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Abstract—This study presents a comparison of the piezoelectric
properties of nanostructured thin films made of arrays of vertically
oriented ZnO-nanorods (ZnO-NRs) over ITO-glass substrate and
of ZnO-nanowalls (ZnO-NWs) over aluminium substrate. Both
nanostructures were synthesized on a large area through chemi-
cal bath deposition. The morphological, structural, and chemical
characteristics of the produced nanostructures were investigated
in order to assess the crystal quality and purity. To this purpose, we
used different techniques, such as field-emission scanning electron
microscopy, atomic force microscopy, energy dispersive x-ray anal-
ysis, powder x-ray diffraction, x-ray photoelectron spectroscopy,
and photoluminescence spectroscopy. Moreover, the piezoelectric
response of the nanostructured films was assessed through piezore-
sponse force microscopy. This technique was employed to obtain a
quantitative evaluation of the piezoelectric coefficient (dss) of the
film. We obtained d3; values as high as (7.01 £ 0.33) pm/V for
ZnO-NRs and (2.63 + 0.49) pm/V for ZnO-NWs films.

Index Terms—Piezoresponse force microscopy (PFM), ZnO
nanorods (NRs), ZnO nanowalls (NWs), chemical bath deposition
(CBD), piezoelectric coefficient (ds3).

1. INTRODUCTION

INC oxide (ZnO) has been attracting a great deal of
Z interest from the scientific community over the last
decades, owing to a variety of intriguing properties, along
with a remarkable performance for several applications, such
as piezoelectric transducers, photovoltaic devices, gas and
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bio-sensors, nanoscale optoelectronics and self-powered micro/
nanosystems, [1]-[5]. ZnO is an n-type semiconductor with a
wide energy gap (3.37 eV), high exciton binding energy (60
meV), high electron mobility, and unique optical, pyroelectric,
and piezoelectric properties [6]. It crystallizes preferentially in
the hexagonal wurtzite-type structure and forms a rich variety
of nanostructures. In the last years, ZnO nanostructures have
stimulated also a considerable appeal owing to their excellent
biocompatibility [7].

Several methods have been developed to grow ZnO nanos-
tructures [8]-[13]. Among them chemical bath deposition
(CBD) [10]-[12] has received much attention, as it ensures a
high deposition rate on a wide variety of substrates; moreover,
it is facile, cost-effective and easy to scale-up. The properties of
ZnO nanostructures are strongly dependent on their size, shape,
and morphology [11], [14]-[16]. In particular, the character-
ization of the piezoelectric properties of ZnO nanostructures
having different morphology is a fundamental step towards the
production and performance optimization of nano-generators
and nano-actuators.

An extensive overview of piezoelectric measurement tech-
niques is reported in [17]. Among state-of-art measurement
methods, the Piezoresponse Force Microscopy (PFM) is one
of the most widely used techniques for the characterization of
piezoelectric nanostructures, since it enables the measurement
of the piezo-displacement with pico-meter resolution [18]. A
conductive tip is used, as a movable top electrode, to apply a
voltage to the sample, causing strains due to the inverse piezo-
electric effect [19]. Since the induced local displacement is
related to the local value of the piezoelectric coefficient of the
material, PFM can provide a quantitative information [18], [20].
PFM is a non-disrupting test method since it does not require
sample metallization nor top-electrode deposition over the ma-
terial under test.

However, the main limitation of this technique is that it pro-
vides typically a local characterization of the piezoresponse of
the material under test. In [21] and [22], the piezoelectric coef-
ficient was measured locally through PFM by scanning single
piezoelectric domains and then averaging. Therefore, the ob-
tained d33 represents an overestimation of the piezoresponse of
the material at macroscale.
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In this paper, we propose the use of PFM to quantitatively
evaluate the effective piezoelectric coefficient ds3 of nanostruc-
tured thin films. To this purpose, the PFM signal is averaged over
an area which is much larger than the tip curvature radius and
the size of the piezoelectric domains. Therefore, the proposed
approach could be implemented as a routine test for quality-
control of nanostructured piezoelectric materials before device
assembling. We also perform a complete characterization of the
produced nanostructures through several techniques (i.e., Field
Emission Scanning Electron Microscopy - FE-SEM, Energy
Dispersive X-ray analysis - EDX, Atomic Force Microscopy -
AFM, Powder X-Ray Diffraction - P-XRD, X-ray Photoelectron
Spectroscopy - XPS, Photoluminescence Spectroscopy - PL), in
order to correlate the piezoresponse of the nanostructured films
with the structural, chemical and morphological properties of
the nanostructures (ZnO-NRs and ZnO-NWs).

II. EXPERIMENTAL

Large arrays of vertically aligned ZnO-NRs over Indium Tin
Oxide coated glass substrated (ITO/G) and of ZnO-NWs over
aluminium foil (Al-foil) were produced starting from zinc ac-
etate precursors through the CBD technique.

A. Materials

All chemicals were of reagent grade and used as received:
zinc acetate dihydrate (Zn(CH3COO), -2H,0, Sigma-Aldrich,
>98%), zinc nitrate hexahydrate (Zn(NOj)s -6H5 O, Acros Or-
ganics, 98%), hexamethylenetetramine (CgH;2Ny, Fisher Sci-
entific, >299%), isopropanol ((CH3)9CHOH, Sigma-Aldrich,
ACS reagent, 299%), acetone (CH3COCH3, Acros Organ-
ics, 299%) and deionized water (DI) with a resistivity of
18 MQ-cm. Indium tin oxide coated (~100nm) glass slides
(ITO/G: ~1.1 mm thick) and aluminium foil (Al-foil: ~25 pum
thick) were purchased from Sigma-Aldrich and used as sub-
strates.

B. Synthesis

The growth substrates (i.e., [TO/G for ZnO-NRs and Al-foil
for ZnO-NWs) were first cleaned in acetone and then in iso-
propanol. Subsequently they were dried in an oven at 70 °C for
10 min. Prior to the growth, a seed layer was deposited onto the
cleaned substrates by the dip-coating method. A seed solution
was prepared by dissolving 5 mM of zinc acetate dehydrate in
to 40 ml of isopropanol using magnetic stirring at room temper-
ature. The substrates were then dip-coated in the seed solution
and underwent thermal annealing inside a muffle furnace at
300 °C for 30 min. This process resulted in substrates coated
uniformly with ZnO seed particles having an average diameter
of 20 nm [23]. ZnO nanostructures were grown on the seeded
substrates using the facile CBD described in our earlier work
[23]. Briefly, an aqueous growth solution was prepared by dis-
solving 20 mM equimolar ratios of zinc nitrate hexahydrate and
hexamine together in 100 ml of DI water. The seeded substrate
was then horizontally suspended upside-down into the growth
solution. The suspension was placed on a hot plate (Heidolph
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MR-Hei Standard) under static conditions for 4.5 h. During the
reaction, the beaker was sealed with an Al foil and the solution
temperature was fixed at 60 °C using an automatic electronic
temperature controller (EKT Hei-Con). After the growth reac-
tion, the substrate was removed from the solution, rinsed in DI
water and dried in oven at 120 °C for 30 min. At the end of the
process ZnO-NRs or ZnO-NWs were grown, depending on the
seeded substrate used (ITO/G or Al-foil, respectively).

C. Characterization

The morphology of the ZnO nanostructures was investigated
through FE-SEM (Zeiss Auriga) and AFM (Bruker-Veeco Di-
mension Icon). In particular, FE-SEM images were used to es-
timate the lateral size of the ZnO-NRs and ZnO-NWs and the
thickness of ZnO-NWs, while the height of the nanostructures
was assessed through tapping mode AFM scan.

Chemical composition analysis was performed through EDX
using the FE-SEM, Zeiss Auriga, equipped with a Bruker Quan-
tax EDX capable of an energy resolution of 123 eV at Mn Ka.

The structural characterization and phase identification of
the synthesized ZnO nanostructures were performed through
P-XRD in transmission mode on a focusing beam Bruker
AXS D8 Advance diffractometer using CuKa radiation (A =
0.15418 nm), operating at 40 kV and 40 mA. Data were col-
lected in a 26 angular range extending from 20° to 145° with
a step size 0.022° and 1 s counting time. The instrument is fit-
ted with incident-beam Gobel mirrors and a position sensitive
detector VAntec. Samples were prepared as capillaries loaded
with respective nanostructures in powder form obtained upon
removal from the growth substrate by using bath sonication. A
preliminary check was done using a Siemens D5000, operating
in reflection mode, using CuKa radiation (A = 0.15418 nm),
operating at 40 kV and 40 mA. Analyses pointed out the pres-
ence of ZnO under the hexagonal wurtzite modification. Struc-
tural refinements were performed by the Rietveld method using
TOPAS v.4.2 (Bruker AXS 2009) software. Details of the re-
finement procedure can be found in reference [10].

XPS was performed using a monochromatized spectrometer
Escalab 250Xi (Thermo Fisher Scientific, UK) equipped with a
six-channeltron detection system for spectroscopy. The samples
were loaded in an ultra-high vacuum (UHV) chamber, using
the Al Ka X-ray source set to the diameter of 900 pm, the
analyzer at a constant pass energy of 20 eV, and the standard
mode of electromagnetic input lenses (about 1 mm in diameter).
The acquired data were processed by the Avantage v.5 software
(Thermo Fisher Scientific, UK).

The photoluminescence (PL) spectra of both ZnO-NRs and
ZnO-NWs were recorded at room temperature by using the
266 nm line of a Nd:YAG pulsed laser (Thomson DIVA) as the
exciting source, having 10 ns pulse length and 20 Hz repetition
rate. Further details on the PL experimental setup and procedure
can be found in [10]. Spectra were repeated on the same sample
16 times and averaged to get proper statistics. The measurements
were performed at different power levels of the exciting laser
in the range 700-1300 W/m?2, in order to discriminate between
linear and non-linear behaviour of the defect-related and band
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Fig. 1. FE-SEM micrographs of ZnO-NRs and ZnO-NWs at low magnifica-
tion (25 kX and 50 kX respectively) (a), (c) and at high magnification (100 kX
and 200 kX, respectively) (b), (d).

edge PL emissions. Since the ZnO-NRs and ZnO-NWs samples
were grown on different substrates, the spectra of bare ITO/glass
and Al-foil substrates were also acquired for reference, and used
to correct the spectra of the ZnO-NRs and ZnO-NWs samples.

PFM measurements were performed using a commer-
cial Bruker-Veeco Dimension Icon AFM, equipped with the
piezoelectric module under the following conditions: silicon
cantilever (Bruker) with 115-135 pum length, nominal spring
constant of 5 N/m, Co-Cr coated tip with electrical resistivity
of 0.01-0.025 Q-cm, tip curvature radius ~ 35 nm and nomi-
nal resonance frequency of 150 kHz. In order to measure the
piezoresponse of the samples, an a.c. voltage was applied to
the tip, with amplitude varying from 4 mV to 5 V at a fixed
frequency of 17 kHz. Scan rate was 0.5 Hz and the scan area
was (600 x 600)nm?. Three different areas were scanned for
each sample and the measured data were averaged. All mea-
surements were performed in an insulating chamber to avoid
acoustic excitation.

III. RESULTS AND DISCUSSION
A. FE-SEM, AFM and EDX Characterizations

The morphology of ZnO-NRs and ZnO-NWs, as observed
through FE-SEM, is shown in Fig. 1(a)—(d).

The vertical alignment of ZnO-NRs can be observed in
Fig. 1(a) and (b), highlighting a very narrow size distribution of
the nanostructures with estimated diameter of (~42 £ 5) nm

7ZnO-NWs are characterized by thin walls with very sharp
edges (Fig. 1(c) and (d)). The thickness and lateral size of ZnO-
NWs are evaluated as (~38 £ 28) nm and (~950 & 370) nm
respectively.

The EDX analysis performed on ZnO-NRs (Fig. 2(a) and (b))
shows an excess of Zn, and a few small peaks originated by the
ITO/G substrate. The excess of Zn implies a non-stoichiometric
Zn/O ratio. The compositional Zn map, reported in Fig. 2(a),
shows a homogenous distribution of Zn over the ZnO-NRs
structures.
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Fig. 2. EDX elemental Zn mapping in (a) ZnO-NRs and (c) ZnO-NWs sam-
ples. EDX spectra of (b) ZnO-NRs and (d) ZnO-NWs.

GW
0

0.00 025 050 0.75 1.00
Lateral dimension [|.|m

Height [nm]
=
=

1.6 :
6t ()
gt

= 0.8/

o=

(-]

Z 0.41

=
0.0 NP

th

Lateral dimension [pm]

Fig.3. AFM topography in tapping mode of (a) ZnO-NRs and (c) ZnO-NWs,
height profile along the red and blue lines for (b) ZnO-NRs and (d) ZnO-NWs.

The EDX analysis of ZnO-NWs (Fig. 2(c) and (d)), shows
equally intense O and Zn peaks, together with the peak produced
by the Al substrate. Moreover, we observe a slight excess of
oxygen, leading to a non-stoichiometric Zn/O ratio. The Zn
compositional map, reported in 2(c), shows also for ZnO-NWs
a homogenous distribution.

AFM measurements, performed in tapping mode, are shown
in Fig. 3(a) and (c).

Height measurements, evaluated through AFM, resulted in
values of (~150 & 80) nm for ZnO-NRs and (~890 + 510) nm
for ZnO-NWs, as deduced from the reported signal profiles,
averaged along the scanned area (see Fig. 3(b) for ZnO-NRs
and 3(d) for ZnO-NWs). It is noted that these measurements
represent a qualitative indication of the height of the structures,
due to the error stemming from the convolution of the real
morphology and the tip shape, resulting in a curvature radius
of the tip comparable with the diameter of the nanostructures
under analysis. Nevertheless, we can say that the morphology of
the nanostructures produced are characterized by truly different
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Fig. 4. X-ray diffraction (XRD) pattern acquired on (a) ZnO-NRs and
(b) ZnO-NWs.

aspect ratio (i.e., height over radius or wall thickness): ~4 for
ZnO-NRs and ~ 23 for ZnO-NWs.

B. XRD Analysis

The crystallinity of the ZnO-NRs and ZnO-NWs powders was
evaluated by XRD analysis. Fig. 4(a) and (b) show the powder
XRD pattern of the ZnO-NRs and ZnO-NWs, respectively.

The sharp and intense peaks, which are observed for both
samples, indicate the highly crystalline nature of the produced
ZnO nanostructures. However, the spectrum observed for ZnO-
NWs, contains some peaks referable to Al, used as the growth
substrate, and a strong broad band centred around 21.7° which
arises from the glass capillary. Furthermore, for the same sam-
ple, an anomalous spread of some peaks is observed at the base
of the pattern. We suppose that such an anomalous behaviour
can be ascribed to the presence of high defectivity, which is
further investigated using photoluminescence and discussed in
the subsequent section.

ZnO-NRs are characterized by cell parameters and bond dis-
tances very similar to those reported for other nanorods sam-
ples [10]. In particular, the cell volume of 47.6318(3) A’ is
higher than the one reported for bulk ZnO [24]. This behaviour
agrees with that reported for other simple oxides, whose cell
parameters and volume of the bulk material are smaller than
those of micro- and nano-structured equivalents [25]-[27]. The
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Fig.5. (a)Zn2p spectra and (b) Zn LMM spectra of ZnO-NRs and ZnO-NWs,
Ols spectra of (c) ZnO-NRs and (d) ZnO-NWs.

<Zn-O> bond distance is of 1.978 A and the 7ZnO, tetrahe-
dron is slightly distorted as a result of 3 x 1.9753(3) A and
1 x 1.9864(12) A bond distances. ZnO-NRs has an &, micro-
strain (lattice strain), defined as 3; = 4¢ tan 6, [3; being the
peak integral breadth, of 0.0376(5). Differently, ZnO-NWs are
characterized by a significantly broadened peak shape that was
impossible to properly fit even applying the ellipsoid-model of
Katerinopoulou et al. [28], describing the diffraction-vector de-
pendent broadening of diffraction maxima. This is clearly due
to extended defectivity of the material. This fact is confirmed

by a unit cell volume of 47.565(8) A3 smaller than that found

in bulk ZnO (47.598(7) Ag). In particular, Kaurova et al. [29]
indicated that the occurrence of O-vacancies is coupled to a
marked reduction of the cell parameters. Moreover, we inves-
tigated the possible symmetry reduction from P63 /mc, which
is typical of stoichiometric zincite, to P3, which has been ob-
served in O-defective samples [29]. No Bragg reflection at ca.
17.2° 20 was observed, attributed to the symmetry-violating 001
peak by those authors, indicating that the correct space group
for ZnO-NWs is P63 /mc. Coherently, the €y micro-strain was
0.0901(15) significantly higher than that of ZnO-NRs. Due to
the imperfect peak shape fit, bond distances were not refined
[21]. The hypothesis of a significant defectivity of ZnO-NWs
is further supported by PL measurements, as discussed in the
following.

C. XPS Characterization

The surface chemical composition of ZnO-NRs and ZnO-
NWs has been analysed by XPS. In all samples, Zinc is
present in the Zn(+2) chemical state, which is evident from the
binding-energy (BE) value of the Zn 2p3,, peak at 1021.4 eV
for ZnO-NRs and at 1021.5 eV for ZnO-NWs (Fig. 5(a)) and
from the Auger Zn LMM peak position at a kinetic energy
(KE) of ~988.5 eV for ZnO-NRs and of ~987.2 eV for ZnO-
NWs (Fig. 5(b)) [30], [31]. In addition, the values of the
modified Auger parameter o =~ 2009.9 eV for ZnO-NRs and
a =~ 2008.7 eV for ZnO-NWs, correspond to the Zn(+2) chem-
ical state [30], [32]. The spectra of Zn 2p and Zn LMM regions
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TABLE I
XPS ELEMENTAL QUANTIFICATION

Sample Peak BE (eV) Atomic %  Chemical State
ZnO-NRs Ols A 530.1 28.5 ZnO
Ols B 531.8 23.4 OH~
OlsC 532.9 13.2 H>O
Zn2p3/y 1021.4 34.9 ZnO
ZnO-NWs Ols A 530.5 32.6 ZnO
Ols B 532.1 40.5 OH™
Zn2p3 /s 1021.5 26.9 ZnO

are shown in Fig. 5(a) and (b), respectively. The Ols spectra of
ZnO-NRs, shown in Fig. 5(c), consists of three components in-
dicated as OlsA, OlsB and O1sC. Differently, the Ols spectra
of ZnO-NWs, shown in Fig. 5(d), consists of two components
indicated as O1sA and O1sB. The first component is attributed
to 0% ions in the wurtzite structure of ZnO, whereas the sec-
ond one is attributed to the loosely bound oxygen on the surface,
such as in adsorbed hydroxyl groups -OH and/or -CO3 radicals
[30], [33]. The third components at BE ~ 533 eV is due to the
water molecules absorbed on the sample surface. XPS quantifi-
cation was done by using Shirley background subtraction and a
standard set of Scofield sensitivity factors. The surface contam-
inants (C and N) were not included in this quantification. The
obtained results are summarized in Table 1.

The Ols spectra of both samples including the peak fitting are
presented in Fig. 5(c) and (d). To better understand the differ-
ences between the samples, the ratio of Zn to O was computed
for the component of oxide O Is A. In the case of Zn/O > 1,
the lack of oxygen is an indicator of a higher number of defects
in zinc oxide. For ZnO-NRs, the Zn/O ratio was equal to 1.2,
whereas for ZnO-NWs it was 0.82.

These results are in good agreement with the results of EDX
and PL measurements (shown in the next paragraph), confirming
an excess of Zn in ZnO-NRs and an excess of O in ZnO-NWs.

D. PL Spectrum

Photoluminescence spectra have been acquired on both ZnO-
NRs and ZnO-NWs samples in order to investigate the presence
of defects. The results obtained for the excitation laser power of
1300 W/m? have been reported in Fig. 6.

The spectra have been corrected by taking into account the
effect of the substrates, and then they are fitted to multiple
Gaussian peaks to identify the UV and VIS components, as
shown in Fig. 6. The obtained best fit results are reported in
Table II, which shows also the values of the calculated UV/VIS
ratio. Actually, the UV/VIS emission intensity ratio is usually
taken as an indicator of crystal quality [37], [38], independently
on the precise identification of the involved defects and their
distribution in the nanostructures.

From Fig. 6, we observe that the PL spectra of both ZnO
nanostructures are characterized by an ultraviolet (UV) peak at
~3.3eV, corresponding to the band edge emission, and by a
variety of visible (VIS) bands centred at different energy values
and originated by different kinds of defects [10], [34]-[39].
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Fig. 6.  Photoluminescence spectra of (a) ZnO-NRs and (b) ZnO-NWs. Con-
tinuous line represents experimental data corrected for substrate contribution;
dashed and dotted line represents Gaussian best fitting results. Both spectra were
taken at 1300 W/m? excitation power.

TABLE II
BEST FIT RESULTS OF THE ZNO-NRS AND ZNO-NWs PL SPECTRA
REPORTED IN FIG. 6

Parameter NRs NWs

uv VIS uv VIS

Energy (eV) 3.289£0.005 2.075 4 0.008 3.286 £0.008 2.613 4 0.004

Width (meV) 805 330 £ 10 154 £+ 8 362+4
Amplit. (a.u.) 12500 +=700 24500 700 10800 + 500 44100 £ 300
UV/VIS 0.51 £0.08 0.24 £0.01

The UV/VIS Ratio is Calculated from the Amplitude Values of the Gaussian Peaks.

The effect of varying the excitation powers on PL emission
was essentially to enhance the UV/VIS intensity ratio for in-
creasing powers; such effect was consistent with the present
interpretation of the UV and VIS peaks, as defect-related PL
emissions typically tend to saturate at lower excitation pow-
ers than band-gap emission (i.e., “intrinsic” emission), since
they are limited by the concentration of the defects involved in
the recombination. PL peak positions did not show any evident
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dependence on PL excitation power, out of the measurements
uncertainty.

From Table II, it can be observed that the UV/VIS ratio
is higher for ZnO-NRs than for ZnO-NWs, confirming the
indications gained from XRD results, which suggested that
ZnO-NWs are more defective than ZnO-NRs. Both ZnO-NRs
and ZnO-NWs samples have a similar UV peak centred at
roughly the same energy, whereas the VIS band is located
at ~2.1eV (yellow band) in the case of ZnO-NRs, and at
2.6 eV (green band) in the case of ZnO-NWs, indicating
that different kinds of defects are present in the two mate-
rials. The identification of the defects responsible for these
two bands is still debated in the current literature, allowing
for multiple and controversial interpretations. A definitive as-
signment of the VIS bands in our samples would require a
dedicated study and it is not under the scope of the present
work. A possible explanation of the yellow band observed in the
ZnO-NRs sample can be attributed to the presence of oxygen
vacancies.

A similar interpretation has been recently proposed in the
literature [38] for vertically aligned ZnO-NRs. In that work,
the authors reported the observation of a PL band around 2 eV,
whose intensity decreased after oxygen ions irradiation, and in-
creased with the diameter of the nano-rods, indicating that the
defects responsible for that emission involve oxygen vacancies
which were localized in the nanorods, within a region up to
~100 nm from their outermost surface. Therefore, since the av-
erage diameter of ZnO-NRs is (42 + 5) nm, we can assume that,
according to [38], the oxygen vacancies associated to the yellow
PL band are distributed in the whole volume of the nanostruc-
tures, resulting in an overall oxygen deficient oxide material.
This assumption is supported by XPS and EDX analysis, which
indicate a Zn/O ratio > 1.

The green band around 2.5 eV can be linked to zinc vacancies
located at the (1010) non-polar surfaces of ZnO nanostructures
[39]. Although the cited work does not refer specifically to
ZnO nano-walls, its conclusions apply to nanostructures having
different morphologies (i.e., ZnO nano-rods and ZnO polycrys-
talline nanostructured films) provided that there were (1010)
non-polar surfaces exposed. In the case of the ZnO-NWs stud-
ied in the present work, the morphology showed by AFM is
consistent with the presence of unipolar (1010)) facets exposed
upwards on the sample face, from which the luminescence sig-
nal is collected. XRD measurements support the presence of
1010 facets.

The presence of zinc vacancies in our ZnO-NWs sample is
also supported by XPS and EDX analysis, which indicate a Zn/O
ratio < 1.

E. Piezoelectric Properties

The piezoelectric coefficient ds3 of the nanostructured thin
films of ZnO-NRs and ZnO-NWs was estimated through PFM.
This technique is based on the standard contact mode AFM
setup, in which the cantilever and the tip are electrically con-
ductive and an alternating voltage is applied to the conductive
tip [18]. Due to the converse piezoelectric effect, the sample
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responds to the alternating electric field with a periodic defor-
mation. This deformation is detected by the cantilever, through
a photodiode. The induced sample displacement A, is related
to the amplitude of the applied a.c. voltage V,. through the
following expression:

Au = du Vae (D

in which d;; is the local relevant element of the third-rank piezo-
electric tensor of the material [20]. In order to separate the to-
pography and piezoresponse signals, a lock-in amplifier (LIA),
which also acts as a sharp band pass filter, is used. The LIA com-
pares the response signal with the reference signal and amplifies
only the frequency component that is equal to the reference sig-
nal. Since the reference signal and the voltage applied to the
tip have the same frequencies, the expected piezoresponse is
also at the same frequencies. This allows measurements with a
high signal-to-noise ratio, even for small displacements of just
a few picometers. The raw amplitude signal, measured using
the quadrant photodiode and LIA, is then converted to a dis-
placement amplitude by applying a calibration factor, which
is obtained through the measurement of a well-known piezo-
electric material. To this purpose, in our study, a Bruker refer-
ence sample, consisting of a periodically poled lithium niobate
(PPLN) specimen, with an effective piezoelectric coefficient
d33 ppLN = 7.5 pm/V, was employed. In the ideal case the am-
plitude of the measured piezoresponse Apjico iS given by:

Apiczo =« d33 V;Lr: (2)

in which « is a calibration parameter, ds3 is the effective piezo-
electric coefficient measured via PFM and V.. is the alternating
voltage.

In order to estimate o, we applied the background correction
technique outlined in [40]. At first, we measured the piezo-
electric response of the calibration sample and we estimated the
slope mpp1,x of the linear fitting of the piezoresponse amplitude
versus the applied voltage. Then, we estimated the calibration
factor as:

o = mpprN/ds3 PPLN (3

in which ds3 pprx is the known piezoelectric coefficient of
the reference sample. Finally, we measured the response of the
sample under test and we estimated its d33 from (2), using the
calculated calibration factor «. In the considered test setup, we
applied an a.c. voltage to the sample under test, through the tip,
and we grounded the bottom electrode.

A comparison of the topographic map and of the PMF-
signal map is shown in Fig. 7 for the produced nanostructured
films made of ZnO-NRs (Fig. 7(a) and (b)) and of ZnO-NWs
(Fig. 7(c) and (d)). The good correlation between morphology
and PFM signals of the ZnO-NR sample suggests that the ver-
tical piezoelectric domains are well localized in each single
nanorod (Fig. 7(a) and (d)).

On the contrary, the morphology and PFM signals of the
ZnO-NW sample are poorly correlated. This is due to the fact
that ZnO-NW are not so well vertically oriented with respect to
the substrate like the ZnO-NRs, so that the vertical piezoelectric
domains are poorly localized.
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Fig. 7. Typical scanning piezoresponse measurements showing the morphol-
ogy of (a) ZnO-NRS and (c) ZnO-NWs and the PFM signal for (b) ZnO-NRs
and (d) ZnO-NWs.

40 T T T T L)
® PPLN
351 @ ZnONRs
__ 30- A 7ZnO NWs i’
E 254 .
]
o 204 .
3
£ 15
E' 10
d & g
< +
5- X i
u f T T T T
0 1 2 3 4 5
Voltage (V)

Fig. 8. Measured amplitude of the piezoresponse of different samples with
respect to the applied voltage V..

TABLE III
PIEZOELECTRIC COEFFICIENT EVALUATED BY AVERAGING THE PFM SIGNAL
OVER 3 MEASUREMENT AREAS, (600 x 600) NM2 IN SIZE

Sample dzz (pm/V)
PPLN 7.5

7ZnO-NRs 7.01 £ 0.33
ZnO-NWs  2.63 + 0.49

In order to evaluate the average piezoelectric properties of
the samples, PFM measurements were performed over 3 dif-
ferent areas on each sample. Each area has a scanning size of
(600 x 600) nm*, which guarantees a good average signal, as
confirmed by the small standard deviations obtained (Fig. 8).
As predicted by the theory, the displacement response increases
linearly with the driving voltage amplitude. The effective ds3
was obtained using a linear fit of the amplitude of the average
vertical displacement versus the amplitude of the driving volt-
age, as reported in Fig. 8 for ZnO-NRs and ZnO-NWs. The
resulting values of the measured piezoelectric coefficients are
reported in Table III.

We noticed a much higher piezoresponse of the ZnO-NR film
with respect to the ZnO-NW one. This is due to the different
morphology, structural properties and defectiveness of the two
nanostructures discussed above. The obtained results are in line
with data reported in previous studies [21], [41], which however

are focused on a local characterization of the piezoresponse of
each single domain or nanostructure. The proposed method in-
stead provides a quantitative estimation of the average value of
ds3, which is representative of the piezoresponse of the nanos-
tructures material at nanoscale.

IV. CONCLUSIONS

In this paper we reported a comparative study of the prop-
erties of 1D (NRs) and 2D (NWs) ZnO-nanostructures, grown
by chemical bath deposition (CBD), for potential applications
in piezoelectric transduction or energy harvesting. The CBD
technique enables a high deposition rate on a wide variety of
substrates and over large areas, being also a facile, cost-effective,
non-toxic and easy-to scale-up approach.

The piezoelectric properties of the produced samples
were investigated through PFM, by scanning different areas
of the specimen. We found a piezoelectric coefficient of
(7.01 £0.33) pm/V for ZnO-NRs and (2.63 & 0.49) pm/V for
ZnO-NWs.

In particular, we correlated the structural, chemical, and mor-
phological properties of the nanostructure with the piezoelectric
response of the produced nanostructured thin film.

SEM and AFM analyses confirmed good orientation of the
nanostructures and allowed the estimation of their aspect-ratios,
i.e., ~4 for ZNO-NRs and ~ 23 for ZnO-NWs. The XRD spectra
confirmed a better crystallinity of ZnO-NRs than of ZnO-NWs.
Therefore, ZnO-NRs were characterized by a vertical alignment
and a well-defined hexagonal symmetry combined with a good
crystallinity (sharp and intense peaks). On the other hand, the
XRD data of ZnO-NWs showed an anomalous spread of the
(101) peak, which suggests a high defectiveness. The higher
defectiveness of ZnO-NWs was also confirmed by PL measure-
ments, highlighting an UV/VIS ratio lower for ZnO-NWs than
for ZnO-NRs. The lack of a Bragg reflection at 17.2° in the
XRD spectra suggested that sample defectiveness is not related
to oxygen vacancies. Vice versa, the position of the centre of the
visible PL-band in ZnO-NWs indicated that such defectiveness
can be attributed to the presence of zinc vacancies. This result
was supported by XPS measurements, which showed a Zn/O
ratio < 1, in agreement with the EDX measurements. From
XPS measurements we also observed the absorption of water
molecules (BE ~ 533 eV), on the surface of ZnO-NRs.

We can conclude that better piezoelectric properties of ZnO-
NRs with respect to ZnO-NWs can be related to a combination
of the outperforming structural properties, including a better
orientation along the c-axis, and a lower defectivity of ZnO-
NRs over ZnO-NWs. Furthermore, the obtained values of the
piezoelectric coefficient, averaged over different areas of the
sample surface are representative of the film response and not
of the single nanostructure properties. This result suggests that
PFM measurements can be employed as a routine test to assess
the quality of the piezoelectric nanostructures.
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