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Abstract: This study presents an innovative modification to the Chemical Bath Deposition (CBD) 

method for synthesizing zinc oxide (ZnO) thin films by incorporating a high-voltage electric field 

(HVEF), with and without electrical polarity inversion, to influence film growth dynamics. Two 

configurations, CBD-HVEF-A and CBD-HVEF-B, were developed to assess the effects of electric field 

strength, periodic inversion, air agitation, and solution pH on the structural, morphological, and 

optical properties of ZnO coatings. X-ray diffraction confirmed the formation of the wurtzite ZnO 

phase, with reduced interplanar spacing and crystallite size under electric fields, especially when 

polarity was inverted. Scanning electron microscopy revealed that particle size, shape, and 

distribution were strongly dependent on synthesis parameters, with electric field and air injection 

enabling higher surface coverage and finer nanostructures. Optical measurements showed a 

consistent increase in the band gap (blue shift) and reduced defect-related absorption. These findings 

demonstrate that controlled electric field application during CBD enables precise tuning of ZnO film 

properties for advanced optoelectronic applications. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 June 2025 doi:10.20944/preprints202506.1559.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.1559.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 21 

 

Keywords: Chemical Bath Deposition (CBD); electric field-assisted synthesis; air bubbling-assisted 

synthesis; morphological control; particle size dispersion 

 

1. Introduction 

In the modern era, materials science plays a crucial role in technological development, 

demanding advanced materials with improved performance and sustainability. To achieve these 

materials with particularly enhanced properties while maintaining their cost-effectiveness, it has 

been essential to improve and develop the synthesis techniques used to obtain them [1–4]. 

Chemical Bath Deposition (CBD) is a solution-based technique for growing thin films on 

substrates by immersing them in an aqueous solution containing the desired chemical constituents 

[5]. The thin film forms through a heterogeneous surface reaction, meaning a chemical reaction occurs 

at the solid-liquid interface. While conceptually similar to Chemical Vapor Deposition (CVD), CBD 

operates in a liquid medium instead of a vapor phase. Typically carried out in a simple beaker as a 

batch process, CBD involves both heterogeneous (on the surface) and homogeneous (in the solution) 

reactions, with bath conditions changing over time due to chemical consumption and byproduct 

formation. It can even produce epitaxial layers on single crystal surfaces. CBD is widely used to 

deposit various semiconductor thin films such as CdSe, Cu₂S, ZnO, ZnS, and TiO₂ [6–9] , and holds 

particular significance in solar cell applications. The advantages of CBD include low cost due to 

inexpensive chemicals and simple equipment, ease of implementation and control, scalability for 

large-area deposition, flexibility in tuning film properties through solution composition and 

deposition conditions, the ability to produce good-quality films, versatility in applying it to a wide 

range of materials including quantum dots and nanoparticles, and the lack of need for complex 

instrumentation typically associated with vacuum-based methods [10,11]. Compared to other 

techniques like CVD, RF sputtering, vacuum deposition, atomic layer deposition, and 

electrodeposition, CBD is significantly cheaper and simpler to set up and operate, does not require 

vacuum systems or high-energy sources, is easier to scale for industrial use, has a faster and more 

straightforward process, and is better suited for temperature-sensitive substrates due to its typically 

lower operating temperatures [12–14]. In summary, Chemical Bath Deposition is a cost-effective, 

simple, and versatile method for synthesizing high-quality thin films and nanostructures, offering a 

strong potential especially in solar energy and nanomaterial applications, with its main advantage 

being the balance of quality and simplicity without the need for expensive infrastructure. 

Thus, the present work proposes an innovation on conventional CBD technique by 

implementing the use of a high-voltage power supply whose output voltage can be controlled, 

allowing the application of both uninterrupted DC voltage and high voltage pulses of controlled 

frequency, this is to assist the synthesis process with a high voltage electric field. Two configurations 

were  designed for the experiments: CBD-HVEF-A and CBD-HVEF-B, presented in figure 1; 

additionally, to evaluate the effect of the applied electric field on properties of the synthesized 

coatings, both configurations were utilized for the synthesis of ZnO coatings, as synthesis by CBD of 

this semiconductor has been widely studied by several research groups in the last decade [15]. 
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Figure 1. Diagrams of the CBD-HVEF-A (a) and CBD-HVEF-B (b) arrangements for electric field-assisted bath 

deposition. Electric field is induced by: (a) a voltage between two parallel plates placed on opposite outer walls 

of the glass vessel and (b) a voltage between the conductive substrate (ITO glass) immersed in the precursor 

solution and a metallic plate placed on the outer wall of the glass vessel. (c) Images of both systems. 

2. Experimental Details 

2.1. Synthesis  

Two groups of ZnO samples were synthesized, the first group using CBD-HVEF-A system, 

where the synthesis was assisted by using an electric field induced by parallel plates placed on the 

opposite outer surfaces of the container, while for the second group CBD-HVEF-B was employed 
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where the electric field was established by considering a plate placed on the outer surface of the 

container as the first electrode and an ITO-coated glass substrate immersed in the solution as the 

second. Figure 1 shows the configuration of each system and the way in which the substrate was 

placed inside the glass container. Both types of substrates, glass and ITO-coated glass, were immersed 

vertically in the precursor solution for all experiments. 

The precursor solution used to carry out the synthesis of ZnO was composed of: 910 ml of double 

distilled water, 6.39 g of Zinc Acetate dihydrate (AcZn, J.T Baker) and 4.08 g of 

Hexamethylenetetramine (HMTA, J.T Baker) to reach a concentration of 0.032 M and a constant molar 

ratio of 1:1 between AcZn and HMTA. In the case of the precursor solution of the CBD-HVEF-B 

system, potassium hydroxide (KOH, Macron Fine Chemicals) was used to achieve pH values in the 

range of 6.87-8.98. 

In order to study the possible effects that the electric field and its intensity variation could have 

on the morphology, crystalline structure and optical properties of ZnO coatings, electric field 

intensity was varied by varying the voltage between the parallel metal plates (CBD-HVEF-A) or 

between the ITO substrate and the metal plate (CBD-HVEF-B). The voltage values in CBD-HVEF-A 

were 0, 24, and 36 kV while in CBD-HVEF-B the values were 0, 24, 30 and 36 kV. In both systems the 

V = 0 kV corresponds to the conventional CBD. Furthermore, two ZnO coatings were synthesized by 

periodically reversing the electrical polarity in CBD-HVEF-A at two different periods: 2.5 and 10 

minutes and maintaining a voltage of 36 kV. The electrical polarity reversal was performed manually 

using the device shown in Figure 1a.4. In CBD-HVEF-B, in addition to the applied electric field, 

filtered air was injected into the precursor solution during the synthesis process, in order to study the 

effect of both on the morphology of the coating. The air was injected using a conventional 5 W fish 

tank pump that had an air filter attached. 

Tables 1 and 2 listed the samples that were synthesized by CBD-HVEF-A and B, respectively, 

considering the synthesis parameters for each of them. 

Table 1. Samples synthesized using CBD-HVEF-A as a function of the voltage applied between parallel metal 

plates to produce an electric field and the period in which the electrical polarity of the plates is reversed. The 

asterisk “*” signifies that polarity inversion was not done for these samples. 

. 
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Table 2. Samples synthesized using CBD-HVEF-B as a function of the voltage applied between the ITO substrate 

immersed vertically in the precursor solution and the metal plate placed parallel to it on the outer vertical surface 

of the container to generate an electric field between them. The last column indicates whether the samples were 

synthesized by injecting air into the precursor solution during the synthesis process to create bubbles in it, in 

addition to an electric field. 

 
The temperature of the precursor solution for samples synthesized using CBD-HVEF-A system 

was measured every 15 minutes using a Craftsman model 50466 infrared thermometer to maintain, 

through the IKA ®  C-MAG HS 7 hotplate, a constant temperature within a range of 79.8 ± 2.8 °C. 

When the synthesis was performed using the CBD-HVEF-B system, the pH and temperature of the 

precursor solution were measured every 15 minutes using a pH/ORP meter of Hanna Instruments 

model HI 2211, turning off the voltage source each time the measurement was taken. 

After deposition, substrates were removed, thoroughly rinsed with deionized water and dried 

with hot air. The time of synthesis was 3 hours for all coatings. 

2.2. Characterization 

The crystalline structure of all samples was obtained by X-ray diffraction using a BRUKER D8 

ADVANCE diffractometer with a step of 0.03350 degrees. Morphology and chemical composition 

were obtained by using a JOEL JSM-7600F scanning electron microscope. Transmittance spectra of 

the ZnO films were obtained by using a Variant Cary 5000 UV-VIS-NIR spectrometer. 

3. Results and Discussion 

3.1. Films Deposited by CBD-HVEF-A 

3.1.1. X-Ray Diffraction 

To confirm that the material obtained using CBD-HVEF-A system is in fact ZnO, as well as the 

possible influence of the electric field in the resulting crystal parameters, the XRD patterns of all 

samples were obtained. Figure 2a presents diffraction patterns for samples M0, M1-F, M2-F, M3-F 

and M4-F, all of which were indexed to crystallographic card JCPDS No. 076-0704, corresponding to 

the hexagonal wurtzite phase of ZnO. All samples show preferential growth in the (100) direction, 

with this peak being the most intense for all cases.  Figure 2b and c show close-ups of two different 
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regions of the XRD patterns corresponding to peaks (100), (101) and (002), where at first glance, a 

significant shift in diffraction angles can be observed. 

 

Figure 2. XDR patterns of all samples of the CBD-HVEF-A system. 

For closer examination on angle shift and possible broadening of the peak (100) for all samples, 

Figure 2-d and e present its gaussian fit, which was also normalized by each maximum and its 

corresponding baseline was subtracted, even when for sample M4-F, this approximation is very 

optimistic, as it is evidently conformed by two diffraction peaks as seen in figure 2c which may 

indicate the formation of two kinds of crystalline grains. It can be observed that the diffraction angles 

for samples M1-F and M2-F are shifted to the right when comparing them to sample M0 which had 

no electric field applied. This shift signals a reduction in the interplanar distance of (100) planes for 

these samples. Therefore, one could state that the application of an electric field during synthesis can 

result in a reduction of interplanar distance, which is bigger when a higher voltage between plates is 

used, as is the case of M1-F. 

When maintaining a constant voltage of 36 kV but periodically inverting the direction of the 

electric field, an inspection of peak (100), which is also the most intense for samples M3-F, and M4-F, 

shows that there is both a shift in the diffraction angle and a broadening of all peaks compared to 

sample M1-F, which has the same synthesis conditions but no inversion of electric field. For higher 

inversion frequency, sample M3-F, there is a major broadening of the diffraction peak, which implies 

a smaller grain size, along with a reduction in the interplanar distance between (100) planes, as 

indicated by the shift in its diffraction angle, this also occurs for sample M4-F, although for this case, 

grain size reduction is still significant but less than that of M3-F, with an even smaller interplanar 

distance, table 3 shows the calculated values for interplanar distance and grain size for all samples, 

considering peak (100), where it is even more evident how polarity inversion of the electric field 
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promotes a decrease in interplanar distance along with a big reduction of grain size to around half of 

the value obtained by no inversion. 

Table 3. Interplanar distance and grain size values for all samples, considering peak (100). 

 

3.1.2. SEM 

The analysis of SEM micrographs of the samples shows that the surface of all films is formed by 

bar-shaped particles of micro or nanometric dimensions, as well as notable differences in said 

dimensions, according to the deposition conditions listed in table 1. 

Figure 3 presents micrographs for all samples, as well as their corresponding size distribution 

functions of the ZnO bars that constitute each sample. It is evident that not all of the substrate surface 

is evenly coated in said ZnO bars, therefore, a quantitative measure of the covered surface (CS) was 

done via a program designed in Mathematica Software [16], the corresponding obtained values are 

inserted in each micrograph. 
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Figure 3. ZnO micrographs of the films, as well as their corresponding size distribution functions for the ZnO 

rods comprising each sample. obtained using CBD-HVEF-A. The film synthesis parameters are shown in Table 

1. Each micrograph has the percentage of the substrate area covered by ZnO inserted in the upper right corner. 

Table 4 presents the descriptive statistics that summarize the information from the distribution 

function graphs. The distribution function along with the cumulative curves for these samples show 

that the application of an electric field results in a dispersion and increasing of the bar sizes, as mean 

size went from 1.092 µm in sample M0 with no electric field applied, to 1.271 µm and 1.631 µm for 

samples M1-F (36 kV) and M2-F (24 kV), respectively; and interquartile went from 0.486 um for 
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sample M0 to ≈0.76 in both M1-F and M2-F samples in which electric field was applied, meaning that 

although dispersion in the bar size increased with the electric field, the value is the same even with 

two different electric field intensities. 

As for samples M3-F and M4-F, the electric field was maintained at 36 kV but inverting its 

polarity every 2.5 and 10 minutes, respectively. When looking at their SEM images, the resulting 

particles maintain the same bar structure as other samples, although a quick glance at the average 

particle size confirms that in both cases, these bars are considerably larger comparing them to M1-F 

where no inversion of electric field occurred, being M3-F modes larger in a ratio of 3.17:1 and 2.36:1 

as well as 2.70:1 and 2.61:1 for M4-F. Moreover, both samples maintain the bi-modal distribution 

function from sample M1-F, which is a good indicative of consistency in the synthesis process. The 

interquartile range allows to see that the dispersion in the bar size increases further with the polarity 

inversion in electric field, resulting bigger in M3-F which has a higher inversion frequency (shorter 

period), which is in agreement with the fact that longer periods should behave as if no inversion 

occurs. 

Table 4. Descriptive statistics of the distribution functions presented in Figure 3. 

 

 

Figure 4. Cumulative curves of the length of the ZnO bars for samples synthesized using the CBD-HVEF-A 

system. The inset table shows the slope values for each sample. 
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Figure 4 presents the cumulative curves of the length of the ZnO bars for all samples, where a 

higher slope indicates a lower dispersion of the bar lengths and the apparition of more than one linear 

segment is a consequence of multi-modal distribution functions and the number of segments 

indicates the number of modes. This being said, the application of an electric field during the 

synthesis of ZnO results in higher dispersion rates and bi-modal functions. The slope values of each 

cumulative curve are inserted in the figure in order to show a quantitative measure of the length 

dispersion. These curves make even more evident what was stated above: the application of an 

electric field results in an increase of particle length in all cases, to a greater degree for samples with 

inversion of polarity.  

3.1.3. Transmittance  

Figure 5 presents the transmittance spectra for all samples, the values of their respective 

intraband absorption are summarized in a table inserted in the same figure. These intraband 

absorption values were obtained through the first and second derivatives of the absorbance curves. 

There is an evident blue-shift of ~5 nm in all samples as an effect of the applied electric field during 

synthesis, with the exception of M4-F, where a slight red-shift of ~2 nm occurred. This blue shift of 

~5 nm indicates an increase of the same order in the band gap of the material as a result of the electric 

field applied independently of its intensity or if its polarity was inverted. As for M4-F the almost 

imperceptible red-shift of ~2 nm indicates a slight decrease in its band gap, although this is not in 

agreement with the tendency followed by the rest of the samples, this could be justified by looking 

at its XRD pattern presented above, where M4-F also presents the apparent formation of two kinds 

of crystals with different interplanar (100) distance, predominantly crystals with a lower interplanar 

distance. 

What is said in the previous paragraph is congruent with the angle shift observed in the XRD 

patterns, since a lower interplanar distance translates into a higher crystalline field, which will 

increase the band gap of a material. 
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Figure 5. Absorbance spectra for samples synthesized using the CBD-HVEF-A system. The inserted image and 

table correspond to their transmittance spectra and intraband absorption values, respectively. 

Regarding the absorption of ZnO in the visible spectrum, commonly associated with the 

presence of defects in its crystalline structure, it is observed that while sample M0 deposited by 

conventional CBD presents an absorption that begins at 550 nm and becomes more intense as it 

approaches the blue, none of the samples grown by CBD-HVEF-A present this absorption (see Figure 

5). This absorption is commonly associated with oxygen defects and/or interstital zinc [17], so in 

principle it can be observed that deposition by CBD-HVEF-A inhibits the formation of these types of 

defects. When comparing the transmittance spectra of the samples grown by CBD-HVEF-A, it is clear 

that sample M1F is the one that in principle presents the fewest defects in its crystalline structure, 

since it only presents a slight absorption centered at 2.05 eV, which is commonly associated with the 

presence of hydroxyl (OH) groups as an emission center, particularly present in synthesis methods 

involving aqueous solutions [17], while M2-F, M3-F and M4-F presented, in addition to this 

absorption, an absorption centered at 1.59 eV, commonly associated with hydrogen impurities [18–

20]. 

3.2. Films Deposited by CBD-HVEF-B 

Figure 6 presents micrographs for samples obtained using the CBD-HVEF-B system, each 

labeled according to the corresponding sample listed in Table 2. These micrographs showed 

homogeneity in the ZnO deposit as well as the fact that all the coatings were composed of nanometric-

sized particles, except for M0a-S, which is the sample deposited by conventional CBD technique and 

was composed of submicrometric particles. Each micrograph has an insert with the percentage value 

of the substrate area coated by ZnO, obtained by a software developed by our research team, and 
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employed in previous reports [16]. The characteristic shape of the particles and the descriptive 

statistics of their sizes are presented in the table inserted in Figure 7. The same figure also shows the 

particle size distribution functions for all the coatings, in correspondence with the micrographs in 

Figure 6. There, next to each of the size distribution functions, their corresponding cumulative size 

curves are presented. The comparative analysis between the coatings, in terms of the shape and size 

of the particles that compose them, was carried out based on whether or not an electric field was used 

during the synthesis and whether or not the solution was stirred by injecting filtered air into it, in 

addition to the variation in its pH, thus resulting in eight comparative analyses between the coatings. 

Figure 8 shows the different cumulative size curves of the coatings according to the comparative 

analysis in question. Likewise, Figures 9 and 10 show the temperature and pH curves of the solution 

during synthesis process, corresponding to each comparative analysis in Figure 8, this is in order to 

assess whether or not there are significant differences between the temperature and pH curves that 

should be considered for the corresponding analysis. 

 

Figure 6. ZnO micrographs of the films obtained using CBD-HVEF-B. The film synthesis parameters are shown 

in Table 2. Each micrograph has the percentage of the substrate area covered by ZnO inserted in the upper right 

corner. 
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Figure 7. Particle size histograms of the films obtained with CBD-HVEF-B. Each histogram has its corresponding 

cumulative percentage curve inserted in the upper right corner. The table shows the descriptive statistics for the 

simples. 
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Figure 8. Comparative analysis between the length and size dispersion of the particles that make up the samples, 

by comparing their corresponding cumulative curves. a) Effect of electric field; b) Effect of electric field intensity; 

c) Effect of both: stirring with filtered air and electric field intensity; d, e and f) Effect of stirring with filtered air; 

g and f) Effect of pH change. 
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Figure 9. Temperature curves of the precursor solution during the synthesis process. The curves were grouped 

according to each comparative analysis in Figure 8. 
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Figure 10. pH curves of the precursor solution during the synthesis process. The curves were grouped according 

to each comparative analysis in Figure 8. 

The comparison between micrographs of samples M0a-S and M2-S, figures 6a and 6d, 

respectively, clearly shows the influence of the electric field during the CBD synthesis process. It can 

be observed that the conventional CBD coating M0a-S covers only 10.33% of the ITO substrate 

surface, while the coating whose synthesis was assisted by the electric field (M2-S) covers 99.66% of 

the surface, as well as that the particles that make up the coating went from being bars of dimensions 

in the order of 247 nm with very well-defined edges in M0a-S to particles with rounded edges and 

practically no defined corners, the average dimensions for M2-S was 40.71 nm with a mode of 33.69 

nm, thus reducing its size by 6 times (see table inserted in figure 7). This reduction in particle size is 

even better appreciated by comparing the cumulative size curves for both coatings, see figure 8a. 

Now, on the other hand, when comparing the micrographs for M0a-S and M0b-S coatings, figures 6a 

and 6b, respectively, both synthesized without an electric field, it can be seen that stirring the solution 

with injection of filtered air during the synthesis process has the effect of reducing the size of the 

particles that make up the coating, same effect as exposed above for when an electric field is applied, 

but in this case the particles achieved a greater reduction, up to 12 times their size, resulting in an 

average size of 29.90 nm and a mode of 19.45 nm (see table inserted in figure 7), in addition to 

retaining the morphology of bars with very well-defined edges, most of them growing perpendicular 

to the substrate surface, however; the area of the substrate that was covered by ZnO was smaller, 

around 60.46 %. In summary, applying an electric field or stirring the solution through the injection 

of filtered air led to a higher growth rate of ZnO and a reduction in the size of the particles that make 
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up the coating, in addition to the fact that the electric field promoted the aggregation of the 

nanoparticles, which resulted in a much more compact coating. 

Micrographs associated with coatings M1-S, M2-S and M3-S (figures 6c,d and e) were compared 

to study the effect of the electric field intensity on the coating morphology, this for electric fields 

produced by potential differences between electrodes of 24, 30 and 36 kV, respectively. It was 

observed that the morphology of the coatings was similar, independent of the field intensity, 

observing a nodular type growth followed by a coalescence process between particles. The degree of 

aggregation of the particles, as well as the percentage of the covered substrate area were greater for 

30 kV, covering up to 99.66% of the substrate surface, while for 24 and 36 kV it was 88.31 and 58.22%, 

resulting in a coating with greater compactness for 30 kV. When comparing the cumulative particle 

size curves, figure 8b, it is observed that the particle size grows slightly by 16.9 % when the potential 

difference goes from 24 to 36 kV as well as a variation in the dispersion of their sizes, the latter is 

noticeable by the relative change in the slope of the curves (see values in the same figure), the 

dispersion being lower for 30 kV where the slope of the curve is greater, which is consistent with its 

interquartile range of 13.56 nm (see table in figure 7), while for the coatings obtained at 24 and 36 kV, 

the interquartile range was 18.66 and 15.91 nm, respectively. 

To study the effect that the intensity of the electric field in combination with the injection of 

filtered air has on the coating morphology, micrographs for M4-S, M5-S and M6-S were compared 

for 36, 30 and 24 kV, respectively (see figure 6). It is observed that the nanoparticles that make up the 

coating seem to be composed of smaller particles with well-defined edges, which suggests a columnar 

type growth, unlike the nodular growth observed when only the electric field is applied. Likewise, it 

is also observed that the coating that now presents greater compactness is the one obtained at 36 kV 

and not at 30 kV as it was when the solution was not stirred with filtered air, and that the substrate 

coverage reached up to 91.79% for 36 kV, while for 30 and 24 kV it was 46.36 and 75.64%, respectively. 

Figure 8c presents the cumulative size curves for the three coatings, as well as the curve for the one 

in which only air injection was applied (M0b-S), as can be seen, applying an electric field in addition 

to air injection has the effect of increasing the average particle size in such a way that when its 

intensity is increased this effect is even greater, going from an average size of 26.5 nm for a field 

produced by 24 kV to 31.5 nm for that produced by 36 kV, the same also occurs with the size 

dispersion, as can be seen through the decrease in the slope of the curve as the field intensity increases 

(values are in the same figure), going from 4.99 to 3.19 for 24 and 36 kV respectively. 

To further highlight the effect that applying an electric field and air injection have together on 

the average particle size that constitute the coating and the dispersion of their sizes, figure 8e presents 

the cumulative size curves for the M0b-S, M2-S and M5-S coatings, which synthesis was assisted by: 

air injection in M0b-S, electric field produced by a voltage of 30 kV between electrodes in M2-S and 

electric field of 30 kV in addition to air injection in M5-S. These cumulative curves show how the 

effects of the electric field and the air injection on the size of the particles that make up the M5-S 

coating overlap, giving rise to a film made up of nanoparticles with an average size of 35.33 nm and 

a mode of 27.50 nm, which are intermediate values between the average sizes and modes values for 

when only air injection is applied (M0b-S): 29.90 nm and 19.45 nm and when only electric field is 

applied (M2-S): 40.71 nm and 33.79 nm. Likewise, figures 8d, e and f show how the effect of the 

electric field on the size of the particles is shielded by the effect that air injection has on them. It is 

observed that as the intensity of the electric field is reduced, the size of the particles becomes 

increasingly similar to that obtained by only injecting filtered air into the precursor solution. Now, 

regarding the morphology of the coating, it is observed that applying an electric field, in addition to 

air injection, does not affect the columnar type growth that ZnO presents with only air injection, it is 

even also possible to observe the perpendicular growth of the bars with respect to the substrate 

surface in the M5-S coating (30 kV) for which the coverage of the substrate surface was lower, around 

46.38%. In the M6-S (24 kV) and M4-S (36 kV) coatings, the amount of material deposited on the 

substrate is such that the growth of bars perpendicular to the surface cannot be seen. 
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To determine the effect of the pH of the precursor solution on the coating morphology and 

particle size that comprise it, a comparison was made between micrographs M1-S vs M7-S and 

micrographs M2-S vs M8-S that were synthesized only under the influence of an electric field and at 

the same synthesis conditions between them, except for the pH of the solution, which between the 

coatings M1-S and M7-S, synthesized at 24 kV, had a pH difference of up to 2.5 (figure 8g), while 

between M2-S and M8-S, synthesized at 30 kV, the pH difference was never greater than 1 (figure 

8h). In both comparisons it is observed that when the pH decreases the coalescence between the 

particles that make up the coating decreases notably to such an extent that it is practically 

imperceptible, in addition to the fact that the average size of the particles that make up the coating 

practically does not change, however, the dispersion of the particle sizes decrease notably when the 

pH decreases to such an extent that the solution goes from alkaline to acidic, which can be seen in 

figure 8g with the significant increase in the slope of the cumulative size curve for M7-S with respect 

to M1-S. 

As a general discussion, we propose that the growth conditions employed in our ZnO thin film 

system exert a significant influence on coalescence and, consequently, on film compaction. These 

phenomena are directly correlated with the attainment of crystallinity, crystallite size, and surface 

morphology. Coalescence refers to the process wherein particles merge to form a continuous film, 

evidently affecting both morphological features and the structural crystallinity of the film. 

Meanwhile, film compaction, related to density and absence of porosity, can impact transparency 

and optical properties.   

X-ray diffraction (XRD) analysis revealed that the application of an electric field and polarity 

inversion induced a reduction in interplanar spacing and an enhancement of crystallinity, suggesting 

increased coalescence of crystallites. This is further reflected in the reduced crystallite size, implying 

a higher density of defects, although the improved crystallinity may mitigate some of these effects.   

Regarding crystallite size, the CBD-HVEF-B configuration at 30 kV achieved a higher degree of 

coalescence and substrate coverage, resulting in a more compact film with minimal particle size 

dispersion. Scanning electron microscopy (SEM) confirmed that the combination of electric field 

application and air agitation produced a mixed morphology featuring both nodular and columnar 

characteristics, alongside enhanced substrate coverage. Future studies could explore residual 

stresses, surface strain, and electrical properties [21].  

4. Conclusions 

About the properties of coatings synthesized using CBD-HVEF-A. 

The structural, morphological, and optical analyses presented in this study confirm that the 

material synthesized via the CBD-HVEF-A system is indeed ZnO with a hexagonal wurtzite 

crystalline phase. The application of a high-voltage electric field during synthesis exerts a marked 

influence on both the crystallographic and morphological characteristics of the ZnO films. 

XRD analysis reveals that the electric field not only modifies the diffraction angles, indicating a 

reduction in interplanar spacing of the (100) planes, but also leads to significant peak broadening in 

samples subjected to electric field polarity inversion. These observations imply the formation of 

smaller crystallites and possibly multiple crystalline phases in certain cases, especially for M4-F, 

where dual peak characteristics suggest the coexistence of grains with distinct interplanar distances. 

Morphological inspection via SEM demonstrates that all ZnO films consist of bar-shaped 

particles whose size distribution is highly dependent on the applied electric field conditions. The 

presence of the field promotes an increase in average particle length and dispersion, and polarity 

inversion further intensifies this effect. Notably, samples synthesized under periodic field inversion 

show larger particle dimensions and broader interquartile ranges, consistent with a frequency-

dependent modulation of growth dynamics. The emergence of bimodal and multimodal distribution 

functions in these samples also suggests enhanced complexity in nucleation and growth under field 

inversion. 
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Optical measurements show a consistent blue-shift in the transmittance edge (~5 nm) across 

most samples synthesized with the electric field, indicating an increase in the band gap, likely due to 

reduced interplanar spacing and enhanced crystalline order. An exception is sample M4-F, which 

exhibits a slight red-shift, potentially attributable to the presence of dual crystalline domains with 

different lattice parameters. 

Moreover, visible-range absorption data suggest a notable reduction in defect-related absorption 

bands for all samples synthesized via CBD-HVEF-A compared to conventional CBD, indicating a 

suppression of oxygen vacancies and interstitial zinc. Among these, sample M1-F exhibits the lowest 

defect concentration, with minimal absorptive features, while other samples show signatures of 

hydrogen- and hydroxyl-related impurity states. 

In summary, the application of a high-voltage electric field, particularly with periodic polarity 

inversion, profoundly alters the structural, morphological, and optical properties of ZnO films grown 

by CBD. These findings not only provide a deeper understanding of electric field-assisted synthesis 

mechanisms but also open new avenues for tailoring ZnO properties for optoelectronic applications 

through controlled field modulation. 

About the properties of coatings synthesized using CBD-HVEF-B. 

From the comparative analysis of micrographs and the morphological characterization of the 

ZnO coatings synthesized using the CBD-HVEV-B system, the following conclusions are drawn: 

Influence of the electric field: The application of an electric field during the synthesis process has 

a significant effect on substrate coverage and particle morphology. In particular, a considerable 

increase in the coated area (up to 99.66%) and a decrease in the average particle size (up to 6-fold 

reduction) were observed compared to conventional synthesis without an electric field. 

Effect of air injection stirring: Agitating the precursor solution by injecting filtered air also 

promotes the formation of smaller particles (up to a 12-fold reduction), albeit with less coverage of 

the substrate. Furthermore, this technique induces a columnar morphology with preferential growth 

perpendicular to the substrate, preserving the bar-like shape with well-defined edges. 

Combination of electric field and air injection: The synergy between electric field and air 

injection has a cumulative effect on particle size, resulting in intermediate size nanoparticles 

compared to those obtained with each technique alone. This combination favors a mixed morphology 

with both nodular and columnar characteristics, depending on the field strength. 

Variation in electric field intensity: It was determined that a potential difference of 30 kV 

produces more compact coatings with less particle size dispersion, which translates into greater 

morphological uniformity. Higher or lower intensities (24 and 36 kV) showed less coverage and 

greater dispersion. 

Effect of solution pH: Decreasing pH, especially when moving from alkaline to acidic conditions, 

inhibits particle coalescence without significantly affecting their average size. However, the size 

dispersion is significantly reduced, suggesting greater control over coating uniformity under acidic 

conditions. 

Morphological control through synthesis parameters: The results show that the morphology, 

size, and distribution of ZnO nanoparticles can be precisely controlled by modulating three main 

parameters: electric field intensity, air injection agitation, and solution pH. This allows the coating 

properties to be tailored to specific requirements in technological applications. 
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