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Abstract

In this present work, we have successfully fabricated a piezoelectric structure based on ZnO
nanowires (ZnO NWs) using a simple, low cost and environmentally friendly hydrothermal method.
This structure forms the basis to fabricate vertically integrated nanogenerator device.

This paper attempts to study the effect of several parameters such as the seed layer morphology,
seed layer roughness, seed layer annealing temperature, growth temperature, and growth time on
three different substrates, which are silicon substrate with a gold & platinum film as lower metal
contact, and stainless steel. The structure and morphology of the seed layer and the as-obtained
nanowires were characterized using scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HR-TEM), and X-ray diffraction (XRD). SEM analysis shows that the
non-aqueous seed solution must be stirred to avoid the formation of the two phases (milky and
translucid) and thus the formation of ZnO particles with different sizes and morphologies. In addition,
the annealing temperature influences the diameter of the ZnO seed layer and thus ZnO nanowires
diameter. This work also shows that the length of the nanowires increases with the growth duration
without affecting ZnO diameter (70430 nm). HR-TEM and XRD studies show the high crystalline
quality of the one-dimensional nanomaterials deposited on stainless steel and confirm their high
density along the c-axis direction. In this paper, we have also investigated the electrical and
piezoelectric performances of the structure obtained. Indeed, the I-V curves exhibit nonlinear and
asymmetric electrical characteristics, which confirms the formation of Schottky contacts between the
metal and ZnO NWs. According to the piezo-response force microscope, an effective piezoelectric

coefficient d33 between 5 and 7 pm/V as a function of the substrate was measured.
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1. Introduction

Due to the increasing demand for eco-friendly materials, research on zinc oxide continues to interest
scientists around the world. This inorganic compound has numerous advantages such as chemical
stability, biocompatibility, eco-friendly, low-cost and easily synthesized, etc [1].

Zinc oxide can be obtained in different shapes and forms such as nanoparticles [2], nanosheets [3],
nanoflowers [4], nanoflakes [5], nanowalls [6], nanorods [7], nanowires [8], and so on. Among these
nanostructures, vertically aligned zinc oxide nanowires have attracted much attention due to their
interesting properties. They are widely used for applications in field emission transistors,
photodetectors [9], solar cells [10], water splitting [11], UV and blue light emitting diodes (LEDs) [12],
nanogenerators [13], photocatalysis [14], gas sensors [15], preventing Marine Fouling [16], Self-
cleaning [17], and so on.

Comparing ZnO nanowires to bulk ZnO and thin films, nanowires have less grain boundaries and
defects. They have large surface-to-volume ratios and high active surface [18]. Moreover, they have
efficient charge transport along the nanowire axis and the geometry of this nanostructured material
exhibits strong confinement effect [19]. In addition, owing to its non-centrosymmetric structure, one
of the important properties is their piezoelectricity which is extensively studied in theoretical and
also in experimental.

Owing to the above-mentioned properties, a broad range of methods have been reported on the
synthesis of ZnO nanostructures. Indeed, ZnO nanowires can be synthesized by several methods,
such as vapour-liquid—solid (VLS) growth [20], electrochemical deposition [21], chemical vapour
deposition (CVD) [22], ultrasonic spray pyrolysis technique [23], etc. However, the above-mentioned
methods are usually operated at high temperature (>100 °C) and require sophisticated equipment.
Therefore, the hydrothermal method has been reported as an alternative way to synthesize ZnO
NWs. Owing to its simplicity, low-cost process, low temperature (<100 °C), scalable process, and high
yield, numerous studies have been performed on the growth of ZnO nanowires using this technique

[13].



Another advantage of this method is the possibility of using different types of substrates. Depending
on the application, ZnO nanowires have been grown on both soft and hard substrates such as cotton
fabrics [17], polymer [13], semiconductor [24], glass [25], and metal [7]. In order to grow one-
dimensional nanomaterials on this wide variety of substrates, a seed layer of ZnO is required. This
layer will act as nucleation sites, improve the alignment and the homogeneity of the nanowires, and
reduce the lattice mismatch between the ZnO NWs and the substrates [26].

The aim of the research is to investigate some Metal — Film — Metal structures that are compatible
with the field of transportation technology. Therefore, the objective is to attain a perfect vertically
aligned nanowires allowing the implementation of sensors matrix for health monitoring (with defects
detection) as well as for piezogenerator to provide some power to these sensors. While, some
research has been carried out on ZnO nanowires, there is little published papers on the influence of
the seed layer deposited on different substrates. Herein, we have studied the geometry and
crystalline quality of different substrates in order to get the maximum physical effect. These results
are original and further enrich previously published research on ZnO nanowires and offer several
advantages in terms of understanding the role and effect of the seed layer to obtain well-alighed ZnO

nanowires.

2. Materials and methods

2.1. Materials

Zinc acetate dihydrate (Zn (OOCCHs); 2H,0, 98%) and granulated sodium hydroxide (NaOH, 98%)
(products used for seed layer). Zinc nitrate hexahydrate (N.OsZn 6H,0, 98%), and
hexamethylenetetramine (HMTA, 99+%) (products used for hydrothermal growth) were purchased
from Alfa Aesar. Acetone, ethanol, and methanol were supplied by Thermo fisher and they were
used with analytical grade. Distilled water was used for the preparation of all solutions, and for
cleaning the surfaces.

2.2. Methods



In this work, we compare the morphological, structural, electrical, and piezoelectric properties of
three substrates. The first one is a silicon substrate with a gold deposition as lower metal contact.
The second one is silicon with a platinum deposition as lower metal contact, and the third one is a

conductive substrate (stainless steel), which does not require metallization.
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Fig. 1. Schematic illustration of ZnO nanowires array synthesis.

It should be noted that for silicon wafer, it was necessary to deposit a thin titanium (Ti) metal film to
reduce the effect of lattice mismatch between the film and the substrate [26]. In addition, the Ti was
deposited firstly on silicon to act as a glue layer between the substrate and the conductor layer.
Xinghua Zhu et al, have shown that the mechanical stress attributed to the mismatch of lattice
constant between the films and substrate, can cause film instability or even a film peeling [25].

Silicon wafer was used as a substrate with Ti/Au and Ti/Pt as bottom electrodes. The presence of
these electrodes is necessary for electrical evaluations. However stainless steel was used as received.
Interestingly, stainless steel is a conductive substrate that has better corrosion resistance, is readily

available, and it can be recycled.



In order to obtain well reproducible layers, a rigorous preparation of the substrates was necessary.
The substrates were cleaned in acetone, ethanol, and water (5 min each) in an ultrasonic bath then

dried with nitrogen.

Note that the protocol for obtaining ZnO seed layer and ZnO Nanowires was based on that published
by de Ali et al, but with some modifications [27]. Fig. 1 at the top shows the preparation of ZnO
seeds. As we mentioned in the introduction, this layer will act as a germination layer. Indeed, zinc
acetate and sodium hydroxide were dissolved separately in methanol under stirring for 15 min. Then,
sodium hydroxide was added dropwise onto the zinc acetate at 60 ° C. Finally, the transparent seed
solution was agitated for 3h at room temperature. The deposition of ZnO seeds on the substrates

was performed by chemical bath deposition (CBD).

In fact, several techniques have already been used to deposit ZnO thin layer on substrates. We have
selected the CBD method due to its advantages over others. It is simple to implement in
experimental setups, low cost, large area production. In addition, it does not require high working
pressure, nor sophisticated equipment. We need only the solution containing the precursors and the

substrates [28].

Indeed, the substrates were immersed in the seed solution for 5 min. Then, they were dried at 120 °C
for 10 min. Note that only one immersion was not sufficient to obtain a continuous film without
holes. Therefore, this process was repeated three times to ensure uniform seed deposition. Finally,
the coated substrates were annealed at 250 °C for 15 min which leads to the formation of ZnO

nanocrystal seeds.

In the literature, Greene et al., have reported that annealed ZnO seed layer at 350 °C for 1 h on the
hot plate produced the highest c-axis texturing of the film. This temperature will allow the solvent to
evaporate and eliminate the organic residues. Subsequently, the decomposition temperature was

lowered to 250 °C by Farhad et al., showing good c-axis texturing of ZnO seed layers [29].



For growing ZnO nanowires, aqueous solutions of zinc nitrate and hexamethylenetetramine in
equimolar concentrations were mixed under stirring for 15 min. The three different substrates
coated with ZnO nanocrystal seeds were subjected to a hydrothermal reaction. The growth duration
was varied from 3 hours to 24 hours and the oven temperature was left constant equal to 90 °C.
Note that 90 °C was chosen because it is the optimum growth temperature. A temperature less than
90 °C is insufficient to develop ZnO nanomaterials as explained in section 3.4. After the growth
reaction, the substrates were removed, rinsed with water, and then dried. Fig. 1 at the bottom
illustrates the ZnO NWs synthesis process. Fig. 2 shows the schematic diagram of ZnO nanowires

grown on the three different substrates.
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Fig. 2. Schematic diagram of the seed deposition and the hydrothermal growth of ZnO nanowires on

different substrates.

2.3. Characterizations

In order to investigate the crystalline structure, the samples were analyzed by X-Ray Diffraction (XRD)
by Siemens D5000 diffractometer, operating with Cu Ko radiation (A =1.5406 A), an accelerating
voltage of 40 kV, an applied current of 40 mA and 26 of 20-60°.

The morphology of the ZnO nanowires was characterized using scanning electron microscopy (FEG—

SEM, NEON 40 ZEISS) operating at 5 kV accelerating voltage.



The microstructures of ZnO NWs were observed using high-resolution transmission electron
microscopy (HRTEM, JEOL JEM-2100F). Indeed, ZnO nanowires have been removed from the
substrate and dispersed by sonication in isopropanol. After that, droplets of dispersed solution were
dropped on a copper grid with carbon mesh.

For the investigation of electric properties, current-voltage (I-V) measurements were performed at
room temperature by using Keithley Model 2450 Source Meter SMU Instrument.

Piezoresponse force microscopy (PFM) experiments were performed with an AFM microscope (MFP-
3D, Asylum Research/Oxford Instruments, USA) operating at room temperature and under ambient
conditions. Pt/Ir-coated conductive tips (nanosensors PPP-EFM probes with a nominal [12.8 N.m
spring constant) were used for measurement while the conductive substrate was grounded. To
enhance the detected electromechanical signal, PFM analyses were carried out at the contact
resonance frequency of the cantilever by using the Dual AC Resonance Tracking (DART) method [30].

3. Results and discussions

3.1. Effect of leaving the seed solution without agitation

Fig. 3. Photo of the solution with the separated two phases and the corresponding SEM images after

deposition on stainless steel.



In this study, we have performed several tests in order to observe the difference between the
samples in terms of homogeneity and uniformity. We noticed that the deposited seed layer on the
stainless-steel substrate and the growth thereafter appears more homogeneous than others. That is
why some experiments were performed only on stainless steel. Several studies on ZnO nanowires
have shown that the use of seed layers is important for growing these one-dimensional
nanomaterials along the c axis, accordingly we have studied this layer from several aspects [31].

In this section, we noticed that not stirring the seed solution allows the formation of two phases, one
translucent liquid (Fig. 3a) and the other one is solid formed by a white precipitate. By stirring this
precipitate in the solution using an ultrasonic bath, a milky solution is obtained (Fig. 3b). Indeed, this
solid phase consists of a high concentration of ZnO particles while the other phase is formed of less
particles.

Figure 3.c shows that coating the stainless steel with the translucent solution enables the formation
of heterogeneous layer. We can clearly see that the substrate is clearly visible under the
discontinuous, porous, and randomly deposited ZnO film. While Figure 3.d shows that dispersing the
high concentration of ZnO particles in the same solution and depositing it on the substrate permit
the formation of thick ZnO layer. Moreover, this figure shows several cracks on the
surface. Therefore, in order to obtain a homogeneous ZnO seed layer, the seed solution must be
homogenous as well.

3.2. Effect of the seed layer roughness




Fig. 4. Rough ZnO Seed layer deposited on stainless steel and the corresponding SEM image after the
hydrothermal growth.

Fig. 4 presents a rough ZnO seed layer deposited on stainless steel by chemical bath deposition. As
we can see, this layer is porous. It is formed by agglomeration and coalescence of microparticles.
Growing ZnO nanowires on this layer allows the formation of a sea urchin-like structure, as we can

observe in Fig. 4.

Seed Layer/
Silicon/Ti/Au Silicon/Ti/Pt Stainless steel

Fig.5. Top-view SEM images of ZnO Seeds deposited on the three different substrates.

Hence, we deposited ZnO seeds using a chemical bath deposition. It was performed thrice in order to
obtain a uniform and homogeneous coating. SEM images of the surfaces after annealing the layers at
250 °C are shown in Fig. 5. We can clearly see that before the hydrothermal growth, top view images
of the seeds layer deposited on the three different substrates exhibit almost the same nanostructure.
In order to measure the thickness of the seed layer, a cross-sectional SEM image of the seed layers
deposited on Pt/Ti/Silicon showed a thickness of about 600 nm.

In the present work, we did not examine the effect of the thickness of the ZnO seed layer. Indeed,
the seed layer is important as a nucleation site for growing the nanowires. Likewise, the thickness of
this buffer layer is also important as reported by many authors. Therefore, the effect of ZnO seed

layer on the formation of ZnO nanowires will be investigated in more detail in our future work.
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3.3. Effect of seed layer annealing temperature on the diameter of ZnO nanowires

Deposition before annealing Seed layer Deposition after annealing Seed layer

Fig. 6. SEM images showing the effect of seed layer annealing temperature on the diameter of ZnO

nanowires.

Fig. 6 depicts the morphology of the seed layer with and without annealing at 250 °C and the
corresponding SEM images after 24h of hydrothermal growth. It can be seen that the wire’s
diameters, forms, density, and length before annealing were different from those obtained after
annealing. Therefore, this experiment highlights the effect of the seed layer annealing temperature

to obtain either thick or fine nanowires.
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Fig. 7. Top view and side view SEM image of the top end of the nanowires.

In this work, most obtained 1-dimensional (1D) nanomaterials are nanowire-like structure. Fig.7
displays the ends of the nanowires, which present elliptic head shapes. They are not hexagonal and
they show needle-like structure along [0 O 0 1]. However before annealing, these structures had a
typical morphology of nanorods with hexagonal symmetry, and they are well faceted (Fig. 6). In the
literature, there is no or little publications on both nanowires and nanorods [8]. Liu et al, reported
that the main difference in morphology between ZnO nanowires and nanorods is that the nanowires
do not have a hexagonal shape, unlike the nanorods [32].

Table 1: The average diameters of ZnO seeds and the nanowires grown on these seeds before and

after annealing at 250°C.

Samples Average diameters (nm)
Seed layer without annealing 700 + 100
Seed layer with annealing 7030
Zn0O nanowires grown on non-annealed seed layer 700 + 100
ZnO nanowires grown on annealed seed layer 70+ 30

The table below shows the average diameters of ZnO seeds and the nanowires grown on these seeds
before and after annealing. As we can see from the table, the average diameter of ZnO NWs strongly
depends on the seed layer annealing temperature. Indeed, we can clearly observe that ZnO nanowire
diameter after annealing is 10 times lower than before annealing, it passes from 700 nm to less than

70 nm. Generally, increasing annealing temperature increases the grain size. However, the value of

12



this temperature is quite important. Yoon, Y.C., et al [33], reported that the thermal annealing
between (100-300 °C) was not high enough to promote the coalescence of small grains. In addition,
Guo, D et al [34], have shown that when ZnO thin films annealed at 250-350 °C, the films consisted
of spherical grains. The annealing at 400 °C increases the grain size. Moreover, several authors have
reported that ZnO films exhibit amorphous structure under 300 °C and even over 400 °C for others.
On the other hand, the heating rate is very important. Hwang, K and co-authors [35], reported that
the gel film has enough time to structurally relax before crystallization when the heating rate is low,
resulting in denser ceramic films.

In our work, the formation of dense array ZnO nanowires with small diameter is due to the
decomposition of zinc acetate and thus the formation of ZnO with small and denser grain sizes as
explained by Hwang, K et al [35]. Accordingly, annealing at 250°C allows the formation of ZnO
nanocrystals without their coalescence. Therefore, this experiment highlights the effect of the seed
layer annealing temperature to obtain either thick or fine nanowires.

3.4. Effect of growth temperature on the formation of ZnO nanowires

In order to see the effect of temperature on the formation of aligned ZnO NWs, we have examined
the three different samples at room temperature and at 90°C after 24h of growth, after annealing

the seed layers at 250°C.
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Fig. 8. The effect of growth temperature on the formation of ZnO nanowires hydrothermally grown
on silicon/Ti/Au, silicon/Ti/Pt, and stainless steel.

SEM images in Fig. 8 clearly show that after the growth at room temperature, we didn’t obtain ZnO
NWs, unlike the growth at 90°C which shows that all the surfaces were covered by nanowires.
Therefore, the growth temperature at 90 °C was kept constant for the rest of the experiments. In the
literature, Kangeun Yoo et al. [31], have shown that lower temperatures (60-70 °C) were not
sufficient to fully develop ZnO nanostructures. These structures begin to evolve into nanowires when
the temperature increases to 80 ° C. Thereafter they choose 90 ° C as the optimum growth

temperature, which leads to uniform and high dense nanowire arrays.
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3.5. Growth time influences nanowire length
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Fig. 9. Top-view SEM images of ZnO Seeds, ZnO nanowires that are grown at 90 °C for 3h, 6h, 12h,
and 24h on the three different substrates. Bare scale 1 um.

In this section, we have investigated the effect of the hydrothermal growth time on ZnO nanowire
morphology while maintaining all other parameters constant.

After the growth at different durations 3, 6, 12, and 24h at 90°C, on the annealed seed layers, top-
view SEM images are shown in Fig. 9. The nanowires were successfully grown homogeneously for all

durations. We can clearly observe that dense arrays of ZnO NWs with diameter sizes about 70 £ 30
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nm are formed on all substrates. The diameter of these nanowires is almost the same for all the
surfaces. We can conclude that, with the increase of growth duration, the diameter remained

constant. In addition, the density was almost the same. It is ultrahigh (25 nanowires/umxum).

Fig. 10. Section-view SEM images of ZnO nanowires grown at 90 °C for 3h, 6h, 12h, and 24h on

silicon/Ti/Au (labelled A in this table) and silicon/Ti/Pt (labelled B in this table).

In order to measure the length of the nanowires, a cross-sectional scanning electron microscopy of
the substrates was performed. We note that cleaving silicon wafers is very easy, which allows cross-
sectional observation, whereas on stainless steel it was not possible to perform this operation.
Therefore, we could not measure the length of the nanomaterial on stainless steel and the cross-
sectional images were performed only on ZnO NWSs/Au/Silicon and ZnO NWs/Pt/Ti/Silicon. We found
that the length increases with the growth duration time from 0.5 um after 3h of growth to 1.5 um
after 24 h of growth. The images in Fig. 10 show an increase of ZnO NWs length with the growth
duration without affecting the diameter. Indeed, the growth of the nanowires is therefore kinetically
controlled by hexamine. This molecule controls the supply of OH- ions during growth. Additionally, it
is revealed that HMTA would preferentially bind to the nonpolar facets of the ZnO nanowires, thus
exposing only the (002) plane for epitaxial growth. In the literature, Vincenzina Strano et al. [36],
have reported that beyond the well-established pH buffering activity, HMTA acts as capping agent
promoting anisotropic growth via a steric hindrance effect, which inhibits the lateral growth of ZnO

nanorods. Two years later, Parize, R et al. [37], have published on the multiple roles of HMTA in the

16



growth of ZnO nanowires. They have shown that this compound significantly reduces the radial
growth of the nanowires by inhibiting the development of their non-polar m-plane sidewalls.
Therefore, this experiment is interesting to study the length of nanowires as a function of the growth
time.

3.6. Homogeneity of growth on different surfaces

Stainless steel/ZnO NWs

Silicon/Ti/Au/ZnO NWs Silicon/Ti/Pt/ZnO NWs

Fig. 11. Top-view SEM images showing the homogeneity of ZnO deposition on the different surfaces.

In this study, we have performed several tests in order to observe the difference between the
samples in terms of homogeneity and uniformity. Indeed, before the SEM we noticed that the
deposited seed layer on stainless-steel substrate and the growth thereafter appears visibly more
homogeneous than others. In addition, the SEM image in Fig. 11, confirmed the visible observation,

and the growth is always uniform whether on small or large stainless-steel surfaces.
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However, concerning the other two substrates, we can clearly observe that especially for
silicon/Ti/Au/ZnO NWs, the top-view SEM image shows that agglomerated particles and micro-wires
are deposited on the annealed substrate at 250 ° C. This behavior could be attributed to the fact that
on a gold film the formation of clusters can start from 150 ° C as reported by M S Rahman Khan [38].
These clusters will act as nuclei for ZnO nanowires which could explain the formation of aggregated
ZnO microwires and microparticles on the surface. While on ZnO NWs/Pt/Ti/Silicon sample, we can
see less aggregations on the surface. Indeed, authors have reported that platinum (Pt) does not
adhere well to Si, SiO; or SisN4. Therefore, a titanium thin layer is required to bond the metal to the
material [39]. However, the poor thermal stability of the Pt/Ti electrode causes protruding grains, or
hillocks on the surface. In our case, we have deposited TiO,/Pt which greatly reduces the density of
hillocks [40], and thus the agglomeration of particles and micro-wires as shown on the surface. This
section highlights the advantages of using the stainless-steel substrate rather than coated silicon with
gold or platinum to obtain homogeneous and well-aligned nanowires.

3.7. XRD and HR-TEM analysis
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Fig. 12. X-ray diffraction (XRD) of the three different substrates after 24h of growth and high-
resolution transmission electron microscopy (HR-TEM) image of ZnO nanowire detached from a

stainless-steel substrate.

The crystallinity of ZnO nanowires was also evidenced by using X-ray diffraction (XRD). The XRD

patterns of ZnO nanowire arrays grown on the three different substrates are shown in Fig. 12.
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In the previous part, we have observed aggregated ZnO microwires and microparticles on
silicon/Ti/Au/ZnO and Silicon/Pt/Ti. The nanowires were grown tilted and others deposited randomly
on the surface, which could explain the polycrystalline structure of these two samples. However, for
nanowires grown on stainless steel, the peak is strong and narrow compared to other samples,
demonstrating a high degree of crystallinity of the prepared ZnO on this substrate. This could be
attributed to the homogeneity and uniformity of the growth, as shown in Fig. 10. In addition, the
nanowires arrays were vertically well-aligned to the surface.

In addition, the dominant diffraction peak at 20 = 34.8° corresponding to (002) spacing of the
wurtzite structure [Joint Committee on Powder Diffraction Standards (JCPDS) Card No: 05-0664,
revealed a preferential alignment of the nanowires in their c-axis direction [41]. Furthermore, no
diffraction peaks from Zn or other impurities are detected indicating the high purity of ZnO
nanowires.

Fig. 12 also shows a high-resolution transmission electron microscopy image of ZnO nanowire after
24h of growth. The HR-TEM image shows that the crystal lattice fringes spacing are 0.52 nm which
correspond to the d-spacing of the (0001) crystal planes [42]. This measured plane spacing shows
that ZnO nanowire has a perfect lattice structure and confirms that they grow along the c-axis

direction.

3.8. Electrical characterization
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Fig. 13. Schematic illustration of ZnO nanowires-based nanogenerator, the microscope image of the
deposited top-electrode (the area of the used electrode was 15393 um?), current-voltage
characteristics (1-V) of ZnO nanowires grown at 6, 12, and 24h on stainless steel. The blue curve on
the right corresponding to ZnO nanowires grown at 24 h, was magnified 10 times.

Optical image from Fig. 13 shows the deposited top-electrode on ZnO NWs. It can be seen that the
electrodes have three different diameters, 75, and 100 and 140 um. It is noteworthy that the
electrical characteristics of the one-dimensional nanomaterials deposited on stainless steel were
measured at room temperature and at atmospheric pressure. Therefore, the objective of this
experiment is to confirm the Schottky behavior of the nanowires. Fig. 13 depicts the current-voltage
characteristics (I-V) of ZnO NWs grown at 6, 12, and 24h. The measurements were performed by
changing the DC bias from -10V to +10V. Indeed, by increasing the voltage, the emitted current
increases, and the turn-on voltages are 6.3, 5.4 and 4.1 V after 6h, 12h, and 24h of growth,
respectively. It can be seen clearly that the I-V curves present nonlinear and asymmetric electrical
characteristics, which confirms the formation of Schottky contacts between the metal and the
nanowires. Indeed, with short deposition times and therefore short nanowires, short-circuits or high
leakage currents are very often observed. However, with long nanowires the effect is less marked. It
is most certainly associated with the upper electrodes deposited directly on the nanowires and which
is not the best configuration. The deposition of a polymer film between the nanowires and the upper
electrode would eliminate or reduce this effect, as mentioned in the literature [43]. Further study on
the type of deposition method and the high resistance of the nanowire-nanowire junction should be

investigated in order to deposit an efficient top electrode.
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3.9. Piezoresponse force microscopy (PFM) experiments
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Fig. 14. Schematic of experimental set-up illustrating PFM measurements and the PFM displacement

versus Vac driving voltage.

In our work, the determination of the piezoelectric properties of the vertically aligned ZnO nanowires
grown on different substrates was performed using Piezoresponse-Force Microscopy. To do so, the
effective piezoelectric coefficient ds; is investigated for the nanowires grown after 24hr of growth. To
obtain quantitative values, the PFM probe was preliminary calibrated by using the GetReal function
in the Asylum Research software to get inverse optical lever sensitivity (InvOLS) and spring constant
of the cantilever at the same time. This is performed by scanning the thermal noise to get the
resonance frequency of the cantilever when the tip is not in contact. Next, our reference sample
[Pb(Mg1/3Nb2/3)03-PbTiOs thin film] with known ds; piezoelectric constant is probed to quantify the
performance of the PFM setup [44]. Keeping in mind that the detected signal amplitude A is
amplified while operating at the contact resonance through the DART-PFM method, this requires
take into consideration the quality factor Q in the relation A = di3 x Vac x Q (Q is about 100 for such

ZnO hard material). The conductive tip was put into contact with the top of these vertically
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aligned/grown nanowires to measure the piezoresponse amplitude signal. After establishing the
contact resonance with the different ZnO nanowire samples, while a controlled constant force
applied between the tip and these samples, the displacement values are recorded by sweeping the
AC probe voltage [45,46]. The ds; values were then determined by considering the slope on the
displacement versus AC probe voltage plot. Fig. 14 shows that ds3 of the ZnO NWs deposited on
stainless steel is about 7.3 pm/V. In order to measure the piezoresponse amplitude signal, the PFM
conductive tip was put in contact with the top of these nanowires. Since the nanowires deposited on
the stainless steel were vertically aligned on the surface and they were also highly crystalline, this
could explain the fact that the piezoelectric coefficient of stainless steel is higher compared to
others. This result makes it possible to use ZnO nanowires grown on stainless steel to design and
fabricate next generation sensors and actuators in several fields, notably in transport.

The obtained values of the piezoelectric coefficient ds3 on ZnO nanowires was close to that of bulk
ZnO (d3s = 9.93 pm/V) [47]. This piezoelectric coefficient is still less than PZT-based nanomaterials
nevertheless doping these nanowires would be a solution to reach high piezoelectric properties. In
the literature, Nidhi Sinha et al., have shown that a gigantic piezoelectric coefficient (ds3 > 400 pm/V)
was obtained for yttrium-doped ZnO nanosheets [48].

4. Conclusion

In this study, we have successfully fabricated a piezoelectric structure based on ZnO nanowires using
a simple, low cost and environmentally friendly method. The procedure was carried out on various
substrates via hydrothermal growth where the effect of various parameters allowing the formation
of aligned ZnO NWs has been investigated. We found that the seed solution should be agitated to
avoid the formation of two phases (translucid and milky). The deposition of the translucid solution on
the substrate showed discontinuous, porous, and randomly deposited ZnO film while the milky
solution showed a thick ZnO layer allowing the formation of cracks on the surface. In addition, when
the growth is conducted on agglomerated, coalesced microparticles, and sea urchins-like structures

are formed. However, when a smooth seed layer is used, well-aligned ZnO nanowires are obtained. It
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was also found that annealing temperature influences the diameter of ZnO seed layer and, thus ZnO
nanowires diameter. This work has also shown that the length of the nanowires increases with the
duration of growth without affecting the diameter (sizes in the range of 70 £ nm) as well as the
diameter with the temperature. Furthermore, HR-TEM image shows the high crystalline quality of
the nanowires deposited particularly on stainless steel and confirms their high density along the c-
axis direction. On the other hand, XRD study confirmed the hexagonal wurtzite structure of ZnO
nanowire arrays.

Based on the electrical characterization, the |-V curves exhibit nonlinear and asymmetric electrical
characteristics, which confirms the formation of Schottky contacts between the platinum and ZnO
nanowires. Finally, the piezo-response force microscope revealed that the piezoelectric activity of
ZnO nanowires deposited on stainless steel has a coefficient ds3 about 7.3 pm/V.

The results reported in this work have shown that the growth of ZnO nanowires on stainless steel is
better in terms of homogeneity, uniformity, and piezoelectric response compared to silicon/Ti/Au
and silicon/Ti/Pt. We believe that our study would be useful in obtaining high-quality, well-oriented,
and high-density ZnO nanowires that can be used in different applications, including energy

harvesting.
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