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ABSTRACT

We investigate the impact of the aluminum-doped zinc oxide (AZO) as an ecofriendly bottom
electrode for ZnO nanowire-based mechanical energy transducers. The AZO electrode was grown
using the atomic layer deposition (ALD) process, followed by the growth of ZnO nanowires (NWs)
using pulsed-liquid injection metal-organic chemical vapor deposition (PLI-MOCVD). The Al dopant
concentration is varied to obtain AZO thin films with different morphologies, structural orientations
and electrical properties. Depending on the AZO thin film used as the growth platform, the ZnO NW
arrays can have a random or vertical alignment. This in turn affected their piezoelectric performance
analyzed by piezoresponse force microscopy. Interestingly, the piezoelectric coefficient ds33 of ZnO
NWs grown on the AZO thin films (4.6 — 5.4 pm/V) is higher compared to those grown directly on the
heavily doped Si substrate (3 — 3.8 pm/V) with a similar electrical resistivity. The average optical
transmittance of a quartz substrate/AZO thin film/ZnO NW structure is of 81.2% in the wavelength
range of 400 — 700 nm. The structural and piezoelectric properties of ZnO NWs and their correlation
with the AZO thin films used as growth platforms are discussed in detail and open some perspectives
to fabricate transparent piezoelectric devices using eco-friendly materials and scaled-up chemical

deposition techniques compatible with industrial requirements.

KEYWORDS: ZnO, AZO, Atomic Layer Deposition, Metal-Organic Chemical Vapor Deposition,
Nanostructures, Transparent conductive oxide, Piezoelectricity, Nanogenerators.



1. Introduction

ZnO nanowire (NW) structure has many interesting properties such as wide direct bandgap
(3.37 eV), high exciton binding energy (60 meV), high flexibility, high light transparency, and high
electron mobility, which are suitable for a wide range of applications.'” It has received increasing
attention in recent years as a potential candidate for lead-free piezoelectric devices as an abundant,
inexpensive, and biocompatible material possessing piezoelectric properties.*> Thanks to its visible
light transparency, ZnO NW structure can be combined with other transparent electrodes to develop
devices that require both piezoelectric and optical properties, such as touch screen sensors,”’ or
photocatalytic, photovoltaic as well as innovative piezoelectric applications using the piezo-

phototronic effect for performance enhancement.®'?

Indium tin oxide (ITO) is usually selected for the transparent electrode thanks to its high
electrical conductivity (~107* Q.cm) and visible light transmittance (> 85%)."*'* However, the scarcity
and toxicity of indium-based compounds give rise to some concerns related to its supply risk and its
cost.'*!¢ Other materials that can be used for transparent electrodes are for instance silver NWs,'"’
graphene,'® fluorine-doped zinc oxide (FZO)," fluorine-doped tin oxide (FTO),” or aluminum-doped
zinc oxide (AZO).?! Among them, AZO is a highly suitable alternative to ITO, as it is composed of
abundant elements and considered as a non-toxic material with high electrical conductivity and optical
transmittance comparable to ITO."***? Using ZnO NWs in combination with AZO electrodes would
allow for the fabrication of a transparent piezoelectric device using only non-critical materials. This
approach avoids using the materials that may be scarce, toxic, or have significant supply risks, thus

ensuring the sustainability of the device.

When the AZO thin film is used as a bottom electrode as well as a growth platform, the
deposition proceeds through a homogenous epitaxial growth, in which the surface and structure of the
AZO layer can significantly affect the ZnO NW growth process. For instance, S. Pung et al.
demonstrated that the growth direction of ZnO NWs is changed depending on the orientation of ZnO
thin film used as a platform.>* Thus, it is necessary to control not only the electrical conductivity and
optical transmittance of AZO thin film, but also its structural properties in order to boost the
piezoelectric performance. While many researches have showed that the AZO thin film exhibits
relevant properties as a transparent electrode that can be used in many applications, there are only very

few reports using it in piezoelectric applications, especially through its combination with ZnO NWs.?

In this work, we study the possibility to use AZO thin films as an ecofriendly bottom electrode
for ZnO NW-based mechanical energy transducers. These transducers can be used in energy
harvesting and sensing applications.?**® The AZO thin films are initially deposited on Si substrates by
atomic layer deposition (ALD) process. The structural and electrical properties of AZO thin films are

modified by varying the Al dopant concentration during its growth process. Then, these AZO



electrodes are used as platforms for the subsequent growth of ZnO NWs using PLI-MOCVD process.
A schematic of the entire structure is described in Figure 1. A comparison of the ZnO NW growth on
the AZO thin films to its growth directly on Si substrate is also performed. The morphology, structural
properties and piezoelectric performance of ZnO NWs on the AZO thin film are analyzed by field-
emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), Raman spectroscopy, and
datacube piezoresponse force microscopy (PFM) measurements. In addition, an AZO thin film/ZnO
NW structure is grown on a quartz substrate, and its optical transmittance is measured by UV—Vis-
NIR spectrophotometry. The impacts of the AZO structural and electrical properties on the ZnO NW

growth and piezoelectric performance are discussed in detail.

ZnO NWs
grown by PLI-MOCVD

AZO thin films
grown by ALD

. p-doped Si substrate

Figure 1: A schematic of Si substrate/AZO thin film/ZnO NW structure and their synthesis processes.

2. Experiment

2.1 AZO electrodes grown by ALD

Initially, AZO thin films were prepared by ALD method using the Cambridge NanoTech Fiji
F200 system. Diethylzinc (DEZn) and trimethyl aluminum (TMA) were used as the Zn and Al
precursors, respectively. The DEZn/TMA cycle number ratio was modified at 30, 20, and 10 to obtain
the AZO thin films with different Al doping concentration, which are labeled as AZ030, AZO20, and
AZ010. The water vapor (DI) was used as O precursor. The total cycle number was adjusted for every
growth to have the same thickness at around 180 nm. The growths were performed simultaneously on
the standard Si (100) with resistivity around 10 Q.cm, heavily doped p-type Si (100) with the
resistivity at 2 x 10~ Q.cm, and quartz. The thin films on the standard Si substrates were used for the
electrical measurements, while the thin films on the heavily doped p-type Si substrates were used for
the PFM measurements. The thin films deposited on quartz were used for the optical transmittance

measurements. The substrate temperature was maintained at 250 °C.

2.2 ZnO NWs grown by PLI-MOCVD

After the thin film deposition, the as-grown AZO thin films on heavily doped Si substrates
were used as platforms for the ZnO NW growths. In addition, the ZnO NW array grown directly on a

heavily doped Si substrate was also prepared as reference sample. The ZnO NWs were grown using
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PLI-MOCVD technique in an Annealsys MC-200 MOCVD system. The Si substrate, AZO30, AZO
20 and AZO10 thin films were put together in the PLI-MOCVD chamber, and the ZnO NW growths
on those platforms were performed simultaneously. The Zn precursor was a solution of DEZn (Sigma-
Aldrich) diluted in cyclohexane at 0.4 mol/l. This solution was injected to the reactor chamber at a
flow rate of 0.5 g/min with 500 sccm Ar as gas carrier. The O, gas as an O precursor was introduced
into the chamber with the flow rate set at 300 sccm. The temperature of the substrate and the chamber
pressure were kept constant at 700 °C and 3 mbar during the growth, respectively. The growth
duration was set at 10 minutes. On each AZO thin film, a small AZO area was covered by a piece of
Si in order to protect that area from the ZnO NW deposition. Those AZO areas without ZnO NW

deposition were used for electrical connection in the later PFM measurements.

2.3 Characterizations

Structural, chemical, optical and electrical measurements

The morphologies and topographies of AZO thin films and ZnO NWs were studied using a
Gemini300 FEI ZEISS-SEM system and a Bruker Dimension Icon atomic force microscope (AFM),
respectively. The Al dopant concentrations of AZO thin films were analyzed by parallel angular X-ray
photoelectron spectroscopy (XPS). The XPS system includes a customized Thermo Fisher Scientific
Theta 300 system equipped with an X-ray source using a monochromatic aluminum anode (1486.6
eV) in ultrahigh vacuum conditions (< 1 x 10 Pa). The XRD patterns of samples were investigated
by a Bruker D8 Advance diffractometer using Cu Ka; radiation with the Bragg—Brentano
configuration. The scanning range was from 20 to 140° on the 20-scale. To evaluate the structural
orientation of the AZO thin films and ZnO NWs, the texture coefficients Cpy, representing the degree
of preferred orientation of a given (hkl) plane within the crystalline structure, were calculated by the

following equation:*’

Thkl o100
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where I is the hkl peak intensity extracted from the XRD pattern, lonw is the reference hkl peak
intensity from the 00-036-1451 file of the International Center for Diffraction Data (ICDD), and N is
the number of peaks considered. In addition, the residual homogeneous strain inside the AZO thin

films and ZnO NWs at the end of the fabrication process was estimated as follows:
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where ¢, = 5.2066 A is the theoretical c-lattice parameter of wurtzite ZnO according to the 00-036-
1451 ICDD file. The actual c-lattice parameter value was deduced from the 002 diffraction peak

position by using Bragg’s law equation:
A =2dsin6 3)

where A is the wavelength of the Ka1(Cu) source equal to 0.15406 nm, € is the Bragg angle of the 002
diffraction peak, d is the spacing between the (002) planes and equal to half the c-lattice parameter in

the wurtzite structure of ZnO.

Raman scattering spectra were recorded at room temperature using a Jobin Yvon/Horiba
Labram spectrometer and the 488 nm excitation line of an Ar' laser. The cross-polarization was used
in those Raman scattering measurements to reduce the signals of the silicon substrate. The optical
transmittance of the ZnO NW array and AZO thin films deposited on quartz were analyzed using a
Perkin Elmer Lambda 950 spectrometer. The AZO thin film resistivity was measured by Van der

Pauw measurement method using a home-made station.

Piezoelectric measurements

The piezoelectric properties of ZnO NWs grown on AZO thin films and Si substrate were
analyzed by PFM measurements using a Bruker Dimension Icon AFM equipped with a conductive tip
(PtSi-NCH, Nanosensors). This tip has high spring constant (~43 N/m), which was employed to
reduce the interference of the electrostatic effect during the PFM measurement.’® Instead of using the
contact PFM mode, our measurements were performed in the DataCube PFM mode. In this mode, the
tip sequentially approached, touched the sample and withdrew when moving from one position to
another. This is to avoid dragging the tip during the scanning, which can bend the NW resulting in
contact failure between the tip and the sample. For each position, the contact duration was set at 80
milliseconds. During this time, a 5 V amplitude and 15 kHz frequency AC voltage was applied
between the top and the bottom of the sample through the tip and the chuck of the AFM system. Due
to the piezoelectric property, the ZnO NW was deformed with respect to the AC voltage. This
deformation was recorded, giving the piezoelectric amplitude and phase signals corresponding to the

piezoelectric coefficient and the polarity of the ZnO NW, respectively.*

3. Results

3.1 Structural properties and resistivity of AZO thin films

Since the AZO30, AZ0O20 and AZO10 thin films were used as substrates during the ZnO NW
growth, they were also affected by the growth conditions in the PLI-MOCVD process. In the reactor
chamber, AZO thin films were heated from room temperature to 700 °C at the beginning of the

process and were cooled down at the end of the process in Ar atmosphere. When the DEZn and O; gas



were introduced to the chamber for the ZnO NW growth, these AZO layers were also exposed to the
O, gas while being heated at 700 °C for 10 minutes. The pressure inside the reactor chamber was
maintained at 3 mbar. This means the AZO layers were annealed throughout the NW growth process,
which can affect their properties. To test the structural and electrical properties of AZO thin films after
the growth, we repeated the growth process on the as-grown AZO layers using the similar conditions,
but without injecting the DEZn precursor. These samples are denoted as annealed AZO thin films. The
properties of those annealed AZO layers were measured and compared with the as-grown AZO thin

films. Figure 2 shows the FESEM images of as-grown and annealed AZO thin films.

The top-view images present different morphologies of AZO thin films when the Al dopant
concentration is changed, while the cross-sectional-view images show that all thin films have a similar
thickness of around 180 nm since the number of cycle was adjusted for every ALD growth. Thus, the
effect of AZO thickness on its properties is decoupled from the effect of Al dopant concentration. The
incorporation of Al dopants inside the lattice of AZO thin films was confirmed and measured by
parallel angular XPS (see Figure S1). The Al atomic concentrations of AZ0O30, AZO20 and AZO10
thin films are found to be 1.1, 2.9 and 6.7%, respectively. Figure 2 also shows that there is no
significant change in the morphology of annealed AZO thin films after the PLI-MOCVD process as
compared to the as-grown AZO thin films.

(a) As-grown AZO30 (b) As-grown AZO20 (c) As-grown AZO10

Figure 2: Top-view (left) and cross-sectional-view (right) FESEM images of (a) as-grown AZO30, (b) as-
grown AZ020, (c) as-grown AZ010, (d) annealed AZO30, (e) annealed AZ020, and (f) annealed AZO10

thin films.

The XRD patterns of as-grown and annealed AZO thin films are revealed in Figure 3. The
100, 002, 101, 110, 102, 103, and 004 diffraction peaks of the ZnO wurtzite structure are observed at



31.8,34.4,36.3,47.5, 56.6, 62.9, and 72.6°, according to the International Center for Diffraction Data
(ICDD) file labelled 00-036-145. No peaks of Al-related compound are detected on these XRD
patterns, indicating that Al atoms only participate as dopants inside AZO thin films. On the XRD
patterns of AZO30 and AZO 20 thin films, it can be seen that the 002 diffraction peak is the most
intense one as compared to other ZnO diffraction peaks, revealing that their structures are preferably
oriented along the polar c-axis. On the other hand, the XRD pattern of AZO10 thin film shows less
intense and broader diffraction peaks, expressing a partially crystallized structure. This is due to the
fact that a large amount of Al atoms is incorporated into the AZO10 thin film, which causes a large
distortion of ZnO lattice and leads to the degradation of its crystal structure.’'*? To evaluate the degree
of preferred orientation along the polar c-axis of the different AZO thin films, the 002 texture
coefficient were calculated and reached 26.5, 68.2 and 87.8% for AZO10, AZO30 and AZO20 thin

films, respectively.

Comparing to the XRD patterns of as-grown AZO thin films in Figure 3a, the XRD patterns
of annealed AZO thin films in Figure 3b are similar. This comparison along with the FESEM images
in Figure 2 shows that the annealing during the PLI-MOCVD process has insignificant effect on the
structural properties of AZO thin films. The residual homogeneous strain of as-grown and annealed
AZO thin films was also evaluated based on the position of the 002 diffraction peaks in the XRD
patterns.’® The residual homogeneous strain is found to slightly increase from -0.56, -0.83 and -1.77%
to -0.67, -0.99 and -2.05% in AZO30, AZO20 and AZO10 thin films, respectively, following the
annealing during the PLI-MOCVD process. This could be due to the adsorption of oxygen during the
annealing at high temperature inside the PLI-MOCVD chamber, which have been reported to create

defects or to induce a local segregation of Al atoms.**
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Figure 3: XRD patterns of (a) as-grown and (b) annealed AZO thin films. The intensity was plotted in

logarithmic scale.



Different from the structural properties, the electrical measurements show that the electrical
resistivity of AZO30 and AZO20 thin films is increased by 1 order of magnitude (from 0.6 — 0.7 x 10
to around 5 x 10° Q.cm) after the annealing. Since the AZO thin films are annealed under O
atmosphere, this could be due to i) the adsorption of oxygen at grain boundaries trapping free
electrons,* or to ii) the local segregation of Al atoms reducing the concentration of shallow donors
formed by Alz, defects as well as the charge carrier density.”> On the other hand, the electrical
resistivity of AZO10 thin film is found to be around 5.5 x 10° Q.cm and it remains the same after
annealing. This could be due to the fact that the charge carriers inside the AZO10 thin film had been
trapped even before annealing due to its partially crystallized structure. Nevertheless, the electrical
resistivity of AZO thin films after annealing is still decent and comparable to the electrical resistivity

of the heavily doped Si substrate, which is around 2 x 10° Q.cm.

3.2 Morphology of ZnO NWs grown on AZO thin films

The FESEM images in Figure 4 show that the ZnO NWs formed on Si substrate, AZO30 and
AZ020 thin films are well-aligned vertically, but not on the AZO10 thin film. In our previous result,*
the ZnO NW formation on Si substrate was found to be a non-epitaxial growth. In that growth, a very
thin polycrystalline ZnO layer was formed at the onset of the nucleation process, followed by the
prevalence of the growth along the polar c-axis over the other growth directions at high growth
temperature, leading to the vertical ZnO NW growth. In contrast, the ZnO NW formation on the AZO
layer proceeds through a homogeneous epitaxial growth, where the direction of the initial layer

strongly affects the direction of the structure grown on top of it.

Figure 4: Top-view (left) and cross-sectional-view (right) FESEM images of ZnO NWs grown by PLI-
MOCVD on (a) Si substrate, (b) AZO30, (c) AZ0O20 and (d) AZO10 thin films.



Since the AZO30 and AZO20 thin films exhibit a strong growth texture along the polar c-axis as
shown by the XRD patterns in Figure 3, ZnO NWs grown by PLI-MOCVD on these thin films are
also vertically developed. In contrast, the weak growth texture of the AZO10 thin film influences the
growth direction of ZnO NWs grown by PLI-MOCVD that leads to its random inclination. A similar
observation was reported in ref.**, where ZnO NWs were grown on AZO templates by chemical vapor
deposition process. The length and diameter of ZnO NWs were measured from the cross-sectional

FESEM images and are presented in Table 1.

Table 1: Lengths and diameters of ZnO NWs grown by PLI-MOCVD on Si substrate and AZO thin films.

Sample Length (nm) Diameter (nm)
ZnO NWs on Si 1029 + 83 72 £10
ZnO NWs on AZ0O30 1072 £ 92 77+ 14
ZnO NWs on AZ020 1174 £ 74 77 +£13
ZnO NWs on AZO10 1092 + 63 95+ 16

The length of ZnO NWs grown on the different AZO thin films and on Si substrate is above 1 um and
similar, but their diameter when grown on the AZO10 thin film is notably larger. As the ZnO NWs on
the AZO10 thin film were grown with different inclination angles, these NWs can cross and merge
into bigger NWs. These results demonstrate that the surface of AZO thin films have a strong impact on
the nucleation process of ZnO, which in turn affects the formation process of NWs in the subsequent
growth step. Interestingly, we also performed a comparison between the ZnO NW growth by PLI-
MOCVD process on the Zn-polar ZnO single crystal (from Crystec) and on the AZO20 thin film (see
Figure S2). The result shows that the ZnO NW arrays grown on the AZ020 thin film oriented along
the polar c-axis achieves a vertical alignment that is similar to the ZnO NW arrays grown on the ZnO
single crystal, which is a more expensive substrate offering less integration perspectives for

piezoelectric devices.

3.3 Structural and optical properties of ZnO NWs/AZO thin film structure
Figure 5a shows the XRD patterns of ZnO NWs grown on the Si substrate and AZO thin

films. Besides the diffraction peaks of Si substrate, other diffraction peaks are attributed to the ZnO
wurtzite structure, according to the ICDD file labelled 00-036-1451. In all samples, the 002 diffraction
peak exhibits a significantly higher intensity compared to other diffraction peaks, indicating that ZnO
NWs are grown along the polar c-axis during the PLI-MOCVD process. It is also worth noticing in
Figure Sb that most of the diffractions peaks exhibit two components: the one at higher 8 value is the
diffraction peak assigned to the AZO thin film grown by ALD, and the other one at lower 6 value is
the diffraction peak attributed to the ZnO structure formed by MOCVD. In Figure 5a, the XRD
pattern of ZnO NWs grown on the AZO10 thin film shows many different diffraction peaks. The 104,



105 and 106 diffraction peaks located at 81.4, 104.1 and 136.5 © were not seen in the XRD pattern of
the AZO10 film due to its low thickness, but here they are also detected. The increase in the intensity
of these diffraction peaks after the PLI-MOCVD process reveals that different orientation growths
continued to develop on the surface of the AZO10 thin film. This again indicates the poor orientation
of the AZO10 thin film that leads to the formation of randomly inclined ZnO NWs. Consequently, the
intensity of the 002 diffraction peaks of ZnO NWs is lower when grown on the AZO10 thin film than
on the other AZO thin films. This is due to the fact that the XRD patterns were recorded in Bragg—
Brentano configuration, in which only the planes that are parallel to the substrate get their signals
collected.®® Thus, only the (002) planes of vertically aligned ZnO NWs are shown in the XRD pattern,
while the (002) planes of other inclined ZnO NWs are not recorded.
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Figure 5: (a) XRD patterns of ZnO NWs grown by PLI-MOCVD on Si substrate and AZO thin films; (b)

Zoom-in in the area of interest ranging from 30 to 40° in the XRD patterns. The intensity was plotted in

logarithmic scale.

The 002 texture coefficients and residual homogeneous strains of ZnO NWs were also
extracted from the XRD patterns (see Figure S3). The 002 texture coefficients of ZnO NWs on the Si
substrate, AZO30 and AZO20 thin films are higher than 99 %. This value on the AZO10 thin film is
also higher than 97%. This confirms that the ZnO NWs were grown by PLI-MOCVD along the polar
c-axis. The residual homogeneous strains of ZnO NWs are close to 0 despite the fact that their lattice
parameters are expected to slightly differ from the one of AZO thin films, indicating the efficient

strain relaxation process originating from the NW geometry.

The comparison of the Raman spectra of the as-grown and annealed AZO thin films and of
ZnO NWs was also carried out (see Figure S4). The Raman spectra of AZO thin films before and after
annealing are similar, which again shows no evidence of change in their structure. In contrast, the
remarkably high intensities of the E,'°" and E,"¢" lines on the Raman spectra of ZnO NWs emphasize

their superior crystallinity as compared to AZO thin films. Those Raman spectra also show that the
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strong signals of C-C bonds caused by carbon impurities® only appear on ZnO NWs grown by PLI-
MOCVD process, but not in AZO thin films grown by ALD despite the fact that the DEZn chemical
precursor was used as a source of Zn in both techniques. This indicates that those carbon impurities
are mostly removed after the ALD process and hence they do not contribute to the high electrical

conductivity of AZO thin films.

The ZnO NW growth by PLI-MOCVD was also performed on the AZO20 thin film, which
was deposited on quartz substrate by ALD. The optical transmittance is presented in Figure 6. It is
seen that the optical transmittance decreases after the ZnO NWs were grown on the AZO20 thin film,
as compared to the as-grown AZO20 thin film. However, the ZnO NWs/AZ0O20 thin film structure
still has a high average optical transmittance in the range of 400 — 700 nm, which is around 81.2%. For
comparison, ZnO nanorods grown on ITO-coated polyethersulfone (PES) substrate were reported in
ref.’, showing an optical transmittance varying from 60 to 80% in the range of 400 — 700 nm. A
transparent piezoelectric touch sensor based on ZnO NWs/BaTiO layer with carbon nanotubes—silver
NWs as an electrode was developed in ref.’, for which the optical transmittance is of 81% at 550 nm-
wavelength. This shows that the present ZnO NWs/AZ020 thin film structure is highly suitable for

visible-blind and transparent optical applications.
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Figure 6: Optical transmittance of AZ020 thin film and ZnO NWs/AZ020 thin film grown on quartz
substrate. The AZ020 thin film was first grown on quartz by ALD, and the ZnO NWs were then grown
on the AZ020 thin film by PLI-MOCVD.

3.4 Piezoelectric responses of ZnO NWs on AZO thin films

The PFM measurements were performed on ZnO NWs grown on the AZO thin films and Si
substrates using 2 setups. In the 1% setup, the samples were in contact with the chuck of the AFM-PFM
system (Figure 7a). The voltage was applied directly on the heavily doped Si substrate, through the
AZO layer at the bottom and the conductive tip at the top. In this setup, the heavily doped Si substrates

11



were used as the bottom electrodes. To verify that our AZO thin films are able to be used as bottom
electrodes for the piezoelectric applications, a 2™ setup was used for the PFM measurement. In this 2™
setup, the heavily doped Si substrate was electrically isolated with the chuck by an empty plastic box
placed between them (Figure 7b). The voltage was applied on the AZO layer through a copper (Cu)
tape. Thus, the voltage was applied directly to the AZO layer instead of indirectly through the Si

substrate. Then, datacube PFM measurement was performed.

(a)

Vertical Cu tabe
Vertical ZnOiNWs —
ZnO NWs AZO
AZO Heavily doped Si
Heavily doped Si Plastic box Air -
Chuck Chuck

Applied VACQ Applied V¢ 4

Figure 7: Schematic of the setups for PFM measurements. (a) In the 1° setup, the voltage was applied
to the ZnO NW array through the heavily doped Si substrate and AZO layer. (b) In the 2™ setup, the

voltage was applied to the ZnO NW array through a Cu tape and the AZO layer.

Figure 8 shows the topography, piezoelectric amplitude and phase images of ZnO grown on
Si substrate and AZO thin films recorded by datacube PFM measurement with the 1% setup. In these
images, the piezoelectric amplitude is proportional to the piezoelectric coefficient, while the phase
indicates the polarity of the ZnO structures.*® Similar to our results shown in ref.*°, the phase responses
of ZnO NWs grown by PLI-MOCVD are positive indicating the Zn-polarity (Figures 8i-1). The
negative phase response comes from the artifacts generated when the AFM tip scans on the void
between NWs. A data treatment was carried out to remove these artifact signals. In this data treatment,

the data points with phase value > 50° were kept, while other data points were removed.
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Figure 8: Topography of ZnO NWs on (a) heavily doped Si substrate, (b) AZO30, (c) AZO20, and (d)
AZ010 thin films. Piezoelectric amplitude of ZnO NWs on (e) heavily doped Si substrate, (f) AZO30, (g)
AZ020, and (h) AZO10 thin films. Piezoelectric phase of ZnO NWs on (i) heavily doped Si substrate, (j)
AZ030, (k) AZO20, and (I) AZO10 thin films. The PFM measurements were performed in the 1° setup.

Figures 9a-d shows the amplitude histograms after data treatment of ZnO N'Ws grown on the
Si substrate and AZO thin films measured in the 1% setup, where the voltage was applied through the
Si substrate and the AZO layer. The results reveal that while the amplitude is varied from 0 to 37 pm
on all NW samples, their amplitude distributions are different. In the histogram of NWs grown on Si
substrate (Figure 9a), the piezoelectric amplitude with the highest count, namely most frequent value
of the distribution (the mode), is around 15 — 19 pm. Interestingly, this mode value of NWs grown on
all three AZO layers is higher than on Si substrates, which is around 23 — 27 pm (Figures 9b-d). The
higher amplitude of NWs grown on AZO thin films compared to NWs grown directly on Si substrate
is also illustrated by brighter domains shown in their piezoelectric amplitude images (Figures 8e-h).
Since the amplitude of applied voltage is 5 V, the piezoelectric coefficient ds; can be estimated as
lying in the ranges of 3 — 3.8 pm/V for ZnO NWs grown directly on Si substrate, and of 4.6 — 5.4
pm/V for ZnO NWs grown on AZO thin films. These piezoelectric coefficient ds; measured in the
present ZnO N'Ws are still moderate as compared to other reports, where they lie in the range from 9.9
to 44.3 pm/V as shown in refs.**?® This could be due to the presence of impurities that were
incorporated into ZnO NWs during the PLI-MOCVD growth, which screened the piezoelectric

response.

Among AZO layers, the piezoelectric amplitude histogram on AZO10 thin film has a broad

distribution, which stretches to the low piezoelectric amplitude value (Figure 9d). Correspondingly,
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the mode value in the histogram of NWs on AZO10 thin film consists of 30.9 % of its distribution,
while it is 48.2 % on AZ0O20 and AZO30 thin films. This can be explained by the randomly inclined
NWs on AZO10 thin film. When the AFM tip approached the NW on AZ0O20 and AZO30 thin films
during the datacube PFM measurement, it was in contact with the NW tip and the applied electric field
direction coincided with the polar c-axis of the NWs thanks to their well-aligned NW array. In
contrast, since there are many inclined NWs on AZO layer, the AFM tip can touch the NWs at their
sidewall. At that position, the piezoelectric measurement was carried out on the ZnO semi-polar plane

instead of the polar plane, resulting in the lower piezoelectric amplitude.

Similarly, the datacube PFM measurements were performed on ZnO NWs grown on the AZO
thin films with the 2™ setup, where the bottom electrical contact only went through the Cu tape and
AZO layer while the Si substrates were isolated. The data treatment was also applied to remove the
artifact signals at the void between NWs. Their piezoelectric amplitude histograms were shown in
Figures 9e-g. The results show that the amplitude histograms of ZnO NWs grown on the AZO30 and
AZ020 thin films in the 2™ setup (Figures 9e-f) are similar to their histograms in the 1% setup
(Figures 9b-c). The amplitude histogram of ZnO NWs on the AZO10 thin film measured in the 2™
setup (Figure 9g) also has a broad distribution compared to the 1% setup (Figure 9d) due to the

inclined NWs, but it is shifted to a lower value.
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Figure 9: Piezoelectric amplitude histogram after data treatment with the 1* setup of ZnO NWs grown
on (a) heavily doped Si substrate, (b) AZO30, (c) AZO20 and (d) AZO10 thin films. Piezoelectric
amplitude histogram after data treatment with the 2" setup of ZnO NWs grown on (e) AZO30, (f)
AZ020 and (g) AZO10 thin films.
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4. Discussion

To have an overview, the average piezoelectric amplitude of all ZnO NWs measured using the
1 and 2" experimental setups was calculated and shown in Figure 10. In the 1*' setup, the average
piezoelectric amplitude value is of 19.4 pm for ZnO NWs grown directly on Si substrate, while it is of
23.2, 23.4 and 20.7 pm for ZnO NWs grown on the AZO30, AZO20 and AZOI10 thin films,
respectively. In the 2™ setup, this value is of 23.7, 22.4 and 17.6 pm for ZnO NWs grown on the
AZ030, AZO20 and AZO10 thin films, respectively. It can be seen that the piezoelectric amplitude is
higher on ZnO NWs grown on the AZO thin films compared to those grown directly on Si substrate.

Since all the NWs were grown simultaneously on the Si substrate and AZO thin films in the
MOCVD chamber, the difference in the piezoelectric amplitude among samples was not caused by the
growth atmosphere. Besides, the XRD patterns in Figure 5 show that the ZnO NWs on Si substrate
have a very high polar c-axis orientation similar to the ZnO NWs on other AZO thin films. In detail,
the ZnO NWs on Si substrate exhibit the highest 002 texture coefficient (99.9%), followed by the ZnO
NWs on AZO20 (99.7%), AZO30 (99.2%) and AZO10 thin films (97%), as shown in Figure S3.
Although a higher c-axis orientation typically leads to a larger piezoelectric amplitude, the higher
piezoelectric amplitude of ZnO NWs grown on AZO thin films compared those grown directly on Si
substrate as shown in Figures 9 and 10 indicates that the introduction of the AZO layer has a more
significant impact on the piezoelectric amplitude of ZnO NWs, while a minor difference in the texture

coefficient has little effect.

Regarding the electrodes, because the electrical resistivity of Si and AZO thin films are similar
and of around 2 — 5 x 10 Q.cm, the applied voltage at the bottom electrical contact should be the
same for all samples during the PFM measurement. Regarding the effect of heterostructures on the
piezoelectric performance, Q. Wang et al. have shown that free electrons can be trapped at ZnO-CuO
heterojunction, resulting in enhancing the piezoelectric output.*® Similarly, K. Pradel et al.
demonstrated that the piezoelectric output was significantly increased by two ZnO layers containing
different dopants.*” The p-Si/ZnO/n-AZO heterostructure was also demonstrated by G. Li et al..*! In
our work, a P-N junction formed between the p-doped Si-substrate and the ZnO NWs could lead to a
higher piezoelectric amplitude compared to ZnO/AZO junction, but the present experimental results
show the opposite trend. The other factor that could also affect the results is the dimensions of NWs.
For instance, the NWs grown on AZO thin films exhibit a slightly greater length (Table 1), leading to
a more effective impact of surface traps depleting the NW from its surface and thus enhancing the
piezoelectric performance.**** Conversely, the NWs on the AZO10 thin film are notably larger than
others, in this case, the surface traps induced depletion is less effective resulting in a decreased

piezoelectric performance.*

15



Moreover, the piezoelectric amplitude of ZnO NWs grown on AZO thin films was also
measured in the 2™ setup where the Si substrates were electrically isolated, and compared with their
amplitude measured in the 1% setup where the applied voltage went through the Si substrate and AZO
thin film (Figure 7). The piezoelectric amplitude of ZnO NWs grown on the AZO30 and AZO20 thin
films is similar in both setups (Figures 9b-c, e-f and Figure 10), demonstrating that an efficient
electrical contact between the copper tape and AZO layer was established. This also indicates that
those AZO thin films have a good electrical conductivity to be used as an electrode in piezoelectric
applications. In contrast, the piezoelectric amplitude of ZnO NWs on the AZO10 thin film measured
in the 2" setup is lower compared to the 1*' setup (Figures 9d, g and Figure 10). While the electrical
resistivity of the AZO10 thin film is similar to the electrical resistivity of the AZO20 and AZO30 thin
films after the NW growth process (around 5 x 107 Q.cm), the reason could be due to the poor
electrical contact between the copper tape and partially crystallized AZO10 thin film. This could lead
to a drop of the applied voltage at the bottom electrode and hence a lower measured piezoelectric
amplitude of NWs on the AZO10 thin film. This result shows that a good electrical contact is
important for piezoelectric devices. Furthermore, the more uniform and higher average piezoelectric
amplitude values of ZnO NWs on the AZO30 and AZO20 thin films suggest that they can have better

piezoelectric performance.
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Figure 10: Mean piezoelectric amplitudes after data treatment of ZnO NWs grown by PLI-MOCVD on
heavily doped p-type Si substrate, AZO30, AZO20 and AZO10 thin films.

5. Conclusion

In summary, we have demonstrated the AZO thin film deposition by ALD, followed by the
ZnO NW growth by PLI-MOCVD process. By modifying Zn/Al precursor cycle ratio in ALD process,
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the Al dopant concentrations of AZO thin films have been varied from 1.1 to 6.7%. Simultaneously,
the structural orientations of these AZO thin films have also been changed, which have strongly
influenced the subsequent growth direction of ZnO NWs. As a consequence, the vertically aligned
ZnO NW arrays have been formed on the highly c-axis oriented AZO30 and AZO20 thin films, while
the randomly inclined ZnO NWs have been grown on the partially crystallized AZO10 thin film. This
has in turn affected the piezoelectric amplitude of the ZnO NW arrays. Among the NW arrays grown
on AZO thin films, the NW arrays grown on the highly c-axis oriented AZO thin films have more
uniform and higher piezoelectric amplitude compared to those grown on the partially crystallized AZO
thin film. Interestingly, the PFM measurements have also revealed that the piezoelectric amplitude of
ZnO NWs grown on the AZO thin film are higher compared to those grown directly on Si substrate.
The reason could be due to a depletion layer formation at the AZO layer/ZnO NW interface, which
can reduce the free electron movement inside ZnO NWs, leading to the increase the piezoelectric
performance. The highest average piezoelectric coefficient ds3 is achieved on ZnO NWs grown on the
highly c-axis oriented AZO30 and AZO20 thin films, which is at around 4.5 - 4.7 pm/V. These results
show that the ZnO NW piezoelectric performance is significantly affected by the properties of the
AZO thin film used as a growth platform, which can finely be optimized during the ALD process.
Moreover, the average optical transmittance of 81.2% of the quartz substrate/AZO thin film/ZnO NW
structure in the visible light region shows that they are relevant candidates for optoelectronic devices.
The combination of these materials and of the ALD and MOCVD techniques that can be extended to
industrial scale production show a high potential for developing eco-friendly mechanical energy

transducers that are suitable for energy harvesting and sensing applications.
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