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The development of flexible electronics has increased the demand
for wearable pressure sensors that can be used to monitor various
biomedical signals. In this context, pressure sensors based on zinc
oxide (ZnO) have great potential since, besides the biocompatibility
and biodegradability of this metal oxide, it also has piezoelectric
properties. The common feature of these sensors is the alignment
of the ZnO nanostructures in the strain direction. This alignment is
achieved through a three-stage procedure: deposition of a ZnO
nanoparticle layer (seed layer) followed by its patterning and the
subsequent growth of nanostructures from the seed layer nano-
particles. Herein, a process compatible with industrial scale for
depositing seed layers by flexographic printing is proposed, allow-
ing seed layers to be deposited and patterned swiftly and efficiently
in a single step on flexible indium tin oxide coated polyethylene
terephthalate substrates, significantly decreasing the time and cost
required to produce pressure sensors. The growth conditions of
ZnO nanorods on these substrates were also studied to analyze
their influence on the morphological and structural characteristics
of the nanostructures. Nanorods with length of (0.27 + 0.04) pm
and density of (296 + 6) nanorods per pm? were obtained in
microwave-assisted hydrothermal syntheses carried out at 100 °C
for 30 min, with a 1 M zinc acetate seed layer and using an
equimolar growth solution of zinc nitrate and hexamethylenete-
tramine. These conditions were used to produce ZnO-based pressure
sensors with two patterns (one square and 16 individual squares).
Although the single square sensors displayed a higher average output
voltage ((12 + 5) V for an impact pressure of 150 kPa), their response
was considerably more variable than the patterned sensors (with
16 squares), which displayed an average output voltage of (8 + 2) V
under an applied pressure of 150 kPa and sensitivity values of
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This work presents an innovative and versatile technique for producing
pressure sensors based on zinc oxide (ZnO) nanostructures. Standing out
from the commonly used procedures for growing nanostructures, which
require time-consuming or expensive processes for depositing and
patterning the seed layer from which these materials grow, this study
presents an approach combining these two steps, allowing for a cost- and
time-effective alternative to produce pressure sensors. The process
comprises the deposition of seed layers on commercial conductive
substrates by flexographic printing, followed by the growth of ZnO
nanorods by microwave-assisted hydrothermal synthesis. The proposed
approach allows sensors to be produced in less than one hour.
Furthermore, it is shown that the active layer’s patterning significantly
influences the sensors’ performance. The results presented are valuable
as they are a step forward in finding the ZnO pattern that maximizes
sensor performance and reproducibility using an approach compatible
with large-area manufacturing.

(0.06 + 0.01) V kPa~%, demonstrating their potential for wearables
and portable electronics.

1. Introduction

The interest in smart and wearable electronic devices has
grown exponentially in recent years." Wearable pressure sen-
sors, based on triboelectric and piezoelectric materials, have
gathered much interest in healthcare and biomedical research
since they can be used to monitor motion, heart rate and
acceleration.”® These sensors present appealing features, such
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as simple and cost-effective production processes, and they
allow for easy signal acquisition.’

The active layer of pressure sensors can include triboelectric
and/or piezoelectric materials. Regarding piezoelectricity, sev-
eral materials present this property, including inorganics such
as aluminum nitride (AIN), barium titanate (BaTiOj3), zirconate
titanate and zinc oxide (ZnO) or polymeric materials such as
polyvinylidene fluoride (PVDF) and polyvinylidene fluoride-
trifluoroethylene (P(VDF-TrFE)).* Among the most used inor-
ganic piezoelectric materials are lead zirconate titanate (PZT)
and ZnO.? From these two, ZnO is a non-toxic, biodegradable
and biocompatible material, making it an interesting choice to
integrate into wearable sensors.>®” Moreover, this metal oxide
is highly abundant in nature.*®® ZnO has a wide band gap
energy of approximately 3.37 eV, large exciton binding energy of
60 meV and a piezoelectric constant (dz;) of 9 & 2 pm vV~ 1,%7°
which jointly with this metal oxide’s high thermal, chemical
and mechanical stability at room temperature®® contribute to
its unique optical, electrical and mechanical properties.>"°
These properties have led to the use of ZnO structures in a
myriad of applications, such as in photodetectors, solar cells
and nanogenerators applied in sweat, mechanical or touch
sensing.'"™"

Concerning its crystalline structure, ZnO has three poly-
morphs: cubic zinc blende, cubic rock salt and hexagonal
wurtzite.>'® At ambient conditions, this metal oxide crystallizes
into a hexagonal-packed wurtzite structure composed of alter-
nating planes of zinc cations and oxygen anions along the
c-axis.®*® The non-centrosymmetric property of this structure is
originated from the tetrahedral arrangement where four zinc
cations surround oxygen anions (and vice-versa) present in ZnO
crystals.” The non-centrosymmetry gives rise to the metal oxide
semiconducting and piezoelectric properties used in applica-
tions such as pressure sensing.® Regarding ZnO piezoelectric
properties, they rely on the displacement of dipoles in ZnO
crystals. Briefly, no net polarization exists in the rest state as the
positive and negative dipoles are aligned at the center of each
tetrahedron. When pressure is applied along the c-axis, the
dipoles’ position changes, generating polarization, which is the
basis of the ZnO piezoelectricity.* This property has been vastly
explored in several areas such as in the field of electronics.*”

In flexible electronics, a major milestone is the definition of
the substrate and the development of strategies to grow ZnO on
this material. The structural properties of the substrate surface
strongly influence the growth of aligned ZnO structures.'®"”
The lattice mismatch between the ZnO layer and the substrate
can be decreased by either using a single crystalline substrate
with a heteroepitaxial ZnO layer or depositing a ZnO seed layer.
Being the latter the utmost cost-effective alternative, it is the
most explored."®"”

ZnO seed layers can be deposited by different techniques,
either vapor- or solution-phase approaches, including thermal
evaporation, sputtering, atomic layer deposition and pulsed
laser deposition or sol-gel and electrochemical deposition,
respectively.*'**° Although uniform ZnO layers are produced
using these techniques, they require mechanical masks or
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subtractive processes for patterning the metal oxide layer.>"*>
As such, there is a demand for an approach that can simulta-
neously deposit and pattern a ZnO seed layer without increas-
ing the complexity of the process. In this scope, printing
techniques are an interesting approach as besides allowing
the simultaneous deposition and patterning of an ink in a thin
film form without extra steps, these additive techniques also offer
high reproducibility, scalability and reduction of waste.>>>* Flexo-
graphic printing stands out from the contact printing processes
(such as gravure, screen and reverse offset) as this method uses
low-cost stamps and allows to reach high printing speed and high
yield.*® This printing approach uses a roller with pattern areas as
surface reliefs protruding above non-pattern areas to deposit the
material on the substrate.”*

An essential component of the printing process is the ink,
which is used to produce a functional layer.>* Regarding metal
oxide layers, they can be processed using either nanoparticle
dispersions or sol-gel solutions.> The sol-gel approach is often
used to synthesize metal oxide in several forms, including
thin films.'® This method is widely used as it is cost-effective
and produces homogeneous layers at relatively low processing
conditions.”'® The precursor solutions used in sol-gel appro-
aches are generally based on metal salts such as nitrates,
acetates or chlorides.”®?® These mixtures also include a solvent
and a stabilizer, also called additive.” The most used additives
in producing ZnO by sol-gel approaches are monoethanol-
amine and diethanolamine, which allow the production of stable
zinc-based homogeneous solutions by avoiding the precipitation of
zinc hydroxide.” The deposition of the sol-gel solution on the
substrate is typically followed by an annealing step on a hotplate to
remove organic residues,” improve crystal quality and reduce
defects.”® After the annealing step, a ZnO seed layer is formed,
which facilitates the growth of nanostructures by decreasing the
thermodynamic barrier to crystallization."®>°

ZnO nanostructures can be fabricated through a variety
of cost-effective approaches.*® The synthesis method directly
influences the properties of the resulting nanostructures,
namely crystallinity, alignment, physical and chemical beha-
viors, morphology and the majority of charge carriers.**'°
Synthesis methods include sol-gel, chemical vapor deposition,
hydrothermal synthesis, electrochemical deposition, processes
involving emulsion and micro-emulsion environments and
controlled precipitation.>*® Among these, hydrothermal synth-
esis has been widely explored. For the hydrothermal growth of
ZnO nanostructures, a zinc precursor is usually dissolved in
water, and another species, such as a hydroxide, is added to
tune the growth solution’s pH.? The syntheses are typically
performed at temperatures between the solvent boiling point
up to 300 °C and involve the formation of crystal nuclei
followed by their growth.® The resulting particles are pure
ZnO and thus do not require post-treatment.® Conventional
hydrothermal synthesis routes rely on the conductive and
convective mechanisms that lead to a low heating rate and
consequently increase the synthesis time. An alternative is
a hydrothermal synthesis assisted by microwave irradiation
during which the microwaves interact with the molecules in
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the growth solution, leading to rapid and uniform heating and
consequently to high reaction rates.*

Among the several reported ZnO morphologies, one-
dimensional (1D) structures stand out from the other shapes.
1D nanostructures such as nanorods, nanotubes and nano-
wires have been extensively studied as active materials in
piezoelectric devices such as mechanical sensors and energy
harvesters®>*! as they present increased sensitivity to low-
pressure values.” These nanostructures present high electron
mobility and a high surface-to-volume ratio, which, jointly
with the other ZnO properties, can be used to develop high-
performance flexible electronics.?

In this work, the growth of oriented ZnO nanorods from
flexographic printed seed layers by microwave-assisted hydro-
thermal synthesis and the use of these 1D nanostructures
as the active layer of pressure sensors are reported. The seed
layer annealing temperature and concentration were optimized
to obtain a homogeneous layer. Moreover, the ZnO synthesis
conditions, such as zinc precursor type and its ratio regarding
the hydroxyl radicals donor, were also varied to determine the
conditions yielding high-density nanorod arrays with increased
length to maximize the pressure sensors’ output signal. The
nanorods grown from 1 M seed layers by hydrothermal syn-
thesis at 100 °C for 30 min, where an equimolar zinc nitrate and
hexamethylenetetramine solution was used, presented the
highest length (0.27 £ 0.04 um) and density (296 + 6 nanorods
per um?) and were used as active layer in pressure sensors.
Sensors with two patterns were produced: one square of 4 cm®
and 16 squares of 0.25 cm” spaced by 0.05 pm. The patterned
sensors (with 16 squares) displayed an average output voltage of
(8 £ 2) V under an applied pressure of 150 kPa and sensitivity
values of (0.06 & 0.01) V kPa™'. The approach used to produce
the sensors, namely for the formulation of the seed layer
solutions where the greener solvent 1-methoxy-2-propanol was
used instead of the commonly used toxic 2-methoxyethanol,
was chosen according to the United Nations Sustainable Devel-
opment Goals and the European Union Green Deal, which
dictate the search for sustainable production process. The
herein proposed approach allows the production of pressure
sensors with sensitivity and output voltage comparable to
sensors based on ZnO nanosheets (in a more time-consuming
process) already reported in the literature (Table S1, ESIT),
thus paving the way for developing high-performance flexible
pressure sensors with tunable active layers and compatible with
roll-to-roll (R2R) manufacturing.

2. Experimental section

2.1. Precursor solution preparation

A seed layer solution was prepared by first mixing ethanolamine
(C,H,NO, Sigma-Aldrich, 99%, CAS: 141-43-5) and 1-methoxy-
2-propanol (C4H;,0,, Carl Roth, >99%, CAS: 107-98-2) with
magnetic stirring for 5 min. After, zinc acetate dihydrate
(zn(CH3C0O0),-2H,0, Alfa Aesar, 98%, CAS: 5970-45-6) was
added to the mixture, which was left at 40 °C and 450 rpm

This journal is © The Royal Society of Chemistry 2024
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for 1 h to yield a homogeneous solution. The zinc acetate
concentration was varied between 0.25 and 1 M and ethanol-
amine (MEA) was added to 1-methoxy-2-propanol in a molar
proportion of 1:1 to zinc acetate dihydrate.

2.2. Seed layer deposition and characterization

The seed layer deposition on indium tin oxide-coated polyethy-
lene terephthalate substrates (PET-ITO, Sigma-Aldrich, surface
resistivity of 60 Q sq ') was performed by flexographic printing
using a RK Flexiproof 100 tabletop printing machine. Before
the printing step, the substrates underwent a 15 min ultraviolet
(UV)/ozone treatment to improve their wettability using a PSD
Pro Heated Series, PSDP-UVT Novascan system; emission wave-
lengths of 253.7 (90%) and 184.9 nm (10%). Regarding the
flexoprinting step, the printing speed was fixed at 50 m min ™,
and an anilox roll with a transfer volume of either 13 or 18 cm® m >
was used during the printing process, depending on the desired
printed area. Two patterns were printed: a square of (20 X
20) mm* and another of 16 squares of (0.5 x 0.5) mm? spaced
of 0.5 pm. The (20 x 20) mm? pattern was printed using the
higher transfer volume. Different annealing temperatures were
tested: 130, 140 and 150 °C. The lab-scale flexographic printing
equipment and the stamps used to deposit the seed layers are
presented in Fig. S1 (ESIf).

The seed layers and ZnO nanorods grown from them result-
ing from each condition were studied using scanning electron
microscopy (SEM) by using a Hitachi Regulus 8220 scanning
electron microscope (Mito, Japan) equipped with an energy-
dispersive X-ray spectroscopy (EDS) detector. Before the SEM
analysis, the samples were covered with a 20 nm gold/palla-
dium (80/20) layer to improve the images’ quality.

The X-ray diffraction (XRD) studies were carried out using a
Malvern Panalytical (Almelo, the Netherland) Aeris diffracto-
meter equipped with a PiXcel detector and a monochromatic
Cu Ko radiation source with wavelength 1.540598 A. The
crystallinity of the ZnO seed layers and the ZnO nanorods
hydrothermally grown from them was analyzed between
10 and 80° (20), with a scanning step size of 0.01° and a time
per step of 35 seconds.

Atomic force microscopy (AFM) images of the ZnO seed
layers were acquired with a Park Systems FX40 equipment
(Suwon, South Korea) equipped with AC160TS cantilevers
(fo =300 kHz; k=29 N m ") from Olympus Corporation (Tokyo,
Japan). The AFM was operated in ambient room conditions
and images were acquired in non-contact mode. Images were
analyzed in Gwyddion software and exported after low-level
flattening. The samples were prepared by fixing PET-ITO sub-
strates with seed layers of 0.25, 0.50 and 1.0 M on AFM stubs
with silver glue.

2.3. Hydrothermal growth of ZnO nanorods

Oriented ZnO nanorods were grown from the flexoprinted seed
layers by microwave-assisted hydrothermal synthesis. Before
the synthesis, the ZnO film underwent a 5 min UV/ozone
treatment to improve the nanorods’ vertical alignment.*” This
improvement is associated with the changes in the ZnO film
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promoted by the surface treatment. Namely, this treatment
promotes the decomposition of organic species and the formation
of hydroxyl radicals at the surface of ZnO, improving the films’
wettability and enabling the hydrothermal growth of a homoge-
neous layer of ZnO nanorods.*?* Moreover, the degradation of
organic species leads to the formation of shallow donor levels,
which, jointly with changes in the oxygen vacancies caused by the
oxygen radicals generated by UV-treating ZnO structures, change
the film’s carrier concentration.”®*® These effects of the UV
treatment can thus lead to the higher length of hydrothermally
grown ZnO nanorods when the seed layer undergoes UV treatment
prior to the synthesis.*>*°

For the synthesis, 25 mL of an aqueous solution of a zinc
precursor and hexamethylenetetramine (HMTA, (CgH;,Ny),,
99%, Sigma-Aldrich, CAS: 100-97-0) was transferred to a 35 mL
Pyrex vessel and the PET-ITO substrates were placed at an angle
against the inside vessel wall with the seed layer facing down.
The hydrothermal synthesis was carried out at 100 °C for
30 min under a power of 100 W using a Discover SP Microwave
Reaction System from CEM (North Carolina, USA), according to
previous studies.’® After each synthesis, the substrates were
cleaned with deionized water and dried with nitrogen. Different
synthesis conditions were tested to study their influence on the
nanostructures’ length, diameter and density. Namely, nanorod
arrays were grown from seed layers with different zinc acetate
concentrations (0.25, 0.50 and 1.0 M) using an equimolar
(25 mM) growth solution of zinc nitrate hexahydrate and
HMTA.>® Additionally, ZnO nanostructures were produced from
1 M seed layers using growth solution of 25 mM HMTA and
either 16 mM zinc acetate dihydrate, 25 mM zinc nitrate
hexahydrate (Zn(NO3),-6H,0, Sigma-Aldrich, 98%, CAS:
10196-18-6) or 39 mM zinc chloride (ZnCl,, Merck, ACS, CAS:
7646-85-7) according to procedures reported in the literature.’”
As the synthesis with zinc nitrate produced high-density nano-
rod arrays with improved length, it was used to assess the
influence of the ratio between zinc and HMTA on the nano-
structures’ properties. In this scope, the features of nanorods
grown from 1 M seed layers and nutrient solutions whose
zinc: HMTA molar ratio was 1:1, 1:2 and 2:1 were also
evaluated.

The nanorod arrays’ features, namely length, diameter and
density, were studied using Image] software and SEM images.
The average particle length and diameter (and corresponding
standard deviation) were calculated from the dimensions of
50 nanoparticles. Image] software was also used to enhance
the features of the SEM images to identify the nanorods
and estimate their density more accurately. First, the images’
contrast was increased, and the detail was accentuated using
the “Sharpen” function, followed by another contrast adjust-
ment, where the number of pixels in the image allowed to
become saturated corresponded to 20% and the normalization
and histogram equalization were performed. Next, a bandpass
filter from 0 to 30 was applied to the adjusted images, and then
the image thresholds were adjusted to include the range 165 to
255. The number of nanorods was estimated using the “Analyze
Particles” function, in which the circularity was restricted to the
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range 0 to 0.7. The number of particles was divided by the
image area to obtain the local density of nanostructures. The
presented values are the average density obtained in 5 regions
with dimensions of (2.54 x 1.90) um?>.

2.4. ZnO-based pressure sensor fabrication and
characterization

ZnO nanorods were grown on PET-ITO substrates from 1 M
seed layers by microwave-assisted hydrothermal synthesis for
30 min at 100 °C. An equimolar (25 and 50 mM) aqueous
mixture of zinc nitrate hexahydrate and HMTA was used as a
growth solution, as these conditions yielded nanorods with
increased length and density.

After the growth of the ZnO nanorods from the flexoprinted
seed layer, a poly(methyl methacrylate) (PMMA, Sigma-Aldrich,
M,, ~ 996.000, CAS: 9011-14-7) layer was deposited on top of
the nanostructures by spin-coating. The polymer was mixed
with acetone (Sigma-Aldrich, >99.5%, CAS: 67-64-1) by mag-
netic stirring for 1 h at 400 rpm to produce a homogeneous
transparent 10 wt% PMMA solution. This solution was depos-
ited on top of the nanostructures by spin-coating at 4000 rpm
for 15 s with an acceleration of 4000 rpm. The samples were
dried at room temperature, after which PET-ITO electrodes
were placed on top of the ZnO nanostructured films. The
characterization of the produced sensors was performed by
applying a mechanical stimulus in a contact area of 4 cm” with
a force between 30 and 60 N at a frequency of 2 Hz with
a homemade machine. A 50 MHz bandwidth oscilloscope
(Tektronix, TDS 2001C) was used to measure the voltage
generated by the sensors. The ZnO nanostructure-based pres-
sure sensor production process is illustrated in Fig. 1.

3. Results and discussion

3.1. Characterization of the ZnO nanorod arrays

The presence of ZnO seed layers has been reported to lead to a
higher ZnO density.” The properties of these layers, such as
crystalline type, purity, doping uniformity, surface morphology
and contact interface, strongly influence device performance in
electronic devices.>* As so, a first study was conducted on the
influence of the seed layer annealing temperature on the
morphological features of hydrothermally grown ZnO nanorods.
This study was fundamental for developing high-performance
pressure sensors as the ink-drying process is essential for the
printed pattern to acquire specific electronic properties.* A zinc
acetate solution with a 1 M concentration was deposited on PET-
ITO substrates and the subsequent annealing was performed
at temperatures between 130 and 150 °C for 10 min. A zinc
acetate precursor was used because it improves the vertical
alignment of ZnO nanorods.*® The morphology of the seed layers
deposited via flexographic printing and the nanorod arrays are
presented in Fig. 2. It is worth noting that the study of the
influence of the annealing temperature and the other analysis
presented in this section were performed with patterns of
16 squares of (0.5 x 0.5) mm?>,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Diagram illustrating the production process and characterization of the developed pressure sensors based on oriented ZnO nanostructures.
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Fig. 2 Morphology of the flexographic printed seed layer and the ZnO nanorods grown from layers annealed at 130 (a) and (d), 140 (b) and (e) and

150 °C (c) and (f).

The liquid species in the seed layer solution, namely
1-methoxy-2-propanol and MEA have boiling points of 120 °C
and 170 °C, respectively. As so, annealing should be carried out
at a minimum temperature of 170 °C to ensure the complete
removal of the organic solvents and the formation of a crystal-
line and continuous ZnO seed layer.>® However, the PET-ITO
substrates started contracting irregularly after being heated
at 150 °C, which is in accordance with the reported lack of
dimensional stability of substrates such as polyethylene naphthalate
(PEN) and PET when processed at 150-200 °C.*° This limitation
might be associated with PET’s cold crystallization temperature
being around 150 °C.*" As so, this was the maximum temperature
tested. The minimum annealing temperature was fixed at 130 °C to
ensure the complete removal of 1-methoxy-2-propanol. Fig. 2(a)-(c)
show that the seed layers present a more granular appearance
for higher annealing temperatures, as reported previously.*>
The samples resulting from annealing at 130 and 140 °C

This journal is © The Royal Society of Chemistry 2024

present only minor differences; however, the layer resulting
from annealing at 150 °C has a more granular appearance,
which influenced the nanorods’ growth since the existence of
discontinuities in the nanorod arrays shown in Fig. 2(f) is
clearly visible.

Higher annealing temperatures have been reported to
increase the diameter and length of ZnO nanorods.*>** Al-
She’irey et al. studied the influence of the seed layer annealing
temperature on the properties of hydrothermally synthesized
nanorods. This seed layer composition included zinc acetate
dihydrate, diethanolamine and ethanol and the annealing
temperature was varied between 300 and 500 °C. The diameter
and length of hydrothermally synthesized ZnO nanorods
increased with increasing seed layer annealing temperature.***?
Higher seed layer annealing temperature leads to the coalescence
of nuclei at the seed layer’s grain boundaries, leading to an
increase in the nanorods’ diameter.**** On the other hand, the

Mater. Horiz., 2024, 11, 6463-6475 | 6467
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(@) AFM and (b) SEM images of the seed layers printed on PET-ITO substrates with 0.25, 0.50 and 1.0 M zinc acetate precursor solutions. (c)

Morphology of the nanostructures hydrothermally grown from each seed layer.

increase in nanorods’ length is associated with the preferential
growth of ZnO particles (which possess a wurtzite structure) along
the c-axis.">** In line with these results, the seed layer annealing
temperature was fixed at 140 °C.

Next, the influence of zinc concentration in the seed layer
solution on the properties of the printed films was studied.
In this scope, zinc acetate solutions with 0.25, 0.50 and 1 M
concentrations were deposited on commercial PET-ITO sub-
strates and annealed at 140 °C for 10 min. The surface rough-
ness of the seed layers was studied with AFM (area = 100 pm?),
and the corresponding 3D images are presented in Fig. 3(a).
The 2D images are presented in Fig. S2 (ESIT).

The AFM images revealed a root mean square roughness of
3.058, 3.553 and 24.07 nm for the seed layers with 0.25, 0.50
and 1 M zinc acetate, respectively. It is worth noting that this
trend is in accordance with previous studies where increasing
zinc acetate concentration led to an increase in ZnO thin films’
roughness.*”> The seed layers were further studied using SEM,
and the corresponding images are presented in Fig. 3(b).
A comparative analysis of the images reveals an increase in
the dimensions of the seed layer particles due to their coales-
cence caused by an increase in the precursor concentration.

SEM images of non-patterned seed layers deposited on PET-
ITO substrates using 0.25, 0.50 and 1.0 M zinc acetate solutions
are presented in Fig. S3 (ESIt). A comparison of the morpho-
logical features of non-patterned and patterned seed layers
underlines their similarity, demonstrating that the patterning
process does not alter the topology of the layers deposited by
flexographic printing, from which the nanorods grow.

6468 | Mater. Horiz., 2024, 11, 6463-6475

ZnO nanorods were grown from seed layers by microwave-
assisted hydrothermal synthesis and SEM images of the
obtained nanostructures (Fig. 3(c)) were used to calculate the
nanorods’ length, diameter and density. The estimated values
are presented in Table S2 (ESIt) and Fig. 6(a). The analysis of
the nanorod arrays’ features leads to the conclusion that
although the 0.25 M seed layer produces nanorods with higher
length, the nanostructures’ density is relatively low, which may
be associated with the particle agglomerates present in the seed
layer seen in Fig. 3(b). Concerning the nanorods grown from
0.50 and 1 M seed layers, the nanostructure arrays have a
similar density. However, the length of the nanorods is superior
when the concentration of zinc precursor in the seed layer is
higher, a trend observed in another work.*® The higher length of
the synthesized nanorods can be ascribed to the more uniform
particle size and high compactness of the seed layer.*

Similarly to the results presented in this work, a propor-
tional relation between the nanorods’ length and the seed layer
concentration has been previously reported.*® The concen-
tration of the seed layer deposited on fluorine-doped tin
oxide-coated glass substrates was varied between 0.05 and
0.5 M and the sample resulting from the highest seed layer
concentration yielded nanorods with increased length. Increasing
the seed layer concentration (up to 0.3 M) led to the best vertical
alignment and increased density, which was ascribed to the
homogeneity of the films in terms of particle and grain sizes.

The proportional relation between the nanorods’ aspect
ratio, which is the ratio between the length and the diameter
of 1D nanostructures, and the pressure sensor output voltage

This journal is © The Royal Society of Chemistry 2024
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was verified in previous works, i.e., sensors based on more
extended structures (up to 3 pm long) yielded higher voltage
amplitudes.”®"” These results derive from the higher deforma-
tion degree of these nanostructures, which enhances the
displacement of the charge centers present in ZnO along the
c-axis.*® As so, 1 M seed layers were chosen as the optimal
condition as they generated longer 1D ZnO structures, which
was reported to lead to better piezoelectric performance.*®
A cross-sectional SEM image of this seed layer is presented in
(Fig. S4a, ESIt), where a homogeneous cover of the PET-ITO
substrate is visible. ZnO nanorods grown from this film are also
shown in Fig. S4b (ESIt), where the growth of these nanostruc-
tures can be discerned from the layer deposited by flexographic
printing. The particles in this layer act as nucleation sites,
decreasing the thermodynamic barrier to crystallization and
favoring the vertical growth of 1D nanostructures.'®?>°

Regarding the crystallographic structure of the seed layers
and the produced nanorods, the crystallinity of the seed layers
was primarily evaluated using XRD (Fig. S5b and c, ESIt).
However, no peaks were detected, which could be owing to
the very intense peak around 25.0°, characteristic of the PET-
ITO substrate (Fig. S5a, ESIT) masking the seed layer’s peaks or
due to the amorphous nature of this layer." It is worth mention-
ing that no ITO-related peaks were observed in the PET-ITO
substrate’s XRD pattern underlying the ITO film’s amorphous
nature." ZnO nanorods were grown from the seed layers with
different concentrations and the diffractograms are presented
in Fig. 4(a).

The diffractograms displayed in Fig. 4(a) present a peak at
around 34.5° which corresponds to the (002) diffraction peak
characteristic of ZnO hexagonal wurtzite structure (ICDD card
36-1451), which can be attributed to the preferential growth of
the ZnO nanorods along the direction of the c-axis.>** When
zooming in on the region between 30 and 40°, where the typical
ZnO peaks are present (Fig. 4(b)), diffraction peaks at 31.7 and
36.2° are detected. These peaks can be attributed to the (100)
and (101) ZnO crystal planes. Moreover, the pattern of ZnO
nanorods grown from a 1 M seed layer presents the most
intense (002) diffraction peak, indicating that seed layer
formulation also impacts the crystallinity of the resulting
nanostructures.>® These results reinforce the choice of 1 M
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seed layers to proceed with the studies as this layer led to
nanostructures with high density and length and improved
crystallinity, desirable features in pressure sensors.

The precursors used to grow ZnO nanostructures on differ-
ent substrates by hydrothermal synthesis have a vital role as
varying their type or concentration alters the nanostructures’
properties.” In particular, anion regulation has been proposed
to tune the morphology of hierarchical ZnO arrays.*” In line
with these results, ZnO nanorods were grown from 1 M seed
layers, annealed at 140 °C for 10 min, using different zinc
precursors, namely zinc acetate dihydrate, zinc chloride
and zinc nitrate and the results are presented in Fig. 5. The
nanorods’ average length, diameter and density are present in
Fig. 6(b) and listed in Table S2 (ESIY).

An initial analysis of the nanorod images in Fig. 5 reveals
several morphological differences between the nanostructures
produced with different zinc precursors, in line with previous
reports describing counter-ions role as capping agents.*’
Counter-ions influence the formation and stability of zinc-
based intermediate species and consequently, of the obtained
ZnO particles.” The rods resulting from synthesis with acetate
have pencil-like tips, while the nanostructures produced with
zinc nitrate have flat tops similar to the nanostructures pro-
duced with zinc chloride. However, nanoplates can be detected
among the nanorod arrays synthesized using zinc chloride,
which can be attributed to the preferential attachment of
chloride anions to the (002) plane of the ZnO wurtzite structure,
hindering the growth along this direction and leading to the
formation of nanoplates.>® Comparing the nanorods resulting
from the various synthesis conditions, the nanostructures
produced with zinc acetate dihydrate present the highest length
among the produced samples, as evidenced in Fig. 6(b). However,
the highest nanorod density was obtained in the synthesis
with nitrate. Therefore, the following tests were carried out with
nanorods produced with zinc nitrate since a higher density
of nanostructures will, in principle, result in pressure sensors
with improved performance.

A zinc precursor and a source of hydroxyl radicals are vital
for the hydrothermal synthesis of ZnO nanostructures. HMTA
has been vastly used as a complexing agent and provider
of hydroxyl radicals.”™** This chemical species is also used as

a) b)
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|1 ! ——0.25M I ——025M
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Fig. 4 XRD patterns of the (a) ZnO nanorods grown from seed layers with 0.25, 0.50 and 1.0 M precursor concentrations (20 between 10 and 80°).
(b) Zoom of the ZnO nanorods' XRD patterns in the region between 30 and 40° (20).
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Zinc precursor used to grow the ZnO nanorods

Fig. 5
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SEM images of ZnO nanorods grown from 1 M seed layers using (a) zinc acetate dihydrate, (b) zinc nitrate hexahydrate and (c) zinc chloride.

a structure-directing agent since it preferentially attaches to the
lateral nonpolar facets of ZnO crystals, thus promoting the
nanostructures’ growth along the c-axis since radial growth is
hindered.'®® In this scope, the role of HMTA in the hydro-
thermal growth of ZnO nanorods from 1 M seed layers was
evaluated by performing different syntheses where the molar
ratio between zinc nitrate hexahydrate and HMTA was varied.
Three synthesis conditions were tested, namely, syntheses were
carried out in which the molar concentration of HMTA was
double, and half of the zinc nitrate concentration and the third
was performed under equimolar conditions. The SEM images
are presented in Fig. S6 (ESIt), and the estimated nanorod
length, diameter and density are presented in Fig. 6(c) and
Table S2 (ESIt).

The role of HMTA as a structure-directing agent of ZnO
nanorods has been stated in several reports.'®>* The HMTA
molecules selectively bind to the nonpolar crystal planes of
zincite crystals, creating a steric hindrance effect and thus
promoting axial growth along the c-axis.”> Namely, nanorods
synthesized using solutions with zinc nitrate hexahydrate and
HMTA in different ratios exhibited increased length and
reduced diameter when HMTA concentration was higher than
that of the zinc precursor.'® The trend observed in this work is
partially in accordance with these results, as synthesis carried
out using excess HMTA in relation to zinc precursor led to the
formation of nanostructures with a higher length of (0.32 +
0.05) pm and reduced diameter compared to the particles
obtained using equimolar growth solutions, which presented
a length of (0.27 + 0.04) um. However, the samples produced
using the lowest HMTA concentration presented the highest
length ((0.7 + 0.2) pum). Nonetheless, the nanostructures in this
sample differ significantly from the other two, indicating that a
Zn:HMTA ratio of 2 is a limiting condition for forming
oriented ZnO nanorod arrays. Regarding density, the results
show that when the zinc concentration is higher than that of
HMTA, the nanorod density is very low (6 nanorods per pm?).
These results suggest that the growth of these structures is
only promoted when the zinc concentration is at least equal to
that of HMTA. When comparing equimolar conditions and
those with excess HMTA, a higher concentration of the latter
results in the growth of longer nanostructures, as expected.
However, the samples resulting from this condition present
more significant variability in terms of density. Therefore, as

This journal is © The Royal Society of Chemistry 2024
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the difference in nanorod size is not considered significant, the
equimolar condition was defined as optimal for obtaining
samples with a high density of nanostructures of acceptable
length.

To summarize, the protocol for growing nanostructures
on PET-ITO substrates to develop pressure sensors was based
on the conditions that yielded samples with a high density of
nanostructures throughout the sample and maximized their
length. This protocol consists of depositing a seed layer by
flexographic printing using a 1 M zinc acetate solution dis-
solved in 1-methoxy-2-propanol, followed by annealing at 140 °C
for 10 min. Then, after a 5-minute UV/ozone treatment of the
resulting film, ZnO nanostructures are grown by microwave-
assisted hydrothermal synthesis using an equimolar zinc nitrate
hexahydrate and HMTA solution. The synthesis temperature and
time are 100 °C and 30 min, respectively. After the nanorods’
growth, a layer of PMMA is deposited on top of these nanostruc-
tures as PMMA is a polymer widely used to optimize the perfor-
mance of piezoelectric devices.! After the PMMA deposition, the
top electrode is positioned over the ZnO nanorod arrays. Sensors
with two distinct patterns were produced, and their response was
evaluated for impact forces between 30 and 60 N.

3.2. Flexographic printed microwave-assisted hydrothermally
grown ZnO pressure Ssensors

Regarding the functioning of ZnO pressure sensors, it relies on
the deformation of the ZnO nanostructures.® Therefore, a
second PET-ITO electrode was positioned on top of aligned
ZnO nanorods grown on PET-ITO substrates (Fig. 7(a)) and the
assembly was subjected to impact pressures between 75 and
150 kPa, as its active area is equal to 4 cm® and the corres-
ponding voltage response was evaluated.

The application of an external force causes the deformation
of the ZnO nanostructures along the c-axis and the misalign-
ment of positive and negative dipoles present in ZnO, leading
to polarization in the ZnO crystal. This polarization causes the
electrons to flow across an external circuit and to accumulate
on the bottom electrode. Upon the end of application of the
external force, the electrons flow in the opposite direction.>®
When a polymer surrounds the ZnO nanostructures, the polar-
ization is enhanced due to the presence of a triboelectric
electric field. Additionally, the interfacial polarization near
the interface ZnO/polymer improves surface charge density
and consequently enhances the sensor’s performance.® The
phenomenon of charge migration can be seen in Fig. 7(b),
where the positive and negative peaks indicate charge flowing
in opposing directions. The magnitude of the positive and
negative peaks is slightly different, which can be attributed
to the difference in strain rate during the compression and
releasing cycles.’

Sensors based on ZnO nanorods grown from seed layers
with a pattern of a single square of 4 cm? using a 50 mM growth
solution were tested under different impact pressures, and the
peak-to-peak voltage values are presented in Fig. 7(c). It is worth
noting that sensors were also produced using a 25 mM growth
solution. However, these sensors did not present an output

This journal is © The Royal Society of Chemistry 2024
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voltage proportional to deformation and the devices also pre-
sented poor reproducibility (Fig. S7, ESIT), which was attributed
to the short length of the ZnO nanorods grown on the PET-ITO
substrates derived from the low concentration of the growth
solution, as the nanostructures’ length increases proportionally
with the solution concentration.’® In turn, the sensors pre-
sented in Fig. 7(c) exhibit the expected proportional trend
between peak-to-peak voltage and impact pressure, hence
50 mM was the concentration chosen to carry out the
microwave-assisted hydrothermal growth of ZnO nanorods.
It should be noted that there are some differences in the
peak-to-peak voltage of different sensors, which may be due
to variations in nanorod growth associated with the solution
process used for their production.

The response of piezoelectric devices has been reported to
decrease due to the screening effect of free charges.”* The
cause of this effect can be either internal or external.* The
source of the internal screening effect is either the excess of free
electrons, as ZnO is an n-type semiconductor or donor crystal
defects. Upon generation of a piezo-potential, free electrons
migrate towards the positive region of the created electric field,
causing a reduction or even neutralization of the generated
piezo-potential.»*” External screening results from inadequate
electrode materials, which leads to leakage of charges via the
metal-semiconductor interface (when an external load is
applied) and suppression of the piezoelectric effect due to
inappropriate energy barriers between the ZnO nanostructures
and the electrode.” Patterning ZnO nanostructures grown on a
PET-ITO substrate can reduce the internal screening effect as it
separates the sensor’s active area in different independent
units, hindering the free charge carriers present in certain
nanostructures (that experience less strain) from decreasing
the generated piezo-potential.”® Based on these studies, sensors
with the same area as the ones presented in Fig. 7(c) but based
on a pattern of 16 squares spaced by 0.5 um were tested under
the same impact pressures and the results are presented
in Fig. 7(d).

The results presented in Fig. 7(c) and (d) indicate a propor-
tional relation between the impact pressure and the peak-to-
peak output voltage, as expected. A higher impact pressure
causes a more considerable deformation of ZnO nanostructures
besides promoting a higher contact between the active layer
and the electrodes, which leads to higher output signals.® The
output voltage of single square sensors is higher; however,
comparing the two types of sensors’ performance is complex
as other features should be considered besides the output
voltage. Namely, the response of patterned sensors is less
variable between sensors. These results clearly demonstrate
the influence of ZnO active layer patterning on the performance
of pressure sensors. A video depicting the sensor’s functioning
is included as ESL

The slope of the output voltage response to applied pressure
was used to estimate the sensitivity of the produced pressure
sensors.” The sensitivity values obtained for each sensor are
presented in Table S3 (ESIT) and Fig. 8, where single square and
patterned sensors represent the sensitivity values of sensors
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Fig. 8 Sensitivity values of non-patterned (single square) and patterned
pressure sensors. Each bar represents the sensitivity of a different sensor.

based on seed layers composed of one square and 16 squares,
respectively.

Analysis of the data in Table S3 (ESIf) shows that some
regressions have a lower R*, which may be associated with the
lower linearity of certain sensors in the low-pressure region.
This behavior may derive from slight variations in the nanorod
size between samples. Furthermore, when comparing the sen-
sitivity values of the two sensor types presented in Fig. 8, it can
be seen that the values obtained for the patterned sensors
exhibit less variability than those obtained for the single square
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sensors. This trend indicates that patterning the ZnO active
layer hinders the screening effect and ensures good reproduci-
bility and sensor performance.

The output voltage of the pressure sensor based on nano-
rods grown from a patterned seed layer and presented in
Fig. 7(d) as “Sensor 4” was measured over 5000 cycles of impact
at 150 kPa in order to evaluate the device stability over time.
The results are presented in Fig. S8 (ESIt). The device
shows negligible output voltage variations during the initial
1000 cycles. However, a slight reduction in the sensor’s output
voltage is detected after 5000 cycles (less than 1 V). Increasing
the thickness of the PMMA layer or including other polymers in
the sensor’s architecture could increase its durability.

Regarding the ZnO-based pressure sensors’ long-term stabi-
lity, “Sensor 4” was tested 2 months after being stored in
ambient conditions and showed a peak-to-peak voltage of
(10.5 + 0.1) V, a value similar to the initial tests in which
voltages of (10.1 = 0.9) V were obtained. These results highlight
the long-term stability of the developed sensors and demon-
strate that these devices do not require special storage condi-
tions to maintain a good performance.

Table S1 (ESIt) summarizes key points regarding the pro-
duction and performance of some pressure sensors based on
ZnO nanostructures reported in the literature. Comparing the
performance of the sensors developed in this work with that of
devices reported in the literature is difficult due to the wide
range of protocols used to characterize ZnO-based pressure
sensors. However, when analyzing Table S1 (ESIY), it is clear

This journal is © The Royal Society of Chemistry 2024
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that devices produced by processes such as chemical vapor
deposition exhibit excellent performance, reaching sensitivity
values of 0.18 V kPa™ ', since these processes enable the growth
of high-length nanostructures with improved alignment.®> How-
ever, vapor-phase processes are time- and energy-consuming
and incompatible with some substrate materials. Regarding the
herein-developed flexographic printed sensors, these devices
have a sensitivity of (0.06 + 0.01) V kPa™', which is comparable
to that of sensors based on ZnO nanosheets (sensitivity =
0.0318 V kPa~ ') produced by hydrothermal synthesis in a much
longer process than the one proposed in this work.” Thus, it is
clear that the response of the proposed sensors has room for
improvement, namely by introducing polymers that improve
the sensors’ output, i.e., the output signal of ZnO-based sensors
increased from 37.50 V to 121.3 V when polytetrafluoroethylene
(PTFE) was incorporated in the devices’ architecture.®>°
However, the proposed procedure for producing pressure sen-
sors stands out from those reported in the literature since by
combining printing techniques with microwave-assisted hydro-
thermal growth it allows sensors to be produced much more
swiftly (within 1 hour) and enables them to be patterned
without resorting to techniques such as photolithography, in
an approach compatible with R2R manufacturing.®°

4. Conclusions

A new method was proposed to produce printed ZnO-based
pressure sensors by first depositing a seed layer on indium tin
oxide-coated polyethylene terephthalate substrates by flexo-
graphic printing and then growing ZnO nanorods from this
layer by microwave-assisted hydrothermal synthesis. The influ-
ence of the seed layer annealing temperature and concen-
tration, zinc precursor present in the growth solution and the
molar ratio between the zinc precursor and the commonly used
hydroxyl radicals donor hexamethylenetetramine (HMTA) were
studied. The highest values of nanorod length and density were
(0.27 £ 0.04) um and (296 + 6) nanorods per um?>, respectively.
These nanostructures were grown from 1 M seed layers using
zinc nitrate and HMTA equimolar growth solutions. Synthesis
time and temperature were fixed at 30 min and 100 °C. Nanorods
were grown from seed layers with different patterns (one square of
4 ¢cm® and 16 individual squares of 0.25 cm?®) using these
conditions and incorporated into pressure sensors. Patterning
the seed layer proved to play an essential role in the sensors’
performance since, although the non-patterned sensors present
higher output signals (average output signal of (12 £ 5) V for an
impact pressure of 150 kPa), the sensors composed of 16 squares
present better reproducibility (average output signal of (8 £ 2) V
for an impact pressure of 150 kPa) and sensitivity values of (0.06
0.01) V kPa ', The higher reproducibility is evidenced by the
minor standard deviation associated with the average output
voltage of the patterned sensors and the reduced dispersion of
their sensitivity values compared to the sensitivity of the non-
patterned sensors. These observations indicate that patterning
the ZnO layer can reduce the screening effect affecting pressure

This journal is © The Royal Society of Chemistry 2024
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sensors’ piezoelectric response. The promising performance of
the devices presented renders the proposed method a fundamen-
tal tool for the straightforward and time-effective production of
ZnO pressure sensors with easily tailorable architecture and
reproducible and stable performance.
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