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Abstract

The measurement of electric field has important value for power grid information measurement, equipment fault diagnosis,
meteorological monitoring, etc. Meanwhile, electric field measurement can also be used for voltage measurement. Traditional
electric field measurement methods, such as field mills, are bulky and costly, and will cause electric field distortion. Micro
electric field sensors have advantages of low cost, small size and easy mass production. At the same time, miniature sensors
can reduce electric field distortion. Therefore, micro electric field sensors can be used in the applications such as large-scale
sensing arrays, internal measurement of equipment, etc. In this paper, we proposed a novel micro electric field sensor based on
PVDF film and piezoresistive effect. The proposed sensor has the advantages of wide frequency bandwidth and wide
measuring range. Through micro-fabrication, the sensor can be mass produced.

1 Introduction

Ubiquitous Power Internet of Things is realized by setting up
an information network corresponding to the energy network
[1-2]. Using different types of sensors for measurement, the
operating status of the power grid and equipment can be
monitored in real time. Through the processing of a large
amount of data, the status monitoring of the system and the
fault diagnosis of the equipment can be realized. In the
Ubiquitous Power Internet of Things, sensor nodes composed
of advanced sensors are an important component.

Among all physical quantities, electric field is of great
importance. On the one hand, the voltage can be measured by
measuring the electric field at multiple points through the
inversion algorithm [3]. Therefore, the electric field
measurement can realize the non-contact measurement of
voltage, avoiding the cost due to insulation. By measuring
voltage, power grid monitoring and early warning and status
perception can be realized [4-7]. On the other hand, electric
field measurement also has important applications in other
scenarios.  Electric field measurement can realize
electromagnetic environment monitoring, internal fault
diagnosis of equipment, and warning of workers near
electricity [8]. Electric field measurement is also widely used
in lightning warning, aviation launch, petrochemical and
other fields [9-10].

At present, the most widely studied micro electric field
sensor is optical sensor based on electro-optic effect [11-14].
The refractive index of the electro-optic crystal changes
under the action of electric fields. Optical electric field
sensors have wide frequency bands and high sensitivity, and
have been used in applications such as substations. However,
the optical module is always large in size and high in cost,

which cannot realize the large-scale arrangement of the
sensor. The electric field sensor based on Micro-Electro-
Mechanical System (MEMS) is another type of electric field
sensor [15-18]. Under the action of electric fields, the
conductor will produce induced charges. The induced charge
is changed by the vibrating shielding electrode, thereby
generating an induced current. This type of sensor can be
prepared based on micro-fabrication process, so it is often
small in size and low in cost. However, the vibrating
electrode causes high power consumption and short life.

Piezoelectric materials deform under the action of electric
fields, which is called the inverse piezoelectric effect. Due to
the wide frequency bandwidth, high response amplitude and
high temperature stability, piezoelectric materials are also
used in the design of electric field sensors [19-24]. In this
paper, a new type of micro electric field sensor is designed by
combining piezoelectric film and piezoresistive film. At the
same time, this article also carried out the parameter
optimization and processing design of the sensor.

2 Structural design

The structure of the proposed micro electric field sensor is
shown in Fig. 1. The structure of the sensor consists of a
piezoelectric film, a silicon film and a cavity under the films.
Four piezoresistive sensing elements are prepared onto the
silicon film, which are formed by doping in the silicon film.
The four sensing elements are connected by aluminum to
form a Wheatstone bridge. We use P(VDF-co-TrFE) as the
piezoelectric film. The piezoelectric film is coupled onto the
silicon film. The thickness of the two layers of film is about
tens of microns. The cavity can ensure the free vibration of
the two films under the action of the electric field. The
periphery of the silicon film is fixed on the silicon substrate,
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and a silicon oxide insulating layer is arranged between the
film and the substrate.
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Fig. 1 Structure of the sensor. (a) A cross-section view of the
sensor structure, (b) An overhead view of the sensor structure

Under the action of the electric field in the vertical direction,
the piezoelectric film will stretch or shrink in the horizontal
direction due to the piezoelectric coefficients d5; and d;,. Due
to the surrounding fixation, the piezoelectric film will be
convex or concave, thereby driving the silicon film to
deform. The magnitude of the deformation of the
piezoelectric material is characterized by the piezoelectric
coefficient. A large piezoelectric coefficient will produce a
large deformation. At the same time, the internal electric field
of the dielectric material will be weakened under the space
electric field. The larger the dielectric constant is, the smaller
the internal electric field of the material will be. Therefore,
the piezoelectric material needs to have a large piezoelectric
coefficient and a small dielectric constant. Piezoelectric
ceramics have a large piezoelectric coefficient, but often have
a large dielectric constant. Organic piezoelectric materials
have a small dielectric constant, but often have a small
piezoelectric coefficient. P(VDF-co-TrFE) is an organic
binary copolymer. It has both a small dielectric constant and
a relatively large piezoelectric coefficient. So it is suitable for
the proposed sensor.

The piezoresistive effect refers to the change in the resistivity
of the semiconductor under the action of stress. Under the
action of the piezoelectric film, the silicon film will deform
up or down. In the area of the piezoresistive material, the
internal strain of the silicon film will cause the resistance of
the silicon to change. The piezoresistive materials are
connected to form a Wheatstone bridge, and the four

piezoresistive materials are respectively located on the four
bridge arms. A voltage is applied across the Wheatstone
bridge, and the voltage at the other ends of the Wheatstone
bridge will change due to the change in resistance. By
measuring the differential voltage generated by the
Wheatstone bridge, the electric field can be measured.

We use finite element analysis to simulate the response of the
sensor under an electric field of 10 kV/cm via Comsol
Multiphysics, as shown in Fig. 2. Fig. 2 (a) and (b)
respectively show the displacement response of the sensor
when the electric field is applied along the z-axis direction
and when applied along the opposite direction of the z-axis. It
can be seen from the results that under the action of an
electric field, the piezoelectric film will drive the silicon film
to deform. At the center of the cavity, the membrane has the
largest displacement. When the electric field is applied along
the z-axis, the piezoelectric film stretches in the horizontal
direction, driving the silicon film to sag downward. When the
direction of the electric field is applied in the opposite
direction of the z-axis, the piezoelectric film shrinks, driving
the silicon film to bulge upward.

Fig. 2 (c) and (d) show the XX and YY components of the
film strain when the electric field is applied along the z-axis.
It can be seen from the figure that the largest strain on the
film is at the edge of the cavity. Therefore, when the
piezoresistive material is set, the doped region should be set
at the edge of the cavity to obtain the maximum response of
the sensor.

a b

Fig. 2 Response of the sensor under electric fields. (a)
Displacement distribution when the electric field is along the
z-axis. (b) Displacement distribution when the electric field is
in the opposite direction of the z-axis. (¢) XX strain
component distribution. (d) Y'Y strain component distribution

When electric fields of different amplitudes are applied, the
response of the electric field will change, as shown in Fig. 3.
Fig. 3 (a) shows the strain distribution of the sensor under
different electric fields. Fig. 3 (b) shows the maximum strain
of the sensor under electric fields of different directions and
different amplitudes. When the electric field amplitude
increases, the strain of the sensor increases, and the
maximum strain has a linear relationship with the electric
field amplitude. At the same time, when the electric field is
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applied along the z-axis, the response of the sensor is slightly
greater than when the electric field is applied along the
negative z-axis.
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Fig. 3 Sensor response at different electric-field strengths. (a)
XX strain component distribution curve of the silicon layer
along the centre line. (b) The maximum XX strain component

In order to improve the response of the sensor, the sensor
parameters need to be designed. The parameters affecting the
proposed micro electric field sensor mainly include the side
length of the cavity and the thickness of the piezoelectric
film. This section studies the relationship between sensor
response and parameters.

Fig. 4 (a) shows how the sensor strain distribution changes
with the cavity size. When the size of the cavity increases, the
deformation of the silicon film increases, and accordingly,
the strain of the silicon film also increases. At the same time,
as the size of the cavity increases, the maximum strain
position of the sensor also changes. However, when the size
of the cavity is too large, it may cause problems such as a
decrease in the mechanical strength of the film. Therefore,
the cavity size is generally selected below 1 mm.
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Fig. 4 (a) Relationship between distribution of strain and
cavity side length. (b) Relationship between distribution of
strain and piezoelectric film thickness.

When the thickness of the piezoelectric film increases, under
the action of an electric field, the force generated by the
piezoelectric material will increase, thereby increasing the
deformation of the silicon film. Therefore, the strain of the
film increases as the thickness of the piezoelectric film
increases. When the thickness of the piezoelectric film
changes, the sensor strain distribution remains unchanged.
When the thickness of the piezoelectric film increases to a
certain extent, the increase in film deformation mainly acts
on the inside of the film and cannot be effectively transmitted
to the silicon film. Therefore, the increase in strain of the
silicon film will gradually become saturated. In the actual
processing process, choose 50 pum as the piezoelectric film
thickness.

In addition to cavity size and piezoelectric film thickness,
there are other parameters that affect sensor response, such as
silicon film thickness, piezoelectric film material, etc.
However, due to the limitation of the processing technology,
these parameters are specific values during the processing.

For the cavity size, the increase in the sensor cavity size will
increase the displacement of the film on the one hand, and
increase the initial value of the sensor capacitance on the
other hand. Therefore, an increase in the cavity size will
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greatly increase the resolution of the sensor. Within the size
requirement, the larger the cavity size, the higher the sensor
resolution.

3 Fabrication

The fabrication process of the proposed micro electric field
sensor is based on a 4-inch SOI (Silicon-On-Insulator) wafer.
A layer of 20 nm silicon oxide is grown on the SOI wafer as
a protective layer for ion implantation. A certain dose and
certain energy of boron ions are injected into the silicon
wafer, forming the shape of the piezoresistive material. The
wafer is annealed at a high temperature to activate the
implanted ions. After removing the surface silicon oxide, a
layer of 400 nm silicon oxide is grown onto the surface of the
wafer. The silicon oxideof the wafer is etched by Inductively
Coupled Plasma Etching (ICP Etching) to release the ohmic
contact area on the surface of the wafer. After that, aluminum
is vapor-deposited on the surface of the device layer, and the
electrode shape is prepared by photolithography and wet
etching. The P(VDF-co-TrFE) powder is mixed into a
solution and spin-coated on the wafer surface. DMF is
selected as the solvent. The concentration of the solution will
affect the thickness of the P(VDF-co-TrFE) film. The solvent
is evaporated in a vacuum oven and the piezoelectric material
is polarized. The material is polarized under an electric field
of 140 MV/m at 90 “C. The piezoelectric film is patterned to
expose the electrodes. The handle layer of the wafer is etched
to release the thin film structure and form a cavity. Finally,
the sensor is packaged and wired onto PCB board.

Use the electric field sensor test platform to test the sensor.
The parallel plate electrodes are used to generate an electric
field, and the output voltage of the sensor is measured by a
differential amplifier and an oscilloscope. The resolution of
the sensor can reach 200 V/m, and the measured electric field
amplitude can reach 10 MV/m. At the same time, the size of
the sensor is 4mm x 4mm, which has the characteristics of
small size, low cost, and easy mass production. So it is
suitable for the applications of large-scale sensor nodes
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Fig. 5 Schematic illustration of the sensor fabrication.
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4 Conclusion

We proposed a new structure of sensor using piezoelectric
film. Through theoretical calculation and finite element
simulation analysis, we verified the principle of the proposed
sensor. We studied the influence of sensor parameters on
sensor performance, and optimized the sensor performance.
Finally, we designed a sensor processing program based on
the micro-fabrication technology to realize the mass
production of the sensor, which lays a foundation for the
application of the micro electric field sensor in the
Ubiquitous Power Internet of Things.
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