Low-temperature synthesis of strain sensor based on flexible ZnO

nanowire-cellulose paper composite
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ZnO nanowire was synthesised chemically at low temperature on a flexible three-dimensional and porous cellulose paper. The morphology and
crystallography of the composite was characterised by field emission scanning electron microscope and X-ray diffraction. Performance of the
developed ZnO nanowire-cellulose paper composite as strain sensor demonstrated good stability, high gauge factor and good repeatability. The
results indicate the possible use of this sensitive and robust strain sensor in the fields of biomedical sciences, MEMS devices and structural

health monitoring and other fields.

1. Introduction: Crystalline ZnO-based piezoelectric sensors are
gaining attention from researchers in recent times due to their
ability to convert mechanical energy into electrical energy and
requirement of lower input power. To measure strain, a crystalline
piezoelectric material is generally bonded to the surface of the
host structure or embedded in it. However, such materials are
generally brittle and weak under tension and hence cannot be
used in places where flexibility is a criterion. Besides,
simultaneous application of mechanical and electrical load can
damage such materials. Thus a simple, scalable, low cost and
flexible piezo-composite sensor is required for effective strain
sensing. Zinc oxide is a biocompatible semiconductor with a
wide bandgap of 3.37 eV at room temperature [1] and has useful
properties like piezoelectric properties (piezoelectric co-efficient
=12pC/N) and high electron mobility at room temperature
(=200 cm?/V s) [2]. It is abundantly available in nature and
has a wide range of applications such as in strain sensing [3],
acoustic sensing [4], energy harvesting [5] etc. In this Letter, we
report low-temperature synthesis of a composite material
consisting of ZnO and cellulose paper (ZnOCP) and its strain
sensing application under static loading. The cellulose paper
matrix helps to make the composite structure flexible. Under
static tensile loading, its performance is comparable with that of a
commercially available strain sensor.

2. Experimental

2.1. Chemicals/materials: Zinc acetate (Merck), ethanol (Merck),
sodium hydroxide (Merck) and cellulose paper (¢=9 cm,
thickness =0.06 mm).

2.2. Synthesis process: ZnOCP composite material was synthesised
following the steps outlined in Fig. 1 [6]. To prepare ZnOCP
composite, non-aqueous solutions of zinc acetate (0.1 M) and
sodium hydroxide (1 M) were prepared by dissolving each in 50
ml ethanol at 60°C. A cellulose paper (¢=9 cm and thickness =
0.06 mm) was placed in a glass petri dish and the paper was
soaked in zinc acetate (0.1 M) solution for 5h at 60°C. The
soaked paper was air-dried, followed by drying at 100°C for 1 h
in a closed furnace. The paper was then dipped into sodium
hydroxide (1 M) for 5 h at a temperature 60°C and dried at 100°C
for 1 h. Due to hydrolysis, ZnO nanoparticles were formed on the
surface of the cellulose fibres. The ZnO-coated cellulose paper
was then washed with distilled water and dried in a closed
furnace at 100°C for 1 h to remove the by-products.
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Zn(CH;CO00), +NaOH — CH3COONa + Zn(OH),
Zn(OH), — ZnO + H,0 (1)

2.3. Characterisation: X-ray diffraction was performed on the
ZnOCP composite for phase identification using Bruker D8
Advance Davinci XRD system with Cu Ko, radiation (A =1.54 A,
1.6 kW, 40 mA). Surface morphology of the sample was
determined using ZEISS (SIGMA) field emission scanning
electron microscope (FESEM).

2.4. Strain characterisation: The ZnOCP composite (3.0 cm % 1.0 cm)
was mounted on a dog bone-like structure made of phosphor bronze
(E'=120 GPa, thickness = 0.4 mm) as shown in Figs. 2 and 4a.

Phosphor bronze, being an elastic material can efficiently transfer
strain to the ZnOCP composite. The ZnOCP composite was
mounted on the dog bone structure using adhesive
(CYANOACRYLATE, Tokyo Sokki Ken Kyuio Co. Ltd. Japan).
The adhesive enables effective transfer of strain from the phosphor
bronze substrate to the ZnOCP sensor affixed on its surface. Two
electrodes were made (1 cm apart) on the surface of the mounted
film using silver conductive adhesive (Alfa aesar). Induced
charge and /-V measurements were done using a source and meas-
uring unit (Make: Keithley, Model: 6517). Initially, the ZnOCP
composite was poled by applying a 20 V DC voltage for 1 min
and then shorting the terminals for 1 min to drain out the residual
charges [6]. A potential difference was applied between the electro-
des of the ZnOCP composite and the corresponding current was
measured. The potential sweep was set at a constant rate of
0.02 V/s and was varied from 0 to 5 V. Simultaneous strain
measurement was done in the tensile mode using pull test equip-
ment (Instron) as shown in Figs. 3 and 4c. Stress is measured
with the help of load cells attached to the equipment. The
ZnOCP composite attached to the phosphor bronze structure was
fixed between the grips of the equipment and the strain was precisely
controlled.

In this study, stretching speed was set to 1.5 um/s. A foil strain
gauge (Tokyo Sokki Ken Kyuio Co. Ltd. Japan, gauge resistance:
120 Q, gauge factor: 2.05) was attached along the length of the
phosphor bronze structure for comparison of the strain values.
After applying strain along the length of the dog bone structure,
corresponding /- data were recorded. Measurement of induced
charge developed due to piezoelectric effect was also done
using the pico-ammeter (Make: Keithley, Model: 6517) at
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Fig. 1 Schematic of synthesis process of ZnOCP composite

different strain values under zero bias potential applied between
the electrodes.

3. Result and discussion

3.1. Structure and morphology: Fig. 5 shows the XRD patterns of
cellulose paper and ZnOCP. A low-intensity broad peak of
cellulose is seen at 26=21.3° and high-intensity narrow peaks at

phosphor bronze

20=32.01° 34.69°, 36.50°, 47.76°, 56.85°, 63.07° and 68.14°
corresponding to the polycrystalline wurtzite structure of ZnO.
The strongest peak of ZnO is found along the (101) plane.

No peaks corresponding to metal hydroxides were seen in the
XRD pattern of ZnOCP. Average crystallite size (D) of ZnO nano
particles was calculated to 20-30 nm using Scherrer’s (2) [7]
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" Bcosh

@

where K=0.94 is the Scherrer’s constant, 1 =1.5406 A, 26 is the
Bragg’s diffraction angle and f is the full width at half maximum
intensity of the ZnO peaks.

Figs. 6a and b show FESEM micrographs of the cellulose paper
and ZnOCP composite, respectively. The primary cellulose paper
(Fig. 6a) is porous and composed of micrometre sized randomly
oriented smooth cellulose fibres.

Fibbers become very rough after ZnO coating on it, as seen in
Fig. 6b. The high-magnification micrograph (Fig. 6¢) shows
dense, uniform distribution of ZnO nano particles throughout the
cellulose matrix. The material is hence expected to possess
uniform piezoelectric behaviour.

3.2. Strain sensing and measurement of induced charge:
Piezoelectric charge density was measured using a pico-ammeter
(Make: Keithley, Model: 6517) under different strain conditions
following the relation (3):

Piezoelectric charge density = Q/4 3)
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Fig. 3 Schematic of the tensile mode strain measurement setup
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b

Fig. 4 Optical image of the fabricated device and measurement set up

a Optical image of the final device

b Optical image showing the flexibility of the developed sensor mounted on
a dog bone-like structure made of phosphor bronze

¢ Optical image of the tensile mode strain measurement setup (Instron)

where Q is the induced piezoelectric charge and A4 is the electrode
area.

Fig. 7 shows that the induced charge generated due to piezoelec-
tric effect, increases with the increase in tensile strain [8]. It was
observed that flexibility of the cellulose paper was fairly retained
after ZnO coating. Ion displacement occurs when the ZnO fibre is
strained on elongation, this in turn, develops positive charge on
the ZnO/Ag interface and generates a piezoelectric potential
between the electrodes. This potential increases the Schottky
barrier height as

Adg = qp,wy /2, )

where Ay is the change in Schottky barrier, w,, is the width of the
polarisation layer on the interface, & is the permittivity of the piezo
material, p, is the density of polarisation charges, and g is the value

of unit electronic charge. The change in Schottky barrier height
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Fig. 5 XRD patterns of the cellulose and ZnOCP
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Fig. 6 FESEM micrograph

a FESEM micrograph of cellulose paper

b FESEM micrograph of ZnOCP

¢ High-magnification FESEM micrograph of ZnOCP

Ady is thus proportional to the applied strain as pyoc applied
strain. Any change in the applied strain will therefore result in a
shift of the /~V curves of the nano composite. From the /~V
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Fig. 7 Strain-charge density curve of ZnOCP
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Fig. 8 -V characteristics of the ZnOCP composite as a function of strain
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Fig. 9 Average effective DC resistance of ZnOCP for different strain values
is computed, and their corresponding error bars (i.e. using the standard
deviation) are also shown

curve shown in Fig. 8, it is clear that a Schottky barrier is present at
the ZnO/Ag interface which plays an important role in the electrical
transport of ions in the ZnOCP composites [9-11].

Fig. 8 shows that the -V curves are fairly linear. Good repeat-
ability of the measurements was observed when the applied strain
was slowly withdrawn. Effective DC resistance was measured
from the slope of the /~V curve and found to be increasing with
the increase in strain (Fig. 8). A series of similar /~J measurements
were conducted at different strain values for obtaining a good
statistical representation of sensor performance.

The sensors average sensitivity (S) is equivalent to the slope of
the least-squares fitted line (Fig. 9) and can be calculated as

S = AR/Ae (5)

where AR is the change in resistance and Ag is the change in applied
microstrain.

In this study, the average sensitivity achieved is 4.5 kQ/ue.

For all practical applications, the performance of a strain sensor is
characterised by its gauge factor defined by (6)

GF = (AR/Ry)/s (©6)

where AR is the change in resistance and R, is the initial resistance
(e=0).

From the slope of the least-squares fitted line (Fig. 10), measured
average gauge factor of the reported ZnOCP composite strain
sensor was found to be 1183, which is higher than the gauge
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Fig. 10 Resistance variation—strain relationship of ZnOCP under static
tensile loading and their corresponding error bars (i.e. using the standard
deviation) are also shown

factors of conventional metallic strain gauges (~1 to 5), Si strain
sensors (~200), as well as CNT (~1000)-based devices [12].

4. Conclusion: Synthesis and characterisation of a composite strain
sensor based on ZnO-cellulose paper is reported in this study. The
sensor was fabricated by a low-temperature chemical route. /-V
characterisation of the device shows linear response at different
strain values. The sensor device has good stability and high
gauge factor (~1183) which indicates its possible use in the fields
of biomedical sciences, MEMS devices, structural health
monitoring etc.
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