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Abstract: Perovskite oxides have been used as sensors, actuators, transducers, for sound generation
and detection, and also in optical instruments and microscopes. Perovskite halides are currently
considered as optoelectronic devices such as solar cells, photodetectors, and radiation detection,
but there are major issues with stability, interfacial recombination, and electron/hole mobility.
The following work looks into the fabrication of non-toxic ZnO-based lead-free alternatives
to perovskite oxides for use as secondary sensors or electron transport layers along with
perovskite halides for application in stacked biomedical wearable devices. Three-phase, lead-free,
Zinc Oxide-Graphene-Epoxy electroactive nanocomposite thin films were fabricated. The volume
fraction of the Graphene phase was held constant at 10%, while the volume fraction of the ZnO phase
was varied from 10-70%. The dielectric constant, capacitance, impedance, resistance, and conductance
of the samples were measured using an impedance analyzer, and the results were compared as
a function of volume fraction of ZnO to understand the electron transport performance of these thin
films. The impedance and dielectric spectra of the nanocomposites were recorded over a frequency
range of 20 Hz to 10 MHz. The microstructural properties and cross-section of the thin films were
analyzed using a Scanning Electron Microscope. The high sensitivity and electron transport properties
of the composite could be potentially utilized in biomedical devices at low- and high-frequency ranges.

Keywords: ZnO; graphene; nanocomposite; flexible thin-films; electron transport; biomedical
wearable devices

1. Introduction

Perovskite materials have been researched over the years in applications of photovoltaics (PV),
light-emitting diodes (LEDs), X-ray detectors, memory devices, etc. Initially, perovskite materials
denoted metal oxides with perovskite structures. In general, the perovskite structure (Figure 1) has
the chemical formula of ABX3, in which X is the anion occupying the face-centered positions, A and
B are cation occupying the corner positions, and body-centered position respectively [1,2]. Some of
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the examples of such perovskite oxides are PbTiO3, BaTiO3, and SrTiOj3 [3,4]. Perovskite oxides are
used in dielectric, piezoelectric, ferroelectric applications such as sensors, transducers, and actuators,
but when it comes to PV applications, they are not suitable as they do not have good semiconducting
properties [5].
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Figure 1. Tetragonal phase of a perovskite structure.

In contrast to perovskite oxides, a certain class of perovskite halides exhibit good semiconducting
properties that can be utilized for PV applications. Perovskite halides have the same chemical formula
as perovskite oxides (ABX3), but the difference is that perovskite halides have halide anions instead of
oxide anions. Although perovskites exhibit good properties in applications for sensors and electron/hole
transport layers, they have stability issues that are related to both intrinsic (structural) and extrinsic
(environmental stresses) parameters. Another drawback of the perovskite materials which is a growing
concern is the toxicity of lead in lead-based perovskites. Lead-based materials are leaders in solar cell
performance among all perovskite materials [6]. Because lead can cause serious health damage, it is
considered to be one of the ten most toxic materials for the human body [7]. Thus, the toxicity of lead
prevents researchers to further utilize this material in such applications and driving research towards
finding lead-free perovskites or other such alternatives.

Several different composites have been studied by researchers to be utilized as biomedical
sensors. For example; Takei et al. developed Germanium/Silicon-based nanowire circuit artificial skin.
Polyimide was used as the substrate layer while pressure-sensitive rubber was used as the sensing
layer. The sensor showed good potential at low voltage operation in addition to high stability [8-10].
In another study, Abiri et al. demonstrated the use of silicon nanowire-based biosensors in detecting
cancer cells in the lungs due to its good electric signal transduction ability. The change in impedance
in these biosensors helped to detect the cancer cells. The electrical impedance for the Silicon nanowire
biosensors was ~0-20 k() at 100 kHz [11].

Various carbon-based biosensors have also been developed and tested over the last decade.
A certain carbon-based biosensor was developed by Yamada et al. It was fabricated using the alignment
process of single-walled carbon nanotubes (SWCNTs) on Polydimethylsiloxane (PDMS) substrate.
The sensor helped in detecting various motions in knee joints and reported high durability, fast response,
and low creep [9,12]. In another project, Wang and coworkers developed a nanocomposite biosensor
by grafting an aptamer on graphene, which could be used in thrombin sensing. This sensor provided
good sensitivity and selectivity in detecting thrombin because of the graphene speeding the charge
transfer [13]. Kurkina et al. developed an impedance biosensor based on carbon nanotube for the
detection of DNA. The sensor helped in detecting low quantities of DNA due to its ultra-sensitivity.
The sensor measurements were taken in a frequency range of 20 Hz-2 MHz [14]. Additionally,
an epoxy—graphite electrode-based impedimetric aptasensor was developed by Ocafia and coworkers
in the detection of protein cytochrome c. The sensor showed a good detection range, high sensitivity,
and low detection limit for the cytochrome c [15].

In addition, different metal oxide-based biosensors have also been studied by researchers.
Ahmad et al. demonstrated the use of ZnO nanofiber amperometric biosensors for the use of glucose
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detection. The biosensor utilizes a gold electrode which is functionalized by glucose oxidase through
physical adsorption. The results showed that the biosensor had high sensitivity, a good response time,
and a low detection limit [16]. In another study, SoYoon et al. developed a CuO nanoleaf-ZnO nanorods
glucose sensor using a copper substrate. The sensor showed good electrocatalytic activity during glucose
oxidation, low working potential, and low detection limit [17]. Wu et al. and coworkers demonstrated
the use of ZnO-graphene electrode in glucose sensing. The ZnO-graphene particles were deposited on
nickel foam followed by electrodeposition of palladium nanoparticles. The electrode showed good
catalytic activity, high sensitivity towards glucose detection, and stability [18]. Selvarajan et al. also
developed a ZnO-manganese hexacyanoferrate (MnHCNF) nanocomposite on a glassy carbon electrode
using the co-electrodeposition method for sensing of riboflavin (which helps to convert carbohydrates,
protein, and fat into energy). The composite showed good electrocatalytic activity, sensitivity, stability
when the sensor was used to detect riboflavin [19]. Felix et al. fabricated Ag-CuO nanocomposite
towards glucose sensing. The fabricated sensor showed a fast response time, fast electron transfer,
good selectivity, and sensitivity, towards glucose oxidation [20]. Another sensor that was developed
for glucose monitoring using a nanofiber CuO-ZnO composite was fabricated using electrospinning
and thermal treatment. The sensor showed good electrocatalytic activity and fast sensing toward
glucose oxidation [21]. Table 1 shows a summary of various materials used/studied for biosensor
applications along with the application, and the property that makes it suitable for that application.

Table 1. Summary of different materials and composites used for biosensor applications.

Material Application Property

Germanium/Silicon NW circuit [9,10]  Artificial skin Low voltage operation flexible and small size

Large interaction sites

Silicon-based impedance sensor [11] Detection of cancer cells Good electric signal transduction
SWCNTs on PDMS [9,12] Human motion detection High durability, fast response
Graphene aptameter [13] Biosensor for thrombin Low detection limit

Fast charge transfer

Carbon Nanotube impedance

biosensor [14] Detecting DNA Ultralow detection limit

Epoxy-Graphite impedimetric
aptasensor [15]

Low detecting limit

Biosensor for cytochrome c High sensitivity

Good response time

ZnO-glucose oxidase [16] Detecting glucose High sensitivity, low detection limit
CuO nanoleafs-ZnO NRs [17] Glucose sensor Good electr.ocat.alyhc property. .
Low detection limit, low working potential
Pd/NF-ZnO-Graphene [18] Glucose detection ngh. sensm\.n't Y, good catalytic
activity, stability
ZnO-MnHCNF [19] Riboflavin detection Good electrocatalytic activity,
sensitivity, stability
Ag-CuO nanocomposite [20] Glucose detection Good sensitivity & selectivity .
Fast electron transfer, fast response time
CuO-ZnO nanocomposite [21] Glucose detection Good electrocatalytic property

Fast sensing towards glucose oxidation

A nontoxic ZnO-Graphene-Epoxy nanocomposite is discussed in this work as an alternative to the
perovskite oxides for use as sensors and electron transport layers in stacked devices. ZnOis a metal oxide
which has a wurtzite structure (Figure 2) [22]. Due to its versatile properties, such as chemical stability,
good temperature resistance, and low activation energy, and environmentally friendliness, it shows
good potential in optoelectronic, biosensing, and antibacterial applications [23-29]. ZnO nanoparticles
can also increase quantum efficiency and decrease the short circuit current of thin-film solar cells [26].
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Figure 2. Wurtzite Structure of Zinc oxide.

The flexibility of the ZnO nanocomposite is added through the epoxy matrix phase [30-32].
As a result of incorporating the epoxy phase in the ZnO phase, the electric and dielectric properties of
the nanocomposite are negatively affected by the insulative matrix material [33]. The integration of
graphene and other carbon-based nanomaterials can enhance the electrical properties [34,35], thermal
properties [36], and also add flexibility and strength to the composite [37]. Furthermore, these properties
can be tailored for application in biomedical wearable devices based on the composite bulk and
microstructural properties and the working frequency ranges [38]. Thus, graphene nanoplatelets
are incorporated as the third phase in the composite to enhance the electrical and mechanical
properties [39—42]. Due to its high conductivity, the electron transport properties or the sensing
properties of the composite can be enhanced [34-36].

The use of zinc oxide-graphene composites in medical applications such as biosensors has not been
examined a lot by researchers [43,44]. The possibility of integration of such shape-controlled zinc oxide
and graphene composites within an epoxy matrix is a proof-of-concept in obtaining a new generation of
flexible thin-film devices towards application as biomedical sensors with tunable electrical properties.
These biomedical sensors can either be incorporated in low-frequency devices such as the glucose
monitoring devices, or high-frequency devices such as ultrasound imaging and magnetic resonance
imaging (MRI) [45-48]. The frequency for ultrasound imaging for thyroid and breast is around
10 MHz, for gynecology is 5 MHz or greater, and for intracavity probes is 5 MHz or greater [46,48].
MRI on the other hand, can utilize a frequency range of 1 MHz to 300 MHz [45,47]. The following
work involves the fabrication of ZnO-Graphene-Epoxy nanocomposite and flexible thin films and
their dielectric and electric property spectrum characterization at a frequency range of 20 Hz to
10 MHz. The microstructural properties of the nanocomposites are also analyzed using scanning
electron microscopy.

2. Methodology and Procedure

The ZnO particles were purchased from Alfa Aesar, and graphene nanoplatelets were purchased
from Cheap Tubes Inc. The ZnO particle size varied from 40 nm to 100 nm, while the graphene
nanoplatelets are 2 by 2 um in a cross-sectional area, with a specific surface area of 500~700 m?/g.
The ZnO-Graphene-Epoxy nanocomposites were fabricated with a constant graphene volume fraction
(VF) at 10% (or 0.1), while the VF of the ZnO phase was varied from 10-70% (or 0.1-0.7). For each
VE, the required quantity of ZnO was measured and added to the required amount of ethanol in
a beaker. The beaker was sealed using parafilm, and the ZnO-ethanol mixture was sonicated for 15 min.
The Graphene nanoplatelets were sonicated in a separate beaker in ethanol for 15 min. Afterwards,
the required quantity of graphene was measured and added to the beaker, and then sonicated for
15 min. After sonication, the required amount of epoxy resin was measured and added to the beaker
and then sonicated for 1 h. The required amount of epoxy hardener was measured and added to the
beaker and then sonicated for 30 min. The schematic of the fabrication procedure is shown in Figure 3
and the quantities used for each material are presented in Table 2.
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Figure 3. Fabrication procedure schematic: (1) measurement of ZnO nanoparticles, (2) addition of ZnO
nanoparticles and ethanol to a beaker, (3) Sonication for 15 min, (4) measurement of Graphene
nanoplatelets, (5) addition of Graphene nanoplatelets to the beaker, (6) Sonication for 15 min,
(7) measurement of epoxy resin, (8) addition of epoxy resin to the beaker, (9) Sonication for 1 h,
(10) measurement of epoxy hardener, (11) addition of epoxy hardener to the beaker, (12) Sonication for
30 min, (13) spin-coating of the sample on stainless-steel substrate, (14) curing of the sample on a hot

plate at 75 °C for 10 h.
Table 2. Quantities of ZnO, graphene, epoxy resin, and epoxy hardener based on the volume fraction
(VF) of ZnO.
VF of ZnO 0.10 0.20 0.30 0.40 0.50 0.60 0.70
ZnO (g) 2.523 5.0454  7.5681 10.090 12.614  15.136 17.659
Resin (mL) 3.574 3.177 2.779 2.382 1.985 1.588 1.191

Hardener (mL) 0.467 0.424 0.371 0.318 0.265 0.212 0.159
Graphene (g) 0.009 0.009 0.009 0.009 0.009 0.009 0.009
Ethanol (mL) 40 40 40 40 40 40 40

After sonication, the solution was poured on a flexible stainless-steel substrate of dimensions
24 mm X 24 mm X 100 pm. The solution was then spin-coated from 200 rpm to 800 rpm increasing the
rpm in steps of 200 every 30 s. The sample was spin-coated at 800 rpm for 1 min before gradually
decreasing the rpm in the same manner. Then, the sample was cured at 75 °C for 10 h. The electric and
dielectric properties of the nanocomposite samples were tested using Keysight E4990A impedance
analyzer over a frequency range of 20 Hz to 10 MHz. VEGA3; TESCAN Scanning electron microscope
was used to analyze the microstructural properties and cross-section of the thin films.

3. Results and Discussion

The fabricated composite samples are shown in Figure 4. The total average thickness of the
samples along with the flexible stainless steel substrate is ~115.38 um. The nanocomposite thin film
is shown in Figure 4a with a copper electrode, and the flexibility of the nanocomposite thin films
is shown in Figure 4b. It shows that the samples can withstand a 90° bend without any fracture.
The cross-section of the composite sample is shown in Figure 5a. The average thickness of the composite
samples shown was measured to be 15.38 um. Figure 5b shows the ZnO and Graphene nanoplatelets
agglomerations, where the larger clusters represent the ZnO particles and the smaller clusters represent
the Graphene nanoplatelets.
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Figure 5. (a) SEM images of the cross-section of the nanocomposite thin film, (b) SEM micrograph of
the fractured surface of ZnO and Graphene nanoplatelets agglomerations appear in SEM image for
ZnO VF of 0.6.

The results for the electric and dielectric characterization are shown in Figures 6-9. It can be seen
that the capacitance, dielectric constant, and impedance decreased as the frequency increased from
20 Hz to 10 MHz, whereas the conductivity increased as the frequency increased. These relationships
were consistent for all the VFs of ZnO. This can be attributed to the different regimes of electron transport
and polarization at different ranges of frequencies [37]. At the lower frequencies, space charges are the
dominant phenomenon for electron transport and Graphene nanoplatelet clusters and agglomerations
play a major role in enhancing electron mobility in the nanocomposite [37]. When the frequency
reaches the megahertz range, the anisotropic nature of the ZnO wurtzite structure further contributes
to the increase in the electron mobility by localized dipoles [33]. This also reduces electron scattering in
the insulative epoxy matrix due to additional electron transport regimes. The capacitance, conductance,
and the dielectric constant spectrum is presented in Figures 6-8. The capacitance and impedance for
two-phase, ZnO-Epoxy composites were also measured for comparison with the ZnO-Epoxy-Graphene,
three-phase composites. The capacitance varied from 1.5 to 4 pF for a change in ZnO VF range from
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0.1-0.7 at a frequency of 1 MHz. The impedance of these composites ranged from 600 k() to 100 k) for

a variation in ZnO VF from 0.1-0.7 at the same frequency.
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Figure 6. Variation of the Capacitance spectrum for the nanocomposite samples for different volume

fractions of ZnO with a change of frequency from 20 Hz—20 MHz.
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Figure 7. Variation of the Conductance spectrum for the nanocomposite samples for different volume

fractions of ZnO with a change of frequency from 20 Hz—20 MHz.
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Figure 8. Variation of the Dielectric Constant spectrum for the nanocomposite samples for different
volume fractions of ZnO with a change of frequency from 20 Hz-20 MHz.
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Figure 9. Variation of the Impedance spectrum for the nanocomposite samples for different volume
fractions of ZnO with a change of frequency from 20 Hz-20 MHz.

With an increasing frequency and the activation of multiple electron transport regimes, electron
mobility is enhanced, which leads to the lowering of the storage capacity. As a result, it is expected
that conductivity increases with the increasing frequency, which is supported by the capacitance,
conductance, and the dielectric constant spectrum shown in Figures 6-8. Additionally, it is expected
that the capacitance and impedance would decrease with the increasing frequency. The dielectric
constant can be obtained by Equation (1) [33]:

S
€E=¢€ +](e —i—weo) (1)
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where € is the dielectric constant, €* is the relative complex permittivity, €g is the permittivity of
vacuum, w is the frequency of oscillation of the electric field, and o is the conductivity. Based on this
relationship, the dielectric constant is proportional to conductivity (for a constant frequency) and
inversely proportional to the frequency of oscillation.

As seen in Figure 8, that dielectric constant decreased with increasing frequency. This is because
the frequency of oscillation has a greater effect on the dielectric constant than conductivity. Figure 6
shows that at a frequency of 1 MHz the Capacitance decreased from 26.00 pF to 6.38 pF, and 5.7 pF for
a change in the VF of ZnO from 0.1 to 0.2 and 0.3 respectively. For an increase in the VF of ZnO > 0.3,
the capacitance increases to 32.05 pF, 81.53 pF, 95.00 pF from ZnO VF of 0.4, 0.5, and 0.6 respectively.
The capacitance value for a ZnO VF of 0.7 decreased to 77.64 pF. The trends are similar for other
frequencies as well. The dielectric constant values as shown in Figure 8 also follow a similar trend.
They decrease from 7.00 to 1.64, and 1.62 for ZnO VFs of 0.1, 0.2, and 0.3 respectively. The dielectric
constant increases again to 7.54, 12.22, and 14.81 for ZnO VFs of 0.4, 0.5, and 0.6. Similar to the
capacitance trend, the dielectric constant for a ZnO VF of 0.7 drops to 9.95. Similarly, conductance
drops from 6.64 pS at a ZnO VF of 0.1 to 0.9 uS, and 1.65 uS for VFs of 0.2 and 0.3 respectively.
The conductance then jumps back up 13.75 for a ZnO VF of 0.4 and increases to 30.14 uS for VF of
0.5. The conductance then decreases to 24.76 uS for a VF of 0.7. The general trend for most of the
spectrum is a decrease in the conductance from 0.1 to 0.3 ZnO VE, followed by an increase from 0.4 to
0.6, and a drop in the values for a VF of 0.7.

The inclusion of graphene nanoplatelets increased the conductivity of the composite through 2D
electron transfer. Additionally, with the increase in ZnO VF from 0.3 to 0.6, the conductance improves
as there is more electron hopping and direct-contact electron transport (via graphene nanoplatelets).
In addition, the capacitance is also improved, while the impedance of the composite decreases. As seen
from Equation (1), dielectric constant and conductivity have a proportional relationship. This trend is
followed by the experimental data as seen in Figure 8, the dielectric constant increases as the VF increase
from 0.3 to 0.6, matching the trend of conductance. On the other hand, for ZnO VF > 0.6, the increase
in the number of contact points reaches a saturation limit. As a result, the conductance decreases,
and consequently, the capacitance and dielectric constant decreases, whereas the impedance increases.

Figure 9 shows the impedance spectrum, |Z|, over the frequency range of 20 Hz to 10 MHz.
Figure 10, shows the Nyquist plot for the real (Z’) and imaginary (Z”) parts of the impedance over the
same frequency range. The real and imaginary parts of the impedance spectrum correspond to the
change in resistance and reactance of the samples with a change in frequency. At a frequency of 1 MHz,
the impedance values increase from 6.17 k() at a ZnO VF of 0.1 to 25.24 k() and 39.93 k(2 for VFs of 0.2,
and 0.3. With an increase in VF to 0.4 and 0.5, the impedance values decrease to 3.97 k(}, and 1.3 k()
respectively. The impedance then increases again to 1.85 k() for a ZnO VF of 0.7. This trend supports
ZnO VF-based variation of the capacitance, conductance, and dielectric constant spectrum.

The Nyquist plot in Figure 10 shows that the slope of the plot increases with a VF increase from
0.1 to 0.3. The slope then decreases to the lowest value at a ZnO VF of 0.6 and then jumps back up for
a VF of 0.7. The change in Z’ shows that the range of variation of the resistance remains similar for
all the ZnO VFs for the same frequency range. The maximum value for Z’ for all the VFs is around
10.6 kQ). The Z” values, on the other hand, increase from around 620 kQ) to 2750 k) and 3300 k() for
ZnO VFs of 0.1, 0.2, and 0.3 respectively. The maximum Z” values then decrease with an increase
in ZnO VF from 0.4 to 0.6. The maximum c value at a VF decreases to a minimum value of around
450 k) at a VF of 0.6 and then jumps back again to an around 500 k(2 for an increase in ZnO Vf to 0.7.
This indicates a change in the effect of the Graphene nanoplatelet agglomerations and the ZnO clusters
in the microstructure.
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Figure 10. Nyquist plot for the composite samples for each volume fraction of ZnO with a change of
frequency from 20 Hz-20 MHz.

At the lower VFs, the increase in the ZnO VF leads to an increase in Z” values due to the
encapsulation of localized Graphene percolation pathways with the ZnO clusters. Beyond a ZnO
VF of 0.3, electron transport is increased through the increased surface area of the ZnO clusters
which enhanced the electron mobility through electron hopping and direct-contact electron transport
mechanisms [33]. With an increase in the VF to 0.7, an increase the Z” values and a drop in the
conductivity values points to the increased contact resistance between the different ZnO clusters and
also the insulative epoxy matrix which leads to a lower dielectric constant and adversely affects the
direct-contact electron transport mechanism [33]. Figure 11 shows the SEM images for the surface of
the composite with ZnO VF of 0.4, 0.6, and 0.7 respectively. It can be seen from that with increasing
ZnO VF, the surface microstructure morphology shows less porosity due to an increase in the number
of ZnO clusters and their size.

Figure 11. SEM images of the surface of the nanocomposite thin films with ZnO volume fractions of (a)
0.4, (b) 0.6, and (c) 0.7.

The change in electrical and dielectric properties based on the frequency change represents the
electron transport and high sensitivity property of the fabricated composite. These properties were
tested over both a low (10 Hz-1 MHz) and a high-frequency (1 MHz-10 MHz) range. As a result of
an increase in conductance with an increase in frequency, the signal-to-noise ratio would decrease.
Based on these properties, the composite can be potentially utilized for either low- or high-frequency
biomedical applications. For low-frequency applications, the composite can be incorporated in
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monitoring devices for sensing glucose, cancer cells, or cytochrome c. Similarly, in high-frequency
applications, the composite can be utilized in ultrasound imaging or MRI. These properties can further
be tailored based on the specific application by changing the VF of ZnO.

4. Conclusions

In the present work, three-phase, lead-free, ZnO-Graphene-Epoxy electroactive composite thin
films were fabricated for the use of stacked biomedical wearable devices. The sensitivity and electron
transport property of the composite could be potentially utilized in biomedical applications such as
monitoring devices for glucose, cytochrome ¢, and cancer cells. It could also be applied in high-frequency
applications like ultrasound imaging or MRI. Based on the characterization of these composites, it is
indicated that they can help to tailor and reduce the signal-to-noise ratio in biosensors through the
modification of the microstructural properties of these nanocomposite thin films. The volume fraction
of ZnO was varied from 0.1-0.7, while the volume fraction of graphene was kept constant at 0.1.
The results showed that the conductivity of the composite increased as the frequency was increased
from 20 Hz to 10 MHz, whereas capacitance, dielectric constant, and impedance decreased with
the increasing frequency. The experimental results also showed that for volume fractions 0.3-0.6,
the conductance, dielectric constant, and capacitance increased with an increase in the volume fraction
of ZnO, while the impedance decreased. SEM images of the surface of the composite also supported
this trend. For a volume fraction greater than 0.6, the contact points reached a transition and the
electron transport is affected by the increase of contact resistance, and thus the conductance and
capacitance decreased, while the impedance increased.
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