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Abstract. In the literature, a comprehensive assessment of the combined impacts
of chemical and mechanical parameters on the properties of thin films grown by SILAR
is missing. In this work, ZnO film formation is investigated under variable precursor
concentration, pH, withdrawal speed and number of cycles. Interestingly, the produced
ZnO films displayed remarkable aspect ratio and morphological variability, ranging
from the commonly obtained nanograins shape towards hexagonal nanorods, flower-
like rods and nanoneedles, which to our knowledge have not yet been achieved by using
single step SILAR process. More particularly, low concentration and intermediate pH
and withdrawal rates were favorable for nanorods formation. In addition, increasing the
withdrawal speed from 26 to 30 cm-min resulted in a thinner film with improved rod
uniformity and reduced crystallite size. This is the first study on the impact of substrate
withdrawal speed on SILAR films. Among all studied parameters, the number of cycles
was particularly useful for tuning film thickness, while preserving its target shape. In
addition, the films grown under a higher number of cycles showed improved film
crystallinity and rod orientation with reduced dislocation density, microstrain and
bandgap energy. In our conditions, the most suitable combination of parameters required
for exhibiting optimized nanorod-shaped coating are: a concentration of 0.07 M, pH of
10.5, speed of 30 cm-mint and 40 cycles. In this case, XRD, XPS, Raman and FTIR
spectra displayed typical features of hexagonal Wurtzite structure of ZnO with no
impurities within the film surface, whereas AFM measured a thickness of 1.4 pm with
243 nm surface roughness.
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1. INTRODUCTION

The technology advanced significantly in the last decade, providing faster, more
efficient and smaller electronic devices [1-3]. Semiconductor thin film technology
is part of many cutting-edge tools, such as transparent electronics, sensor manufacturing,
photovoltaics, sensing, etc. [4, 5]. Among the wide family of semiconductor materials,
zinc oxide (ZnO) is renowned for matching some distinctive advantages, such as high
optical transparency, high electron mobility, wide bandgap, good piezoelectric
properties and chemical stability, making it so attractive as an active material for
developing a wide range of semiconductor devices [6-9]. In addition, ZnO is generally
considered a low-cost, safe, non-toxic and non-carcinogenic material. It is also a
biodegradable material that does not accumulate in the environment [10, 11]. ZnO
can exist in different phases, such as the wurtzite, zinc blende and cubic rocksalt
structures, depending on the chosen synthesis method and treatment conditions.
Among these phases, the former remains the most stable phase in normal conditions
of temperature and pressure [12—14]. ZnO thin films are more commonly shaped as
interconnected particles, with diameters in the nanometer range, generally less than
100 nm. However, thanks to the recent advances in nanotechnology, ZnO nanostructured
thin films are also available in diverse forms, such as nanorods with a nanometric
diameter and length or can take the form of 2D structures such as nanosheets of
nanometric thickness and extended lateral dimensions, among others. These sheets
can be plate- or flake-shaped [15]. Controlling and understanding the shape and
composition of ZnO is necessary to tailor its functional properties towards the
requirements of specific applications, such as photocatalysis, solar cells, sensors and
energy storage devices, and improve the overall device performance [16].

Up-to-date, ZnO nanostructured thin films can be processed by using different
physical or chemical deposition methods, depending on the desired properties and
applications. Most deposition techniques adopt four main steps: (1) substrate preparation,
(2) material deposition, (3) post-deposition treatment, and (4) characterization. The
second step, deposition, can be done using several technigues, such as Chemical Bath
Deposition (CBD) [17-20], Atomic Layer Deposition (ALD) [21-23], Chemical
Vapor Deposition (CVD) [24], Electro-Deposition (ED), Spray Pyrolysis (SP) [25],
and Successive lonic Layer Adsorption and Reaction (SILAR) [26-35], to name a
few. CBD involves a controlled chemical reaction to create a thin layer through a
heterogeneous deposition. ALD is a derivation of CVD based on alternating
precursors under a controlled vacuum to obtain a homogeneous and highly ordered
film on the substrate, in contrast to CVD, which uses high temperatures and a
continuous flow of precursor chemicals onto the substrate. ED is a technique based
on a potentiostatic controller with three electrodes and with temperature and pH
control instruments. This latter is preferable for conductive substrates. SP is an
approach for thin film deposition by spraying a solution over a heated surface, where
the constituents react to create a chemical composite. More particularly, SILAR is a
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deposition technique used to fabricate thin films or coatings with precise control over
thickness and composition. SILAR involves the sequential deposition of precursor
solutions onto a substrate, followed by reaction and adsorption steps. The process
begun by immersing the substrate in a solution containing a precursor of one of the
desired film constituents (for example ZnO). The substrate is then washed and dried
to remove any excess solution. This cycle is repeated multiple times, with each cycle
depositing a single atomic or molecular layer onto the substrate. The key advantage
of SILAR is its simplicity and low cost compared to other deposition techniques.
It can be performed at room temperature and atmospheric pressure, making it suitable
for a wide range of substrates and applications [26-32]. Also, SILAR technique
combines some unique advantages of ALD and CBD. In fact, SILAR deposition
takes a physically distinct layer-by-layer process like ALD, with CBD flexibility
using atmospheric coating from aqueous metal salt solutions, in the absence of high
vacuum equipment. As illustrated in Table 1, the main difference between these
techniques centers on six points, such as the equipment, film thickness and coating
conditions, substrate selectivity, deposited layer quality and cost [36—38].

SILAR process involves several parameters, including choice and concentration
of precursor solution, substrate temperature, pH, immersion time, withdrawal speed
and number of growth cycles [36, 37]. In literature, the effect of precursor solution
concentration has been widely studied on the properties of ZnO thin films grown by
using different chemical techniques [39-47]. The results of these studies have
concretely demonstrated the notable effect of concentration on the development of
different morphologies of ZnO films [6]. This latter has usually increased in crystal
size, microstrain, defect density and film thickness [40-46]. However, in the case of
ZnO films grown by SILAR, the concentration effect was only reported once [40].
In this work, the increase of precursor solution molarity from 0.025 M to 0.125 M
was shown to induce an improvement in film crystallinity, without any observed
change in the nanograin morphology. Also, in chemical methods, pH is usually
considered another critical parameter that affects the surface and structural properties
of ZnO thin films [48-54]. The increase in solution pH has been accompanied by
an increase in crystal size and film thickness and a reduction of film transparency
[48-51, 54], in contrast to the results obtained in [53]. However, most of these
studies did not address sufficiently the pH selection criteria. In some cases, the
obtained thin films suffered from low crystal quality and homogeneity [48, 52, 53].
To the best of our knowledge, only one work in the literature has dealt with the effect
of pH on ZnO thin film formation by SILAR. The crystallite size and film thickness
were found to increase as a result of pH increase from 8.5 to 10.5. Also, the films
demonstrated a change from grain morphology at 8.5, to flower-like structures at 9.0,
and to a mixture of grains and rods at 9.5 and finally to elongated rods sticking with
each other at 10.5. However, in this case, the films showed no explicit morphology
due to their non-uniform nature. This limitation could be due to the study of the pH
effect as a single variable, and not together with the other SILAR variables, such as
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concentration. Concerning the effect of mechanical parameters, the number of cycles
is one of the critical parameters that has been reported in [55-60], but in the case of
ZnO0 thin films, this has only been studied once by Ydir and co-workers [61]. In this
work, the increase in the number of growth cycles induced an increase in film grain
sizes and thickness and a decrease in optical bandgap. Nevertheless, other mechanical
parameters, such as substrate withdrawal speed, have not yet been investigated,
although their effect on the film thickness and uniformity of the SILAR-deposited
films is highly expected. Consequently, it is imperative to optimize the withdrawal
speed of a particular SILAR process in order to achieve the desired properties of the
synthesized film.

In addition, it’s still worth mentioning that the dominant morphology in the
literature for SILAR-deposited thin films is the nanograin morphology. Obtaining
other morphologies, with higher aspect ratios, has usually required combining the
SILAR technique with other processes. In this sense, Taha and co-workers produced
ZnO0 thin films by using a two-step process, in which the seed layer was grown by
SILAR, followed by CBD. The authors found that the final morphologies of ZnO
thin films were dependent on the CBD growth duration. The films grown for 6 h
displayed mixed nanorods/nanodisks shapes, whereas those grown for 10 and 12 h
showed nanodisks-like morphology [62]. Also, Kumar and co-authors, found that
the selection of seed layers (deposited by SILAR) was very crucial for obtaining
highly ordered and good quality of ZnO nanostructures grown by CBD. Moreover,
the growth and orientation of the produced ZnO nanostructures were tailored by
tuning the morphology of the seed layer. Accordingly, the spherical-shaped and dart-
like morphology of the ZnO seed layers resulted in the growth of ZnO nanorods and
nanospines, respectively [63]. Nevertheless, such two-step processes complicate the
deposition process, extend the deposition time and induce an increase in precursor
and chemical agent consumption. Also, despite the significant results achieved by
SILAR, the reported studies on thin films still suffer from some limitations, which
can be summarized in two points: Firstly, most reported studies only focus on the
independent effect of a single parameter as an independent variable and do not
include the chemical and mechanical combination, which is crucial to optimize the
film growth process. Also, no works in the literature have addressed the effect of
withdrawal speed on thin film properties deposited by SILAR. Secondly, in the
particular case of ZnO thin films, there is a lack of an in-depth characterization of
the effect of concentration, pH and number of growth cycles, as only one work has
been reported on each parameter. All these limitations explain why the produced
morphology is generally limited to the shape of nanograins.

To fill in this gap, the novelty of this work consists of exploring, for the first
time in literature, the formation of ZnO thin film by SILAR under the combination
of chemical (concentration and pH) and mechanical (withdrawal speed and number
of cycles) parameters, by using a home-made automated equipment. The first aim is
to explore the possibilities offered by this technique in terms of morphological and
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structural variability, which are supported by SEM, EDS, XRD and UV-visible
spectroscopy analysis. The second aim is to identify, for the first time, the suitable
combination of parameters for obtaining well-aligned nanorods film morphology
based on a single step SILAR process. In this case, an in-depth characterization is
conducted by AFM, FT-IR, XPS, and RAMAN spectroscopy to evaluate the
optimized film topography, thickness and composition.

Table 1

Comparison of various thin-film deposition techniques [36-38]

CBD ALD CVD ED SP SILAR
Potentiostatic
Cost- Gas system Pyrolysis spray
Simple aqueous  effective gas  distribution equipped with coating unit
Equipment bath with distribution system & three elgctrodes, comprising a Simple coating
controlled system & vacuum and with vacuum, an
temperature vacuum high temperature and  injector and a
chamber temperature pH control heated surface
instruments
. Practical control
Practical . :
. Practical using the
control of . Practically . - .
. Practically Lo Thickness control using solution
solution e . difficult h )
. difficult high - depends on the solution concentration
Thickness  temperature and thicknesses high application with viscosi and cycle
Control concentration . thicknesses PP Y. Y
with perfect - very good temperature numbers' down
down to the control with very control and injection to the low
micrometer good control J&C .
velocity micrometer
scale.
scale
. Vacuum Reduced Controlled High and .
. Ambient o moderate Ambient
Coating conditions pressure and temperature,
- temperature and ) temperature temperature and
conditions and moderate high- pH, and :
pressure - with a heated pressure
temperature  temperature potential
surface
Wide Wide range Limited by reSsL:StSitr:atso Wide
Substrate range of of substra?es deposition Conductive mo deratgan d range of
selectivity substrates temperature substrate high substrates
temperatures
Deposited Depends on High quali Depends on Depends on
film experimental Excellent Excellent gh quality coating experimental
Quality parameters environment parameters
Cost Low High High Low Low Low

SILAR: Successive lonic Layer Adsorption and Reaction; CBD: Chemical Bath Deposition; ALD: Atomic Layer
Deposition; CVD: Chemical Vapor Deposition; ED: Electro-Deposition; SP: Spray Pyrolysis.

2. EXPERIMENTAL SETUP

Figure 1 presents a schematic illustration of the homemade automated SILAR
equipment used in this study to grow ZnO thin films [26]. This latter is composed of
three main components, namely: the motorized platform the electronic control
circuit, and the visual user interface. As displayed in Fig. 1a, the moving platform,
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equipped with a 4-substrate holder, enables precisely controlling the substrate
movement and position, both along the x-axis and across the y-axis, by using stepper
motors. The electrical control circuit depicted in Fig. 1b, allows the programming,
processing, and execution of various operating instructions for actuators, sensors,
and other devices. Examples include power sources, stepper motor drivers, etc. It
permits customizing each component's power supply. Finally, the graphical interface
shown in Fig. 1c, allows customizing and easily adjusting the SILAR deposition
parameters, namely: number of beakers to be used, immersion time in each beaker,
the distance separating the beakers (Ad), the substrate immersion depth (dy), the
immersion/withdrawal speed along the X and Y-axis and the number of growth
cycles. More details on the design and the electromechanical features of the
equipment are available elsewhere [23].

(a)

FSA_UIZ

Fig. 1 — a) Home-made automated equipment used to grow thin films by SILAR;
b) Electronic control circuit; (c) User control interface [23].

3. FILM GROWTH PROCEDURE

3.1. SILAR PROTOCOL

The deposition trials of ZnO thin films were performed on glass substrates
using the automated SILAR equipment. Before deposition began, the substrates were
cleaned inside an ultrasonic bath, in five successive steps, containing: deionized
water, acetone, and deionized water again, then ethanol, and finally deionized water.
Each step lasts for 15 minutes. Subsequently, the substrates were dried before use.
Note that all the chemical reagents used to clean the substrates (acetone, ethanol,
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etc.), as well as the zinc chloride (ZnCl,) precursor and ammonia used to produce
the different films of ZnO, were of analytical grade and purchased from Sigma
Aldrich. The reaction precursors were prepared with distilled water having a
resistance of less than 2 MQ-cm.

Figure 2 depicts a schematic description of the SILAR process. For the
synthesis of ZnO thin films, the cationic solution was prepared by mixing distilled
water with precisely measured proportions of ZnCl, and ammonia (NHs). In this
study ZnCl, was selected among other precursors, based on its several advantages
reported elsewhere [64]. Then, the obtained mixture was magnetically stirred at room
temperature for one hour to get a uniform and transparent solution.

One Cycle

[

" ™

[zn (NH),]"  ecl Zno

2

Fig. 2 — Schematic representation of the SILAR process.

I Solution preparation and substrate cleaning I

I Immersion of the substrate in [Zn(NH;),]** I
I [ SILAR cycles

I Immersion on the substrate in hot water I

|

I Rinsing the substrate in deionized water I

No

Cycles are
completed

Yes

Fig. 3 — Flowchart of ZnO film deposition by the SILAR method.
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ZnO thin films were deposited by alternating the substrate dipping in
[Zn(NH3)4]?*" complex and heated water. Each single immersion cycle consisted of
the following three stages:

(1) immersion of the substrate in the cationic solution to absorb the complex

onto the substrate;

(2) submersion the substrate in hot water to obtain a solid layer of ZnO;

(3) washing of the substrate with a sufficient amount of distilled water to

eliminate unreacted species in advance to the next deposition cycle.

Figure 3 depicts the flowchart of ZnO film deposition by the SILAR method.
Therefore, numerous immersions are required for obtaining compact, homogeneous
and well-adhered ZnO thin films and achieving the target thickness.

3.2. FILM GROWTH PRINCIPLE

The formation of ZnO thin films onto a glass substrate by using the SILAR
technique required the use of two separated cationic and anionic solutions. Ammonia
acts as a complexing agent and serves to control bath pH. The first bath consisted of
a ZnCl; solution; in which, the zinc (1) tetra ammonium complex [Zn(NH3)4]** is
shaped by the excessive addition of ammonia [65].

In the first SILAR step, zinc ions are complexed by the hydroxide [Zn(NH3)4]?*
and get adsorbed onto the substrate surface. During the adsorption, the zinc-
hydroxide complex is eventually partially broken up. After rinsing, in the reaction
step, hydrogen peroxide and hydroxide ions from the anion precursor solution adsorb
onto the surface and react with the adsorbed zinc species. Equation 1 depicts the
saponification reaction when aqueous ammonia is added to the ZnCl; solution. The
ammonia addition causes the Zn?* ions to interact with the OH" ion to generate a
white precipitate of Zn(OH)..

ZnCl, + 2NH,OH— Zn(OH), + 2NH,* + 2CI~ (1)

Excess NH4OH is added to dissolve the hydroxide, resulting in a clear solution
of two different chemical species, as shown in Eq. 2.

Zn(OH), + 2NH,* — [Zn(NH3),]?* + 2H,0 + 2H* (2)

When the glass substrate is immersed in the aforementioned solution, the zinc
complex ions are adsorbed onto the substrate due to the attraction forces between the
ions in the solution and the surface of the substrate. These forces can be Van der
Waals, cohesive, or chemical attraction [28]. The glass substrate is then immersed in
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hot water, and the [Zn(NH3)4]?* complex decomposes to yield Zn(OH), according to
Eq. 3:

[Zn(NHs),]?* + 4H,0 — Zn(OH), + 4NH,* + 20H"~ 3)

Equation 4 shows the dehydration reaction that occurs at the substrate surface
leading to the formation of ZnO from an ammonium zincate bath:

Zn(OH), — ZnO + H,0 (4)

Thus, the successful formation of a well-adhering and homogeneous ZnO film
on the substrate occurs within a suitable number of cycles. Among the most
important experimental parameters influencing the deposition and film quality
process are the molar ratio of Zn/NH4OH, the time duration of the reaction in hot
water, and the drying process.

3.3. PROCESSING PARAMETERS

Table 2 describes the different chemical and mechanical SILAR parameters tested
in our deposition trials. Concerning chemical parameters, we started by examining the
concentration effect. During these experiments, different films were deposited by
changing the precursor concentration (ZnCly) in the cationic solution, while keeping
the pH value at 10.5, the withdrawal speed at 30 cm-min, and the number of growth
cycles at 40. The variation of the metallic content of the films was obtained by preparing
the precursor at different molarities in deionized water. Each solution was prepared
with a specific concentration by measuring the corresponding amount before being
dissolved in 50 mL of distilled water. In order to evaluate the effect of pH, different
films were prepared by varying the pH value of the precursor solution, while keeping
the ZnCl, salt concentration constant at 0.07 M, the withdrawal speed at 26 cm-min™
and the number of growth cycles to 40, during all experiments. The solution pH was
adjusted to different values by using ammonia, namely: 10, 10.5 and 11. Concerning
the mechanical parameters, the study of the effect of substrate withdrawal rate, by
using our homemade automated machine, was performed by setting the motor speed
along the y-axis to three different values, namely: 20 cm-mint; 30 cm-min* and
45 cm-min‘t. Meanwhile, solution concentration and solution pH were fixed at their
optimal values of 0.07 M and 10.5, respectively. To determine the number of growth
cycle’s effect, ZnO solutions were prepared using optimal precursor concentration,
pH and withdrawal speed of 30 cm-min-t. The film deposition was carried out under
a variable number of cycles of: 10, 20, 30 and 40, to yield ZnO semiconductor thin
films of various thicknesses. All the experiments were conducted at room conditions.
After deposition, the different samples were heat-treated in a muffle furnace at 400°C
for 1 hour, to eliminate residual solvents and allow the crystallization of ZnO.
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Table 2

Studied chemical and mechanical SILAR parameters: Description, parameter labels and values

Deposition Description Label and
Parameter Value
C1=0.07
Col:;lrs:rl:trrsa?iron Means the amount qf precursor present ina C2 =0.085
(mol. L) given volume of cationic solution C3=0.1
Chemical ' C4=0.13
Is a measure of the chemical activity of P1=10
pH protons or hydrogen ions in the cationic P2 =105
solution P3=11
Withdrawal The rate at which the substrate is dipped into S1=20
speed the solution and withdrawn from it during S2=30
(cm-min) the deposition process S3=45
Mechanical The number of times the substrate is “% ; %8
Number of cycles  exposed to alternating solutions containing N3 = 30
cations and anions N4 = 40

4. ZnO FILM FORMATION UNDER VARIABLE SILAR PARAMETERS

Investigation of ZnO film formation under combined effects of chemical and
mechanical SILAR parameters was carried out by Scanning Electron Microscopy
(SEM) and Energy Dispersive X-ray spectroscopy (EDX), by using JEOL model
JSM-6700F equipment. X-ray diffraction (XRD) patterns were acquired by a Bruker
D8 advanced diffractometer under Cu Ka irradiation (. = 1.54060 A), whereas film
bandgap energy was characterized by UV-Vis spectroscopy.

4.1. EFFECT OF CHEMICAL PARAMETERS

A. PRECURSOR CONCENTRATION

Figure 4 shows SEM images of the ZnO thin films manufactured at variable
precursor concentrations of 0.07 mol/L, 0.085 mol/L, 0.1 mol/L and 0.13 mol/L.
As a first observation, all films were homogeneous, compact and well bonded onto
the glass substrate. Moreover, we didn’t notice any macroscopic defects such as
voids, pinholes, or spalling on the deposited film surface which might induce the
occurrence of photocurrent leakage, in accordance with [66, 67]. The film grown
at a concentration of C1 =0.07 mol/L displayed hexagonal-shaped nanorods.
However, by increasing the solution concentration to C2 = 0.085 mol/L, a flower-
like morphology was observed, as a result of random nanorod agglomeration. In
addition, a change from flower-like morphology to grain morphology was
observed at C3 = 0.1 mol/L. Then, agglomerated nanograins were detected above
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the latter concentration (case of C4 = 0.13 mol/L), in line with [68, 69]. Figure 4e
presents the EDS analysis performed on the sample prepared at a concentration of
0.07 mol/L (hexagonal-shaped nanorods). This analysis validated the existence of
the Zn and O elements in ZnO, with no significant impurities or contamination.
We can also notice the absence of peaks related to other components, such as Si
and Ca, associated with the glass substrate, thanks to the uniform, homogeneous
and compact layer, obtained under 40 cycles [27]. These results demonstrate the
possibility of tuning film surface morphology by playing with precursor solution
concentration and outperform other studies, where the nanograin morphology of
ZnO film was maintained regardless of precursor concentration [40].
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Fig. 4 — SEM images of the ZnO thin films prepared under variable solution concentrations of:
C1= 0.07 mol/L, C2 = 0.085 mol/L, C3 = 0.1 mol/L and C4 = 0.13 mol/L
(e) EDX spectra of ZnO deposited at a concentration of 0.07 mol/L.

B. SOLUTION PH

Figure 5 presents the XRD spectra of ZnO films obtained under three
solution pH values, namely: 10, 10.5 and 11. All diffractograms were coherent
with the standard database of Crystallography: JCPDS: 36-1451, revealing the
formation of the hexagonal polycrystalline Wurtzite structure with a preferable
growth along the (002) plane. Also, it is noticeable that the peak intensities
increased with pH, indicating an improvement in the degree of crystallinity of ZnO,
as shown by the first three peaks of the (100) (002) and (101) planes [70]. Table 3
completes Fig. 5, by summarizing the Full-Width at Half Maximum (FWHM),
interplanetary distance (d), and crystallite size values of the different samples.
Hence, as the pH increased, the FWHM decreased, revealing an increase in average
crystal size. It’s not worth mentioning that the crystallite size (D) was determined
from the full width at half maximum (FWHM) of the scattered diffraction patterns
via Scherrer's formula [71]:

0.9A
- B cos(©) (I)
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Fig. 5 — XRD spectra of ZnO thin-films prepared at various pH values.

SEM images of Fig. 6, reveal the formation of a massive and continuous
coating. Three morphologies can be identified among the deposited films, namely:
granular for P1, nanorods with some grain traces for P2 and randomly oriented
needles- or feather-shaped nanorods for P3. In the lower pH range, with weak OH"
ions, Zn (OH), can form with the released OH" ions, allowing the deposition of a
coating of finely spherical particles. On the contrary, for higher pH baths, the density
of OH-ions is significantly higher. The OH" present at higher pH and the released OH
promote the continued growth of Zn (OH); in the cationic bath, which transforms
partially into full-sized nanorods, as observed in the case of P2 sample. Then, above a
certain pH value, the samples are converted to randomly oriented needle-like
morphology [72, 73, 74]. This means that intermediate pH (10.5) may favor the
formation of vertically oriented rods, as is the case for P2 sample, which should
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minimize surface roughness and benefit for optical properties, conversely to the P1
and P3 micrographs. Sathivelu and co-workers [70] have reported a similar tendency.
However, the ZnO coatings produced in our case, exhibited an improved uniformity,
which can be further enhanced by optimizing the mechanical parameters [75].

Table 3
Summary of the structural parameters of the ZnO films deposited at various pH values
Dislocation
Lattice Microstrain

o FWH Crystallite 4 density o

pH 200 bW d@d) @  Parameters oo amy  EC10Y NG
@A) lines” m i 2

mes m
31.84 100 0.2808 0.42 a = 32423664

P1=10 3453 002 02595 032 _ 21.12 324 22.4
3633 101  0.2471 0.44 ¢ =3.1904777
3186 100 02807 036 _

P2=105 3456 002 02594 0.28 2 ; 2%32(8)2‘7“1‘ 24.57 27.6 16.6
3633 101  0.238 0.36 )
3184 100 02808 031 _

P3=11 3447 002 02599  0.23 2;2%9%3522 28.99 23.6 11.9
3631 101 02472 031 )

Agglomerated
n tllll).ﬂl'(llll.\'

Fig. 6 — SEM images of the ZnO films obtained using various pH values:
P1= 10,P2=10.5and P3 = 11.
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4.2. MECHANICAL PARAMETERS

After exploring the effect of chemical parameters and identifying the
precursor concentration and pH values required to obtain nanorod morphology,
namely: C1 and P2. The study can be complemented by investigating the effect of
the mechanical parameters, namely withdrawal speed and the number of growth
cycles. These two complementary parameters will help to strengthen the validity of
the previously obtained results and provide stronger recommendations. Also, they
can provide additional and in-depth information on the performance, reliability and
applicability of the approaches used in this study.

A. WITHDRAWAL SPEED

Figure 7 shows XRD diagrams for the films grown at three withdrawal speeds:
S1=20cm-min?, S2 = 30 cm-min*and S3 = 45 cm-min. The diffraction peaks are
in agreement with the Joint Committee on Powder Diffraction Standards (JCPDS)
diagram reference number 36-1451. From the nature of the three dominant peaks at
31.84, 34.53, and 36.33°, corresponding to the (100), (002), and (101) planes, we
can affirm the polycrystalline nature of the ZnO films. All the samples show a single
phase, justified by the absence of Bragg peaks corresponding to other phases. Also,
crystallite size is reduced with increased withdrawal speed, accompanied by an
enhancement in the degree of crystallinity and an increase in dislocation density as
illustrated in Table 4.

Figure 8 shows SEM micrographs of the films obtained at the three withdrawal
speeds, namely: S1, S2, and S3. The morphologies identified are nanograins for
S1, nanorods for S2, and flower-based nanorods for S3. ImageJ software estimated
three average grain sizes: 143 nm for S1, 115 nm for S2 and 90 nm for S3. This
grain size evolution is consistent with the crystallite size obtained from XRD
analysis. More particularly, the film grown under S2 (30 cm-mint) presents more
uniform nanorods perpendicular to the substrate surface, thereby further improving
the quality of the morphology identified in P2 (pH = 10.5 under 26 cm-min).
Then, we can deduce that the P2 and S2 combination makes it possible to exhibit
ZnO coating with an explicit nanorod morphology, which has not yet been
observed in the literature.

After examining the withdrawal speed's effect on structural and surface
properties, we will focus on its influence on optical properties. For this reason,
the sample absorbance spectra of the different films are shown in Fig. 9. The
bandgap energy values were calculated using thickness values obtained from
Zn0O transmittance spectra (using the two envelopes method) and the Tauc curve
method.
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Fig. 7 — XRD patterns of ZnO thin films prepared under variable withdrawal speed

Table 4

Calculated structural parameters of the films prepared under variable withdrawal speed

Withdrawal Lattice Crystallite DISIOC?UOH
FWHM . density
speed | 20 hkl d(A) ®) parameters size 3 (x 10 + 14)
(cm-min™) A) D (nm) lines m2
31.83 100 0.2809 0.3229 a=3.2436
S1=20 34.48 002 0.2598 0.21024 c=5.1871 25.37 15.53
36.32 101 02471 0.3155
31.85 100 0.2807 0.2807 a=3.2416
S2=30 34.48 002 0.2597 0.2598 c=5.1971 24.43 16.75
36.32 101  0.247 0.2471
31.88 100 0.281 0.3474 a=3.2382
S3=45 34.58 002 0.2598 0.2759 ¢=5.1923 223 20.11
36.34 101 02472 0.368




Acrticle no. 5

08

Brahim Ydir et al.

16

Fig. 8 — SEM images of the ZnO thin films prepared using different withdrawal speeds of:
(S1) 20 cm-min, (S2) 30 cm-min, and (S3) 45 cm-min?
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Fig. 9 — Absorbance spectra and plots of (ahv)? versus (hv) for ZnO thin films prepared at various
withdrawal speeds S1, S2, and S3.

The absorption factor (a) is determined for all samples according to the
formula below [76]:
1 1
I (3)

where t and T represent film thickness and transmittance ratio, respectively.
The relationship between optical bandgap and absorption coefficient (o) is
detailed as follows [77]:

a

(1

ahv = B(hv — E))™ (1
where a is the material absorption coefficient, B is an energy-independent constant,
hv is the photon energy, and m is a strength coefficient determining the optical
transition type (m = 1/2 for direct transition).

Direct bandgap energies of 3.13 eV, 3.17 eV, and 3.2 eV were obtained for S1,
S2, and S3 samples, respectively. The observed increase in film bandgap energy is in
accordance with the redshift observed in the absorption edge. The decrease in absorbance
can be attributed to the decrease of film thickness, due to crystallite and grain size
reduction, as a result of the increase of withdrawal speed, as confirmed by XRD and
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SEM results. To the best of our knowledge, this is the first study examining the
withdrawal speeds effect on the properties of thin films deposited by the SILAR method.

B. NUMBER OF GROWTH CYCLES

Figure 10 shows SEM images for N1, N2, N3, and N4 samples. The
concentration (C1), pH (P2), and withdrawal speed (S2) enabled us to maintain the
nanorod morphology, whereas the number of cycles affected thickness. Also, it’s
noticeable from Fig. 10 that the film produced under 10 cycles showed randomly
oriented nanorods whose orientation enhanced progressively as far as the number of
cycles increased. At 40 cycles, the film exhibited the best nanorod alignment along
the vertical axis.

Q.5m

Fig. 10 — SEM images of the ZnO thin films prepared under variable number of cycles:
N1 =10, N2 =20, N3 = 30, and N4 = 40.

Figure 11 presents XRD patterns for the samples produced under N1 = 10,
N2 =20, N3 = 30, and N4 = 40. The polycrystalline structure of the films is always
preserved. Furthermore, the structural parameters in Table 5 indicate a clear
improvement of the crystal structure and a reduction of dislocation density and
micro-strain, with the increase of the number of cycles [57]. These results are
consistent with other studies [55, 78].
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Fig. 11 — XRD patterns of ZnO films prepared under variable number of cycles: 10, 20, 30, and 40.

Table 5

Calculated structural parameters of the films prepared under different number of cycles

Nug}ber Lattice Crystallite D(;le?sci?;lgn
20 (°) hkl d(A) FWHM (p) parameters size D
growth A (x10+14)
o A) @m) NS
ycles ines m

N1 31,83 100 0,281 0,31694

345 002 0259 o3ms AT P a1 22
3632 101 0247 035431 :
3182 100 0281 0332 -

N2 3446 002 0259 02967 0 22 2.5 19.6
3629 101 0247 03224 ’
3185 100 0280 030327 _

N3 3452 002 0259 02711 AT 3T a3 17,7
3635 101 0247 034006 >

N4 3082 100 0281 029923 _ .
3446 002 0260 029788 _ 3 26,04 14,7

¢ = 5.18107

3629 101 0,247 0,3561
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Figure 12 depicts the absorbance spectra and tauc plots of the different samples.
The bandgap energies for samples N1, N2, N3, and N4 were 3.5, 3.34, 3.25, and 3.15
eV, respectively in accordance with the observed blueshift of the absorption edge. The
observed decrease of the bandgap as a function of the number of cycles is attributed to
the decrease in transmittance, meaning the increase in film thickness [26]. The
explanation for the bandgap of 3.5 eV for N1 can be attributed to the quantum size
effect predicted by the monocrystalline nature caused by the small size of the crystals
[21]. This finding is important compared to other studies [79, 80]. Among all studied
SILAR parameters, the number of growth cycles, was the unique parameter, which
allowed tuning film thickness while keeping the target surface morphology.
Therefore, the sample produced at 40 cycles has a relatively larger crystal size and
lower dislocation density with a good nanorod shape and a better alignment, thereby
reducing the grain boundaries effect compared to the other previously observed
morphologies (grains, flowers, needles, etc.). These properties remain particularly
attractive for photo-electrodes, solar cells, and gas detection applications.
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Fig. 12 — Absorbance spectra and plots of (ahv)? versus (hv) for ZnO thin films prepared under
different number of cycles (a) 10, (b) 20, (c) 30, and (d) 40.
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4.3. NANOROD-FILM TOPOGRAPHY AND COMPOSITION

In the previous section, we successfully identified the parameters required for
exhibiting nanorod morphology, namely: C1 for concentration, P2 for pH, S2 for
withdrawal speed, and N4 for the number of cycles. These selections are justified by
our aim to obtain an aligned nanorod morphology (C1, P2) and an explicit hexagonal
wurtzite structure with fully controlled thickness (S2, N4). The topography and
composition of the exhibited thin film properties are further investigated.

On one hand, Atomic Force Microscopy (AFM) in tapping mode was used to
examine the topography of the nanorod-shaped film by using a Nanonics MV 4000
Microscope over a scan area of 10 um x 10 um. On another hand, film surface
composition was examined by Fourier Transform Infrared (FTIR) X-ray Photoelectron
Spectroscopy (XPS) and Raman spectroscopy, using PerkinEImer FTIR spectrometer
(PerkinElmer, Inc., MA, USA), ESCALAB Xi+ (Thermo SCIENTIFIC Surface
Analysis) equipped with a multichannel hemispherical electron analyzer (dual X-ray
source) working with Al Ko radiation (hv =1486.2 eV) and a BRUKER-RFS27
FT-Raman spectrometer (Bruker Optik GmbH, Bremen, Germany), respectively.
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Fig. 13 — (a, b) Atomic force microscopic view of the ZnO film surface (c) FTIR spectrum of the film.

Figure 13 (a and b) shows Atomic Force Microscopy (AFM) images of the
surface of the nanorod-shaped ZnO film. Accordingly, the film exhibited an
average thickness of 1.4 pum and an average surface Root Mean Square (RMS)
roughness of 243 nm. Figure 13c depicts the FTIR spectrum, which provides
information on chemical bonding and composition on the film surface of pristine
ZnO. The vibration band at 3906 cm™ could be attributed to the hydroxyl group
(OH). The peak at 2305 cm* represents the CO, molecule in the air, whereas the
bands detected at 2929 and 1158 cm! can be attributed to C-H bonding. The band
detected at 667 cm™ corresponds to Zn-O stretching, which confirms ZnO formation.
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XPS analysis was used to understand the chemical state, electronic structure
and film composition. Figure 14a shows the XPS spectra of the film, with Zn, O, and
C as the main constituents. The spectrum of Zn 2p, displayed in Fig. 14b, shows two
bands at 1045.0 and 1021.5 eV, corresponding to Zn 2pi» and Zn 2psp. electronic
states, respectively. The gap between the Zn 2ps;; and Zn 2py. electronic states was
calculated to be 23.0 eV. This is generated by spin-orbit splitting and is identical
to previously reported values [81]. As shown in Fig. 14c, the Ols XPS peak can
be decomposed into two Gaussian components at ~531.4 and 530 eV; the band at
530.0 eV can be indexed to chemisorbed oxygen species at the sample surface and
lattice oxygen vacancies (Oc), whereas the band at 531.4 eV can be indexed to lattice
oxygen species (O.) in the Wurtzite structure of hexagonal ZnO.

Figurel4d shows the Raman spectrum of ZnO film, measured under 532 nm
excitation. The vibration mode at ~450 cm™ is attributed to the second-order Raman
mode (E2H) associated with oxygen atoms, a typical feature of hexagonal wurtzite
ZnO [82]. Peaks around 560 and 785 cm™ generally result from second-order Raman
scattering, although the presence of impurities and/or defects may also influence
these modes. The mode observed at 932 cm™ is attributed to the Al polar mode
corresponding to the vibration of the C-C bond. The additional mode at 1100 cm™
observed in the Raman spectrum of ZnO is attributed to surface optical phonon
modes [83].
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5. CONCLUSIONS

This work investigated for the first time the formation of ZnO thin films by
single-step SILAR process under the combination of two important types of
parameters, namely chemical and mechanical ones. Thanks to the use of our
homemade automated SILAR equipment, it was possible to customize and perform
the growth process under variable mechanical parameters such as substrate withdrawal
speed and number of growth cycles, in addition to the chemical parameters such as
precursor concentration and pH in the cationic solution. Regardless of the growth
conditions, all produced ZnO films annealed at 400°C, exhibited a unique hexagonal
wurtzite phase with no detected impurities. Nevertheless, thanks to the combination of
concentration, pH and withdrawal speed, it was possible to extend, for the first time
the variability of the shapes of ZnO films produced by one-step SILAR to nanorods,
flower-like rods and nanoneedles, rather than the nanograin shape usually observed
using this technique. More particularly, low concentration together with intermediate
pH and withdrawal rates in the range of 26-30 cm-min™ were favorable for nanorod
formation. In addition, by increasing withdrawal speed from 26 to 30 cm-min thinner
films were obtained with improved rod uniformity and reduced crystallite size. Hence,
it should be mentioned, that this is the first study on the impact of substrate withdrawal
speed on SILAR films. In contrast to the three aforementioned variables, the number
of cycles was the lonely parameter, which allowed preserving film shape, while
allowing to tune the film thickness. In particular, the film grown under a higher number
of cycles showed improved film crystallinity and rod orientation with reduced
dislocation density, microstrain and bandgap energy. In our conditions, the suitable
combination of parameters required for exhibiting optimized nanorod-shaped coating
was identified as follows: a concentration of 0.07 M, pH of 10.5, speed of 30 cm-min*
and 40 cycles. In such conditions, the nanorod-shaped film displayed a thickness of
1.4 um with a Root Mean Square surface roughness of 243 nm. The parametric
approach adopted in this study pointed out for the first time the necessity to involve
the mechanical parameters especially withdrawal rate in combination with the other
parameters when designing and optimizing semiconductor thin films for a specific
application and opens the way for the fabrication of ZnO films with tunable shapes
and functional properties, taking the advantages of the affordability and simplicity of
the SILAR process, whose main produced morphology was usually limited to
nanograins. Future work will involve (1) extending our investigation by involving the
impact of other parameters, namely immersion angle and annealing temperature, and
(2) validating the optimal parameters in the mark of a gas sensing application.
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