parameters is summarized in Table III. Most of 
the conditions employed result in film thicknesses ranging 
between 300 and 680 nm. These films exhibit predominantly 
strong 002 orientation, relatively low visible transparency 
(approximately 70%), and a morphology characterized by 
grain overgrowth. 

On the other hand, films with thinner thicknesses (rows 
with bold text in Table III) display strong to moderate 
crystalline 002 orientation, higher visible transparency 
(around 90%), and an absence of grain overgrowth. 
This morphology, along with high VIS transparency and 
crystalline orientation, represents desirable properties for 
high-quality films.

Therefore, higher temperatures, increased pressures, 
lower or moderate water content, and longer application 

Figure 10: Identification of different grown stages (a) front view image (b) side view scheme(c) macroscopic image of the film coverage 
area for different substrate-nozzle distance (d) Transmittance spectra of different zones of the growth material.
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distances should be considered as the starting point to 
produce thicker films while maintaining the grain structure 
and transparency, aiming for epitaxial growth of ZnO 
layers.

CONCLUSIONS

In this work, the effect of the fabrication parameters 
on the growth of ZnO by low-cost jet nebulization spray 
pyrolysis was deeply investigated. The dependence of 
morphological, structural, and optical properties on the 
film fabrication conditions was analyzed, considering the 
application distance, substrate temperature, carrier air 
pressure, and solvent composition. Among the obtained 
results, can be highlighted the following: most of the 
employed conditions produced films thicker than 300 nm, a 
morphology with grain overgrowth, the optical transparency 
of around 70%, and highly 002 crystalline orientated films. 
Long distances, higher temperatures, and a low or moderate 
water/ethanol ratio generate films thinner than 300 nm, these 
are compact films without grain overgrowth, higher visible 
transparency (90%), and highly crystalline orientation. 
Then, the last-mentioned fabrication conditions should be 
employed to produce films for optoelectronic and photonic 
applications. In future works, multi-step growth processes 
will be explored to obtain thicker films maintaining these 
features.  In summary, it can be concluded that the obtained 
results contribute to the knowledge of the target growth 
process and encourage further work on the research topic. 
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