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Effect of deposition time on properties of the ZnO by USD Method
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Cité du 20 Aôut 1956, Baba Hassan, Alger, Algérie

bLaboratory of Energy and Smart Systems, Faculty of Science and Technology, University of Khemis Miliana,
Road of Theniyet Elhad, Khemis Miliana 44225, Ain Defla, Algeria.

Received 10 September 2023; accepted 5 November 2023

This investigation aims to improve the properties of 304 L stainless steel (SS) substrates for use in corrosion, mechanical, and biomedical
applications by depositing ZnO thin films. The ultrasonic spraying technique was used to prepare ZnO thin films with depositional times of
1, 4, and 9 minutes. XRD and Raman studied the surface characteristics of ZnO samples. XRD analysis revealed a hexagonal structure with
an average crystallite size of 22 nm for ZnO. Indentation nano measurements indicated an increase in the hardness of the films examined.
To determine the type of conductivity and estimate the charge carrier density, potentiodynamic polarization, electrochemical impedance
spectroscopy (EIS), and Mott-Schottky analysis were performed. The thin film deposited for 9 minutes was found to be the most effective in
improving corrosion resistance.
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1. Introduction

Stainless Steel (SS), such as 304 L, is a widely used material
in both industrial and biomedical applications [1] (orthodon-
tics and implants such as brackets, and screws) due to its good
mechanical properties and high resistance to corrosion [2-4].
However, it is susceptible to localized corrosion in the pres-
ence of chloride ions or other aggressive species, and the re-
lease of toxic metallic ions can have undesirable effects on
bone tissues. Solvated metals are not biodegradable in the
human body [5]. Thin films are frequently used to protect
metals and alloys from the attack of corrosive species. In re-
cent decades, the field of thin film technology has emerged
worldwide as an influential area of research owing to its po-
tential applications in several devices.

Thin films have been widely used to protect metals and
alloys against corrosive attack. In recent years, the develop-
ment of thin film technology has become an influential area of
research due to its potential applications in various devices.

Nano-sized transition metal-based oxides (like ZnO,
SiO2, TiO2, CuO, etc) have attracted significant interest due
to their capacity to enhance the chemical, physical and elec-
trical properties [6]. Zinc is considered very abundant in bone
tissue. It is involved in many physiological functions of the
immune system and is an essential element in cell growth
[5]. Zinc exhibits good efficacy against gram-positive bac-
teria. It reduces the adhesion of bacteria and inhibits the
growth of S. aureus bacteria [7]. The best thin films for
cell adhesion and development are those that contain zinc in
their composition compared to films without zinc [8]. ZnO is
inexpensive, handy, nontoxic, biocompatible [9], biodegrad-
able [10], non-volatile, and the most biosafe semiconductor
material [9]. It is widely used for numerous applications
such as gas sensors [11], biosensors [12], drugs, cosmet-

ics, storage, optical and electrical devices, solar cells [13],
and biomedical applications [14-17]. To deposit ZnO thin
film, several methods have been often used such as chemi-
cal vapor deposition [18,19], pulsed laser deposition [10,20],
atomic layer deposition (ALD) [21,22], spray pyrolysis [13],
RF magnetron sputtering [23,24], plasma spraying [25], dip-
coating method [26], electron beam (e-beam) evaporation
[27], chemical bath deposition [28], chemical oxidative poly-
merization [29], plasma electrolytic oxidation (PEO) [30],
electrophoretic deposition (EPD) [31], and sol-gel [32], etc.
Among these methods, we are going to focus on the spray
ultrasonic technique [33] because of its simplicity and suit-
ability for large-scale production. There are multiple ben-
efits associated with the production of nanocrystalline thin
films, such as the relatively thin and homogeneous compo-
sition of its structure, and easy control of the film thickness.
This method is less hazardous due to the closed system used
in this process. It is possible to modify the electrical, me-
chanical, magnetic, and optical properties of ZnO nanostruc-
tures [34]. In this paper, different ZnO thin film deposition
times were prepared on a 304 L stainless steel surface by ul-
trasonic sputtering. As far as we are aware, this is the ini-
tial occasion on which the process of applying a ZnO coat-
ing onto 304L alloy through ultrasonic spray deposition has
been utilized to produce a film with exceptional mechanical
strength and resistance against corrosion. XRD and Raman
investigated the thin films’ crystalline and chemical structure.
Nanoindentation was used to examine mechanical proper-
ties at the nanoscale. In electrochemical studies, potentiody-
namic polarization measurement, electrochemical impedance
spectroscopy (EIS), and the Mot-Schottky method (MS) were
performed to evaluate the corrosion behaviours of 304L SS
immersed in Ringer media with and without ZnO thin films.
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TABLE I. Chemical composition of 304L SS (wt%).

Elements (wt%) C Mn Si P S Cr Ni Mo Al Cu Co V Nb Ti Sn W

AISI 304L 0.023 1.287 0.402 0.040 0.002 18.044 8.009 0.183 0.004 0.279 0.186 0.059 0.012 0.002 0.009 0.028

Nb Ti Sn W Co V

0.012 0.002 0.009 0.028 0.186 0.059

2. Materials and methods

2.1. Substrate preparation

The chemical composition in weight percentage (wt.%) of
the commercially stainless steels [35] is given in Table I.
Substrates with dimensions ofφ = 10 mm and a thick-
ness of 4 mm was used as the substrate. The substrate work
surfaces were polished sequentially with silicon carbide pa-
pers of 400, 600, 800, 1000, and 4000 grit. The substrates
were then mechanically polished using an alumina solution
in a MECAPOL P230 polisher until a mirror-like finish was
achieved. The average surface roughness (Ra) of the polished
substrates was measured to be 90 nm. Before the deposition
of ZnO, the substrates were subjected to a cleaning procedure
that involved sonication in acetone for 2 minutes, followed
by sonication in ethanol for 5 minutes. The substrates were
then cleaned in deionized water for 2 minutes and dried with
compressed air.

2.2. Deposition of ZnO

ZnO thin films were deposited on a 304L substrate by us-
ing the ultrasonic spraying method. We used zinc acetate
(C4H6O4Zn.2H2O) as the source material of ZnO which we
dissolved in methanol as the solvent. The concentration of
the solution was set to 0.1 moles/L. Table II shows the depo-
sition conditions. After removing the solvent, the next step is

to proceed with thermal densification to eliminate any resid-
ual organic species. This is accomplished through a thermal
annealing process conducted in a TR 28-3T oven. The oven
is carefully heated at a rate of 10◦C per minute until it reaches
the designated annealing temperature,T = 600◦C.

2.3. Instruments and methods

The structural properties of the films were assessed using
Xray diffraction (XRD) analysis. A Bruker Axe D8 Ad-
vance diffractometer, operating in the Bragg-Brentano geom-
etry with CuKα radiation (λ)= 1.5406Å and a power of 2200
Watts was employed. XRD measurements were performed in
a (θ) /(2θ) configuration with a diffraction angle ranging from
20◦ to 80◦. The step size for data acquisition was set at 0.02◦

with a sampling interval of 4 seconds.
Raman spectra were acquired using a HORIBA Jobin

Yvon T64000 micro-Raman spectrometer. The spectral range
investigated was (100-800) cm−1. Excitation is using a 633
nm laser line delivering 10 mW of power during the measure-
ment. The nanoindentation [36] was employed to evaluate
the mechanical characteristics. of ZnO films. Using a nanoin-
denter with a Berkovich tip, the CSM Instrument Switzerland
performed measurements of Young’s modulusY and hard-
nessH on nanostructured surfaces. This approach provides
valuable data to evaluate the mechanical behavior of the films
and to improve their suitability for specific applications. The
interaction between the indenter and the film surface was sim-

TABLE II. Conditions for preparing the ZnO thin films.

Coating ZnO

Basic precursors acetate de zinc (C4H6O4Zn, 2H2O)

Solvent methanol

The concentration of the solution (mol/l) 0.1

Carrier gas Nitrogen (N2)

Substrates Silicon and Stainless steel (304 L)

Substrate temperature (◦C) 480

Spray frequency (kHz) 40

Spray rate (ml/min) 8

Deposition time (min) 1, 4 and 9

Distance nozzle-substrate (cm) 10
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simulated as frictionless in nanoindentation. To avoid the ef-
fect of the substrate, the maximum indentation depth in all
tests is not greater than 10% of the film thickness [37]. For
each load, Average values of Young’s modulusY and hard-
nessH were acquired by making several indentations at var-
ious points on the film surface. The indentation depthh,
Young’s modulusY , and hardnessH of the thin films as
a function of applied load were determined from the load-
displacement curves. We operated the indenter in the con-
tinuous stiffness mode with a maximum load of 1 mN. The
applied load is 1 mN with a loading and unloading rate of
2 mN/min, a Poisson’s coefficient of 0.26, a spacing of 10
s, and an acquisition rate of 10 Hz. The hardnessH and
Young’s modulusY of the thin films are quantitatively calcu-
lated based on the Oliver-Pharr method [38].

To investigate the electrochemical properties of the films,
various tests were conducted, including open circuit po-
tential (OCP), potentiodynamic polarization measurement,
electrochemical impedance spectroscopy (EIS), and Mott-
Schottky (MS) tests. To perform the analysis, a conventional
three-electrode cell was employed and connected to a poten-
tiostat/galvanostat (PARSTAT 4000, Princeton Applied Re-
search, USA). Before initiating the electrochemical testing,
the working electrode, wrapped in a Teflon sample holder
with a 0.5 cm exposed area, was immersed in the solution
for 12 hours to stabilize the open-circuit voltage (OCP). The
potential across the electrochemical interface was measured
using a reference electrode (SCE), while the corrosion cur-
rent densities (icorr) across the interface were measured us-
ing a graphite counter electrode (φ = 0.5 mm). Corro-
sion resistance in physiological environments is an important
consideration when selecting materials for implants. There-
fore, the electrolyte used in this study was a body-simulated
fluid based on Ringer’s physiological formulation, compris-
ing 8.5 g/dm3 Sodium chloride (NaCl), 0.25 g/dm3 Potas-
sium Chloride (KCl), 0.22 g/dm3 Calcium Chloride (CaCl2),
and 0.15 g/dm3 Sodium Bicarbonate (NaHCO3). Potentio-
dynamic curves (Tafel curves) were measured after 12 hours
of immersion, ranging between±250 mV (vs. SCE), with
a scanning speed of 1 mV/s. The VersaStudio software was
used to acquire and analyze the data.

All tests were performed at a body temperature of 37◦C,
maintaining a precise thermostatic bath with a precision of
2◦C during each experiment. In the Ringer physiological so-
lution, Nyquist plot tests were performed with a frequency
range of 0.01 to 100 kHz and a sinusoidal tension of 10 mV.
The Mott-Schottky evaluation was carried out using a 1 kHz
frequency, with a potential range varied from 0.2 to 2.2 Volt
in the Ringer solution. The EIS and M-S data were processed
using Zview software.

3. Results and discussions

The X-ray diffraction patterns of various disposition times of
ZnO films are illustrated in Fig. 1.

All diffraction spectra reveal the typical wurtzite-type

structured ZnO [39]. All samples display the characteris-
tic wurst-type structure of ZnO in their diffraction spectra.
(JCPDS No.75-1526). However, when the deposition times
were increased to 9 min, some impurity peaks with lower in-
tensities appeared at diffraction 2(θ) angles of 40.9, 43, and
50.8◦ (marked with an asterisk in Fig. 1), which can be
attributed to zinc carbonate hydroxide hydrate (JCPDS No.
11-0287). It should be noted that the crystallization of the
film improved as the deposition time increased. The ZnO
films exhibited a preferred orientation in the (002) direction.
The mechanism behind the orientation evolution in the films
has been explained by the interplay between surface energy
and strain energy. The ZnO film tends to grow towards the
(002) direction, the fact that it has the lowest surface free
energy [40]. The average grain sizesD of the films were
estimated by the Williamson-Hall method [41] using the fol-
lowing Eq. (1):

β cos θ =
K λ

D
+ ε sin θ, (1)

wherek is the constant depending on the crystallite shape,
lambda (nm) represents the wavelength of (CuKα) radiation
(1.5418Å) θ (rad) is the Bragg angle of the X-ray diffraction
peak,β is the stands full width at half-maximum (FWHM)
value of the diffraction peak andε is the lattice strain. The
dislocation line length per unit volume of crystal is character-
ized as the dislocation densityδ, which describes the number
of defects in the coating [42]. The following Eqs. (2) (3) and
(4) are used to calculate the dislocation density and the lattice
constants of the a and c axis of the ZnO thin films [43-45].

σ =
1

D2
, (2)

2d sin θ = nλ, (3)

1
D2

=
(

4[h2 + hk + l2]
3a2

+
l2

c2

)
. (4)

FIGURE 1. XRD patterns with different deposition times (1, 4, and
9 min) of ZnO thin films.
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TABLE III. Structural properties of ZnO thin films (wurtzite).

Substrates Silicon (100)

deposition time (min) 1 4 9

hkl (nm) 002 101 102 103 002 101 102 103 002 101 102 103

2θ◦ 34.7 36.5 47.8 63.1 34.7 36.5 47.8 63.1 34.7 36.5 47.8 63.1

FWHM (β)◦ 0.48 0.45 0.5 0.57 0.39 0.37 0.43 0.47 0.35 0.36 0.40 0.45

dhkl (nm) 25.8 24.6 19.0 14.7 25.8 24.6 19.0 14.7 25.8 24.6 19.0 14.7

Texture coefficient (TC) 0.52 0.20 0.11 0.16 0.51 0.20 0.11 0.18 0.44 0.21 0.12 0.22

Average lattice strain,ε(10−3) 3.5 3.1 3.8

Cristallite size, D (nm) 22 27 30

Dislocation densityδ(10−3nm−3) 2.1 1.3 1.1

Lattice constant
a (A◦) 3.24

c (A◦) 5.19

Table III gives the information on structural properties of
samples, including FWHM, the average crystallite sizeD,
dislocation densityδ, and lattice constants a and c of the par-
ticles obtained according to the XRD spectra. It should be
noted that all the results obtained from our samples agree
with the values reported in the literature [46,47]. Increasing
the deposition times led to an increase in the average crystal-
lite size, which changed from approximately 21 nm to 32 nm
for deposition times of 1 min and 9 min, respectively. It is
evident that with an increasing spray time of the deposited
ZnO films, the intensity of characteristic peaks correspond-
ing to the wurtzite phase gradually increased, indicating an
enhancement in both film crystallinity and crystallite size.
Similar observations have been reported in the literature for
ZnO films [48,49].

The texture coefficient of ZnO crystallites was computed
to assess their preferred orientation TC(hkl) [50]

TC(hkl) =
(

I[hkl]i∑n
n=1 I[hkl]i

)
, (5)

where TChkl is the texture coefficient of thehkl plane. I
hkl is the X-ray diffraction intensity of the textured film and
n is the number of diffraction peaks considered. The values
of the texture coefficientshkl along the (002) plan were cal-
culated. The results of the influence of the disposition time
of the preferred orientation are shown in Table III. Increasing
deposition times increased the average crystallite size. The
size of the crystallites changed from 22-30 nm under deposi-
tion time values of 1 and 9 min, respectively. It is clear that,
with increasing spray time of the deposited ZnO films the
characteristic peaks’ intensity of the wurtzite phase is pro-
gressively enhanced which reflects the amelioration of both
film crystallinity and crystallite size. Similar behavior was
reported in the literature for ZnO films [51-54].

In the wurtzite structure of ZnO, according to group the-
ory, the number of atoms per unit cell consists of four atoms.
So there are 12 phonon modesi.e., three acoustic phonon

FIGURE 2. Raman spectrum of ZnO thin films with different de-
position times (1, 4, and 9 min) deposited on Silicon substrates.

modes (one longitudinal-acoustic (LA), two transverse-
acoustic (TA)) and nine optical modes (three longitudinal-
optical (LO) and six transverse optical (TO) branches) rep-
resented byΓ = A1 + 2B1 + E1 + 2E2. Where bothA1 and
E1 are Raman and infrared active modes, whileB1 is infrared
and silent in Raman scattering modes.A1 andE1 symmetries
are polar exhibiting two different frequencies for the trans-
verse optical (TO) and longitudinal optical (LO) phonons.
While theEhigh

2 modes have two frequencies,E low
2 (related to

the vibration of the heavy Zn sublattice) andEhigh
2 (related to

the vibrations of the oxygen atoms) [55]. Figure 2 shows

Rev. Mex. Fis.70031001
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FIGURE 3. Intensity ratio I2LO/ILO of ZnO with different deposi-
tion times (1, 4, and 9 min).

the Raman spectrum of ZnO thin films grown at different
deposition times (1, 4, and 9 min) in the range of 100-
1900 cm−1 at room temperature.

The Raman spectra for the applied ZnO films detected
seven Raman active modesEhigh

2 + A1(LO) + 2LO + 3LO,
determined by space group analysisTT 4

6V V (P63mc) [56].
We identify the typical vibration modes for the correspond-
ing ZnO; 323 cm−1 for Ehigh

2 − E low
2 , 438 cm−1 for Ehigh

2

(related mostly to the oxygen atoms) [55,57], 520 cm−1,
974 cm−1 for Si, 566 cm−1 for A1 (LO), 643 cm−1 for
(TA+LO), 722 cm−1 for (LO + TO), 1142 cm−1 for (2LO)
and 1720 cm−1 for (3LO). The results are in good agreement
with those of ZnO films in the literature (Table III). The peaks
at 520 and 974 cm−1 are the Raman mode of substrate [58].
The peak around 438 cm−1 is the Ehigh

2 mode of wurtzite
ZnO, while the peak around 566 corresponds to theA1 (LO)
longitudinal optical mode. The relatively strong intensity of
Ehigh

2 andA1 (LO) modes show a ZnO film is highly (002)
plane c-axis oriented. This result is consistent with the XRD

FIGURE 4. The typical load-displacement curves (pmax = 1 mN)
of the films with different deposition times (1, 4, and 9 min).

results shown above. There are two peaks found nearby 1142
and 1720 cm−1 are attributed to second-order (2LO) and
third-order (3LO) Raman phonons of ZnO, arising from res-
onant Raman scattering [59]. It is known that the intensity
ratio I2LO/ILO is very sensitive to the electron-phonon cou-
pling strength and that it increases with crystallite size [60].
As shown in Fig. 3, the value has increased with increasing
the disposition time where the crystalline size also increases.
These results confirm the evolution of estimated crystalline
size diffraction data. The observed vibrational modes and
their thin film assignments are given in Table IV.

Figure 4 shows the typical load vs. displacement nano-
indentation curves for ZnO thin films with different deposi-
tion times (1, 4, and 9 min) at a maximum load of 1 mN.
Table V shows the matching hardness and elastic modulus
values derived from these curves. Notably, the ZnO thin
film with a deposition time of 1 min demonstrates the high-
est hardness and elastic modulus values among all the films.
Following this, the ZnO thin film deposited for 4 min exhibits

TABLE IV. Frequencies cm−1 and symmetry assignment of Raman vibration mode.

Vibration Peak Raman shift (cm−1) in this Raman shift (cm−1) in the

mode Assignement study for ZnO film literature for ZnO film

[62] [63] [64] [65] [45] [66] [67]

E2
low Zn sub lattice - 98 - 96 - - - 97.3

E2
High - E2

low Multi-phonon process 323 329 333 - 333 - 330 -

A1 (TO) Transverse optical mode - - - - 375 - 379 -

E1 (TO) Transverse optical mode - - - - 410 - - -

E2
High Preferred c-axis orientation 438 436 439 435 443 438 436 437.5

A1 (LO) Preferred c-axis orientation 566 537 576 - 563 574 - -

E1 (LO) Formation of defects - 585 590 - 591 - 566 -

TA + LO - 643 - 657 - - - - -

LA + TO - 722 - 721 - - - - -

2LO Second order 1142 1153 1050 - - 1150 1118 -

3LO Third order 1720 - - - - 1725 - -

Rev. Mex. Fis.70031001
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TABLE V. Hardness, young modulus, depth, and roughness reported in different works.

Mechanical properties Method Substrate Hardness Young module Depth Roughness

References H (GPa) Y (GPa) h (nm) R (nm)

This study Ultrasonic spray 304L 9-15 198.7-228.9 43.68-69.61 10-60

304L - - 2.12 - 220 43

[68] Magnetron sputtering R.F Silicon 4-6 61-125 less than 200 12-12.7

[69] Magnetron sputtering R.F Langasite 9.2-10.4 135-160 100-200 13.5-20.6

[70] Atomic layer deposition (ALD) Silicon 6.9 143 - -

Straightforward mechanoactivated

[71] oxidation (MAOM) Glass 9 120 - -

FIGURE 5. Effect of hardness and modulus of elasticity of ZnO
with different deposition times (1, 4, and 9 min).

slightly lower values. As expected, the ZnO thin film with
a deposition time of 9 min displays the lowest hardness and
elastic modulus values.

The effect of ZnO deposition time on the elastic modulus
and nano-indentation hardness of the thin film (at a maxi-
mum load of 1 mN) is illustrated in Fig. 5. Observing the re-
sults, it is evident that there is no significant improvement in
hardness with increased ZnO deposition time. Both hardness
and Young’s modulus decrease as the deposition times are ex-
tended. This phenomenon can be attributed to a decrease in
grain size [61]. Previous studies, such as those conducted by
H. Wanget al. [62] and H. M. Wanget al. [63], have also
performed similar nanoindentation tests on ZnO thin films.
Table V gives the hardness and modulus of elasticity values.

Figure 6 shows the potentiodynamic polarization curves
of the samples tested in physiological Ringer’s solution at
37◦C. Two different zones can be seen in the anode and cath-
ode regions of the polarization curve of 304L SS uncoated
and coated thin films. For all samples, the cathodic region
is the first zone where hydrogen reduction takes place [64].
The second zone, where the current increases, is related to
the penetration of the aggressive agent (Cl−, Na+, K+, and
Ca2+) into the thin film, and the process is governed by dis-
solution kinetics. The samples had very low current densities

FIGURE 6. Potentiodynamic polarization curves for the ZnO thin
films and uncoated 304L stainless steel in Ringer’s solution at 37◦C
with different deposition times (1, 4, and 9 min).

(Icorr) than that of 304 L, while the corrosion potential value
(Ecorr) of the coated sample with time deposition (1 min) is
greater when compared to 304 L. The better corrosion resis-
tance shown by the thin film deposited with a time of 9 min
suggests the important role of film thickness in increasing
corrosion resistance. According to Daubertet al. [65], a 50
nm thick ZnO film would enhance the homogeneity of the
thin film by decreasing porosity and could provide excellent
resistance against corrosion on copper. The experimental re-
sults of potentiodynamic polarization indicated an improved
corrosion resistance in the ZnO thin films deposited by the
ultrasonic spraying method. This is consistent with the re-
sults of the inquiry presented by Shajudheenet al. [66]. Im-
mersion tests were carried out in the physiological Ringer’s
solution for 12 h. The authors observed that ZnO thin films
significantly improve the corrosion resistance of the 304 L
alloy [66]. The Ringer’s solution simulating the physiologi-
cal environment is rich in ions and cations (Cl−, Na+, K+,
and Ca2+) components that react with the inner layer of the
metallic substrate and cause the pitting of it [67]. According
to reports [68], stainless steel is vulnerable to pitting corro-
sion in aggressive solutions like saline and Ringer’s solutions.

Rev. Mex. Fis.70031001
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TABLE VI. Corrosion parameters for the samples tested in Ringer’s solution were determined from the polarization curves.

Parameters Films 304L 1 4 9

Units min

Corrosion potential (Ecorr) (mV vs. SCE ) -388 -486 -526 -217

Current density (Icorr) (µA/cm2) 2.115 1.354 1.208 0.881

Polarization resistance (Rp) (KΩ.cm−2) 10.518 40.874 61.161 90.358

Corrosion rate (Cr) (mm/year) 8.97 1.585 1.059 0.715

Cathodic Beta (βc) (mV) 330.274 490.225 313.31 239.357

Anodic Beta (βa) (mV) 100.332 652.783 636.887 380.348

Protective efficiency (Pe) (%) - 40.68 42.85 58.32

Porosity (P) (%) - 0.363 0.241 0.077

The presence of Cl− on the surface may suggest the creation
of an oxide film. Chloride ions in the solution penetrate the
porous ZnO film and accelerate the corrosion process of the
alloy by forming Cr2O3, and Fe3O4 [64]. According to the
literature, Cl− ion in Ringer’s solution is more than Cl− ion
in NaCl [69]. The results of the polarization curves are in
good agreement with the EIS results.

The film protective efficiency (Pe) and the porosity (P)
were estimated using the following Eqs. (6) and (7), respec-
tively [43,70,71]:

P (%) =
(

1−
[

icorr,film

icorr,substrates

])
, (6)

whereicorr, film, and icorr, substrates are the corrosion cur-
rent densities for the thin film and uncoated 304 L electrode,
respectively.

P =
(

Rps

Rp

)
∗ 10∆Ecorr/ba, (7)

whereP is the total porosity of the thin film.Rps is the polar-
ization resistance of the uncoated substrate.Rp is the polar-
ization resistance of the thin film.∆ Ecorr is the difference
in the corrosion potential between the coated and uncoated
substrate.ba is the anodic Tafel slope of the substrate. Based
on the findings shown in Table VI, we may conclude that the
porosity and the protective efficiency values decrease with in-
creasing disposition time. Furthermore, when the disposition
time of the ZnO thin film was increased from (1 to 9 min), the
Icor value of the ZnO thin film decreased from approximately
1.354 to 0.881µA/cm−2, indicating that increasing the dis-
position time would reduce the corrosion resistance. A thin
film with a deposited time of 9 min exhibited the best corro-
sion resistance. These results can be associated with crystal
size (Table III).

Table VI presents the corrosion parameters (corrosion po-
tential (Ecorr), current density (Icorr), Polarization resis-
tance (Rp), Protective efficiency (Pe), Porosity (P ), and cor-
rosion rate (CR)) obtained by the Tafel method from the po-
larization curves in a physiological medium (Ringer’s solu-
tion at 37◦C).

FIGURE 7. Nyquist diagrams of ZnO in Ringer’s solution at 37◦C
with different deposition times (1, 4, and 9 min).

The Nyquist plots for the thin films have been obtained in
Ringer’s solution after open-circuit measurements over a time
(12 h) required to stabilize the EOCP potential (Fig. 7). A
single depressed semicircle is shown in the Nyquist diagram
for the ZnO/304L electrodes. The diameter of the semicircle
of a thin film with a disposition time of 9 min observed from
Nyquist plots (Fig. 7) were more significant compared to
those deposited within 1 and 4 min, confirming the increase
in the corrosion resistance of the thin film with thickness in-
crease. The larger semicircle is caused by the compact thin
film and appears at lower frequencies. The semicircle at the
low-frequency region for the ZnO curve is associated with
the charge transfer resistance at the electrode/electrolyte in-
terface [72]. With the increasing deposition times of ZnO
thin films, ions will have difficulty penetrating pores and film
defects, which leads to an increase in the charge transfer re-
sistance of ZnO thin films. This increased resistance results
in an increase in the diameter of the semi-circle. It indicates
the improvement of the corrosion resistance in Ringer’s solu-
tion. Based on the shapes obtained from the EIS plots, which

Rev. Mex. Fis.70031001
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TABLE VII. Values of equivalent electric circuits of the ZnO thin coatings in Ringer’s physiological solution at 37◦C.

Corrosion Resistance of Constant phase Charge transfer

potential the electrolyte element resistance

ZnO (Ecorr) (Rs) (CPE) (n) (Rct)

(mV vs.SCE) (Ωcm2) (Ω−1Sncm−2) n (Ωcm2)

1 min 0.486 75 2.44E-5 0.67 2.02E+3

4 min 0.214 88 1.10E-5 0.68 3.12E+3

9 min 0.527 56 1.60E-6 0.81 6.08E+3

FIGURE 8. Electrical equivalent circuit models of the thin films
ZnO/304L in Ringer’s solution at 37◦C with different deposition
times (1, 4, and 9 min).

are characterized by one-time constants, an equivalent elec-
tric circuit was chosen to fit the EIS of ZnO films.

In Fig. 8 the equivalent electrical circuit models of the
thin films ZnO/304L are presented to explore the corrosion
mechanisms of the various samples, the Nyquist data of the
ZnO /304L stainless steel thin films with different deposition
times were fitted by using the ZView software. As can be
seen, the suggested equivalent circuit contains one constant
phase element because of one semicircle in their Nyquist
plots.

In this circuit, the initial value of the real impedance (Z’)
corresponds to the solution resistance (Rs), and the diameter
of the semicircle of the film is referred to as the charge trans-
fer resistance (Rct) toward diffusion of the electrolyte ions
and constant phase element (CPE) is the related capacitive.
The derived parameters from the (EIS) for the different depo-
sition times of the ZnO/304L substrate were calculated after
fitting the EIS spectra (Table VII). As the deposition time in-
creases, the Rct gradually increases to (6.08 × 103 Ωcm2).
This means that ZnO film prepared at 9 min has the best cor-
rosion resistance.

Figure 9 shows The Mott-Schottky plot of (1/C2) versus
the potential for ZnO/304L thin films in a Ringer physiolog-
ical solution at 37◦C. The Mott-Schottky diagram is made
for knowing whether the semiconductor is n-type or p-type.
The flat-band potential (UFB) of ZnO/304L with different
deposition times (1, 4, and 9 min), was performed from the
intersection of the straight line to the potential axis (1.69 V,
1.79 V, and 1.99 V), respectively. The analysis showed that
all curves give straight lines having a positive slope, which

FIGURE 9. The Mott-Schottky plots of1/C−2 vs electrode poten-
tial for a ZnO formed on 304L with different deposition times (1,
4, and 9 min) in Ringer’s solution at 37◦C.

indicates that the thin films exhibit an n-type semiconduc-
tor. Several authors have confirmed that the ZnO is an n-type
semiconductor [6,73,74]. According to the Mott-Schottky
theory, Eq. (8) gives the space charge capacitance of an n-
type semiconductor.

1/C2 =
(

2
εε0eNDA2

)(
U − UFB − KbT

e

)
. (8)

whereC is the interfacial capacitance,ND is the donor den-
sity (cm−3), which can be obtained from the slope of the
Mott-Schottky plot.U is the applied voltage,UFB the flat-
band potential,Kb is Boltzmann’s constant,T is the absolute
temperature,e is the electronic charge (1.6 × 10−19 C). (A)
represents the electrode surface area (0.5 cm2),
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TABLE VIII. Acceptor concentrations (ND) of the ZnO thin coatings obtained from the linear section of the Mott-Schottky plots given in
Fig. 8.

Thin films Method Thikness Times Donor Ref.

(nm) (min) ND(cm−3)

103 1 1.71E+22

ZnO/304L Ultrasonic spray 196 4 5.67E+21 This work

278 9 2.97E+20

ZnO Sol-gel - - 5.4E+18 [57]

ZnO Sol-gel spin coating 65 - 1.49E+20 [72]

ZnO wires Electrochemical anodization 50-250 - 1.25E+20 [60]

ZnO Graphite Thermal chemical vapor deposition - - 6.35E+16 [73]

ε0 represents the vacuum permittivity (8.85 × 10−14 F/cm)
and εZn is the passive film’s dielectric constant, habitually
supposed to be (10 [75]).

The slope of the Mott-Schottky plot gives the donor den-
sity (Table VIII), ND, and the value estimated was (1.71 ×
1022 cm−3) for ZnO (1 min) being the highest and for ZnO
(9 min) with (2.97× 1022 cm3) being the lowest. This slight
difference in donor density comes from surface defects and
oxygen vacancies in ZnO thin films, which may be associ-
ated with a reduction in the electron transport along the oxide
[76]. These results are in agreement with those obtained in
the EIS analysis. According to Mott-Schottky’s theory, the
n-type property of a passive film is produced by interstitial
diffusion of cations or by anionic diffusion (like oxygen va-
cancy) in the metal. The density of donors and the slope have
an inverse relationship. It suggests that the increase inND

in a passive film is directly connected with increases in cur-
rent density values [77]. The higher the donor density, the
more susceptible a passive film is to pitting corrosion [77].
In photocatalytic activity, a high donor density value implies
a higher carrier concentration, which is related to better con-
ductivity in the films. A high donor density value is normally
associated with higher conductivities, enhancing electron ef-
fectiveness and hole transport at the electrode interface [76].

4. Conclusion

In this study, we prepared ZnO films on 304L stainless steel
by the spray ultrasonic deposition. The structural behavior,
Indentation nano measurements, and corrosion behavior (po-
tentiodynamic polarization, electrochemical impedance, and
Mott-Schottky analysis) analysis of ZnO films was evaluated,
and the following conclusions were drawn.

- ZnO film, formed for various time dispositions, is of
polycrystalline structure, with a preferential growth direction
along the c-axis. - With the variation of deposition time rang-
ing from 1 to 9 minutes, Young’s modulus of the films var-
ied from 198.7 to 228.9 GPa and the hardness varied from 9
to 15 GPa. - The results from nanoindentation affirmed that
the time of sputtering deposition significantly influenced the
nanomechanical properties of the ZnO film and that the film
deposited at 1 minute seemed to have the best mechanical
properties.

- The film performed on 304L for 9 min had the highest
corrosion resistance: The corrosion protection efficiency of
the film was 59 % after 24 h of immersion in Ringer solution.
ZnO films have been demonstrated as an effective approach
to fabricating corrosion-protective ZnO on 304L alloy.

- Mott-Schottky analysis indicated that thin films formed
on 304L displayed an n-type semiconducting behavior. Like-
wise, this analysis suggested that the donor density is in the
range of1022 cm−3 and increased with a decrease in the
thickness film.
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