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Piezoresistive and posistor effects in polymer-semiconductor
and polymer-ferropiezoceramic composites
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In this study, piezoresistive and posistor effects in polymer-semiconductor and polymer-ferropiezoceramic

composites have been investigated. The results show that composites based on crystallizable polymers, such
as PVDF, HDPE, and PP dispersed by semiconductors and ferropiezoelectric fillers have piezoresistive and
posistor properties, respectively. At low pressure, charge carriers tunneling through the located thin polymer
among filler particles into the barrier define the conductivity of the composite. When pressure value is increased
from O to 1MPa, the thickness of the interlayer decreases and tunnel conductivity descends exponentially
depending on barrier height. The piezoresistor sensitivity of a composite based on PVDF-70% vol + Si-30% vol
is higher than a composite based on HDPE-70% vol 4+ Ge-30% vol. Furthermore, the posistor properties of polymer
composites dispersed by ferropiezoceramic are determined as the maximum resistance that varies significantly with
temperature. Posistor effect in composites based on polymer + ferropiezoceramic is associated with the height of
the barrier layer, which changes according to properties of filler, polymer, and dielectric permittivity of two-phase
composites. The highest specific resistance related to HDPE-70% vol 4+ BaTiO3-30% vol composite was observed at

~ 403 K.

1. Introduction

Recently, the number of researchers investigating smart
materials based on polymer-semiconductor, polymer-
ferropiezoceramic and, especially, polymer sensor and pub-
lishing their results has improved dramatically [1-4]. The
polymer-semiconductor and polymer-ferropiezoelectricy
heterogeneous systems such as electrets, piezo, pyro-
electrics, varistors, piezoresistors and posistors are areas
for the creation of active dielectrics [5-8].  Polymer-
semiconductor and polymer-ferropiezoelectric composites
have piezoresistive a posistor effects, respectively, and they
are widely applied in electronics and radio engineering de-
vices such as current-voltage stabilizers, protection circuits,
sensors, heaters, etc.

Piezoresistive composites are extensively used to de-
tect strains caused by structural vibrations in macro-scale
structures. The piezoresistive effect is described as the
change of composite electrical resistance owing to external
stress or composite deformation. As a sensor, this effect
is commonly measured utilizing Wheatson bridge circuits.
Several variations of Wheatson bridge are used under
different circumstances. One of the configurations is shown
in Fig. 1,a in which only two piezoresistor are implemented
on the circuit. When sensor resistance is changed with
piezoresistive effects, it causes changes in the voltage on the
divider [9].
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A posistor is actually a device called a Positive Coef-
ficent Thermistor (PCT), it naturally exhibits very highly
sensitivity over a narrow temperature band. Therefore,
abrupt resistance growth of the BaTiO; — semiconductor
composites in a narrow temperature range can be used for
creation of a lot of sensor of high sensitivity [10]. When
a given temperature (nominal response temperature) is
exceeded, electrical circuit can be switched off through a
relay, since the PCT have an extremely high ohmic value in
the region of its response temperature. Used in many inrush
current control circuits, a PCT is a resistor that starts with
a relatively low resistance value at room temperature. When
heated by a current flowing through it, its value quickly
rises to a very high resistance. Generally, the posistor is an
integrated solution that works as both current limit resistor
and overcurrent fuse (Fig. 1,5) [11,12].

As a summary, the electrical resistance of a posistor com-
posite alters according to temperature variations while the
electrical resistance of a piezoresistive composite changes in
accordance with applied stress and strain deformation [4].
The formation of a potential barrier on the interphase
boundary in the above mentioned composite systems ex-
hibits a piezoresistive or posistor effect [7]. The parameters
of potential barriers formed on the interphase boundary
are quite dependent on the structure and electrophysical
properties of the components. Therefore, it is possible
to produce both piezoresistive and posistor composites,
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Figure 1. a — the stress measurement system based on piezore-
sistive as stress sensor. b — the overvoltage protection circuit with
posistor.

which have various properties and structures using polymer
matrixes, semiconductors, and ferropiezoelectric fillers.

The more effective piezoresistive and posistor composites
like organic and inorganic dielectrics and semiconductors
can be obtained through the synthesis of polymers with new
chemical structures adding impurity semiconductive or fer-
ropiezoelectric fillers into the polymer matrix. As polymer
matrix, high density polyethylene (HDPE), polypropylene
(PP), and polyvinylidene fluoride (PVDF) have some pro-
perties such as good workability, high plasticity, mechanical
strengh, and low conductivity. Although HDPE and PP
nonpolar polymers have almost identity electric charac-
teristics, they have physicomechanical properties different
from each other. PVDF polymer has high permittivity,
also its conductivity is higher than that of polyolephines.
Therefore, these polymers have been used to define
the electrical and physicochemical characteristics of both
the polymer-semiconductor and polymer-ferropiezoelectric
composites [5,6,8]. As a consequence, excellent active com-
posites with unique electrical and mechanical combinations
can be created.

In this study, it is presented piezoresistive and po-
sistor effects on polymer-semiconductor and polymer-
ferropiezoceramic composites.

2. Experimental

Polymeric composites are known to be able to increase
functionality by adding varying electrical properties to
their mechanical response, which is typically achieved by
suitable fillers [13-15]. Generally, the polymeric composites
occur in at least two components as polymer and filler
(dispersing agent) and their properties are associated with
degree of crystallinity, structure and filler type, and content
and orientation, which heavily depend on the specific
processing conditions. Thus, the optimization protocols are
fundamental for adaptation composites response [5,6,8]. The
forming process of polymer composite includes three stages:

— choosing and preparation of suitable polymers and
fillers.

— obtaining of homogeneous mixture.

— hot pressing of mixed composite (polymer + filler)
under specific temperature and pressure.

The choice of composite components and the preparation
of active materials are defined according to complex material
properties such as high flexibility, mechanical and electrical
strength, low electro-conductivity, compatibility of elements
with various configurations, and high dielectric penetrability.
In addition, it is necessary to consider the hermetization
process, internal tension, and structural relaxation of the
polymer matrix. In the study of polymers and their
applications, polymer glass transition temperature is very
important. The glass transition temperature should be
high to provide stabile relaxing properties. These relaxing
properties define working temperature range, stability, and
composite fluidity. In this study, the thermo-plastic poly-
olefin polymers and fluoropolymer were chosen because
they have excellent thermal, electrical and mechanical
properties [16].

High-density polyethylene (HDPE), polypropylene (PP),
and polyvinylidene fluoride (PVDF) were used as polymer
matrix, Si and Ge as simple semiconductors, and BaTiOs,
PZT-5A, PZT-5H as ferropiezoceramics. Piezoresistive
and posistor composites were obtained by the hot press-
ing method that involves high temperature and pressure
simultaneously to implement the mixture of polymer-
filler. Temperature-time and pressure regimes for composite
formation are mainly dependent on the melting temperature
of indicated polymers in composites. The melting temper-
atures of HDPE, PP and PVDF are 443, 475 and 473K,
respectively. Samples pressing in experimental works were
carried out at 15 MPa. [5,6,8].

3. Results and discussions

Recently years, many researches have studied piezo-
resistive and posistor effects on various composite [17-24].
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Especially, Knite et al. [17] have found that the experimental
results for tensile strain are in good agreement with
theoretical equations derived from the change of the particle
separation on polyisoprene — carbon black composites
under applied stress. In 2007, they examined the piezo-
resistivity of the polyisoprene-multiwall carbon nanotube
composite for sensing strain [18]. However, the carbon
black or metal powders have some significant disadvantages.
The properties of the carbon black predominantly depend
on its synthesis method, preparation, and treatment condi-
tions. All these factors adversely affect to produce stable
piezoresistive and posistor composites. Additionally, these
conditions complicate to define the effects of both carbon
black and metal powders into composite [25]. Therefore, the
polycrystalline semiconductors (Si, Ge) as semiconductors
filler have been chosen due to fact that they have widely
varied electrical characteristics such as conductivity, carrier
density, and mobility [25].

The measurement method of piezoresistive effect in a
composite can be described as the change of electric resis-
tance values in the sample under the action of mechanical
stress. Firstly, the change in voltage between 1 and 100
was applied to inserted sample into plugs of press, and
then variable current values of piezoresistor composite were
measured under pressure conditions between 0 and 10 MPa.
The coefficient of pressure sensibility was defined by the
following equation:

T PPy’

where po and p are specific resistances of sample at
Po and P pressures, respectively. The error of pressure
measurement is £2% while the error of a specific resistance
measurement is +5%.

The resistance changes of HDPE + Si composite as Ist
curve and PVDF + Si composite as 2nd curve, which
included 30vol% content of filler under the 1V are shown

in Fig. 2. It can be seen that the resistance changes of
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Figure 2. The resistance changes of HDPE + Si (1st curve) and
PVDF + Si (2nd curve) composites on pressure. ® = 30 vol%.
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Figure 3. The resistance changes of HDPE + Ge (Ist cure),

PVDF + Ge (2nd cure), HDPE +Si (3rd cure), PVDF + Si
(4th cure) composites according to contents of filler (Si, Ge).

these composites nonlinearly decrease while the pressure
values increase from 0 to 4MPa. The piezoresistor
sensitivity of the composite based on PVDF is higher than
the composite based on HDPE. Although the resistance
values of these composites change quickly in the range
of 0—2MPa, they alter slowly in the range of 2—4 MPa.
The resistance changes of HDPE + Ge composite as 1st
curve, PVDF + Ge composite as 2nd curve, HDPE + Si
composite as 3rd curve, and PVDF + Si composite as 4th
curve in the range of 0—4 MPa according to the volumes
of filler are shown in Fig. 3. The resistance values of these
composites increase quickly until 30 vol% filler, after which
they decrease slowly.

It can be said that at low pressure, the conductivity
of the composite is defined by charge carriers tunneling
through located thin polymer among filler particles into
the barrier. When pressure value is increased from 0
to 1 MPa, the thickness of interlayers decreases and tunnel
conductivity descends exponentially depending on barrier
width. Therefore, resistance of the composite is strongly
dependent on pressure. The deformation of the compo-
site increases at higher pressure due to the presence of
more pressed particles, and the composite conductivity is
generally expressed by contact resistance among particles.
Although the contact resistance of the composite decreases
in the pressure ranges 0—1 MPa, the reduction of composite
resistance changes slowly at pressures over 1 MPa.

All investigations into these composites show that the
sensitivities of composites decrease while the pressure value
increases. The sensitivity coefficient of HDPE + 10 vol% Si
and HDPE + 30vol% Si samples are shown in Fig. 4, and
the sensitivity coefficient was determined by the following
equation:

Ig(Ri/R2)
B= P,—P;° @)
where R; and R, are resistances of composite at P; and P,
pressure, respectively.
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Figure 4. Dependence of sensitivity coefficient of HDPE + Si on
pressure: I — @ = 10vol%, 2 — & = 30vol%.
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Figure 5. Temperature dependences of specific resistance

of HDPE + BaTiOs: I — ® = 10vol%, 2 — & = 20vol%,
3 — ® =30vo0l%, 4 — ® = 40vol%, 5 — & = 50 vol%.

The posistor properties of polymer composites dispersed
by ferropiezoceramic are determined as the resistance varies
significantly with temperature. Most posistor composites are
made of a doped polycrystalline ceramic containing barium
titanate (BaTiO3) and other compounds [26]. The specific
resistance changes of the HDPE + BaTiO; composites,
which have various filler contents according to temperature
are indicated in Fig. 5. It can be seen that there is sharp
growth in composite resistance with regard to filling degree
in certain ranges of temperature. The maximum value
of specific resistance related to HDPE + vol.30% BaTiO;
composite was observed at ~ 403 K. The specific resistance
(po) at room temperature, sensitivity (Igp/po) and the
maximum temperatures of various composites are shown
in Table. PZT-5H and PZT-5A composites have different
Curie’s points. However, all of them have sharp resistance
growth at melting temperatures of the crystal phase depend-
ing on the selected polyolefin.

In the posistor process, polymer composites are filled
with semiconductors or ferropiezoceramic. Assimilating

composite system can be regarded as a semi-conductive
ceramic in which semi-conductive crystalline grains are
distributed in the amorphous glassy phase of the same
material. Crystalline grains of ferropiezoceramic, semicon-
ductor and glassy phase have various conductivities, which
differ by several orders of magnitude. The polymer + semi-
conductive filler have different conductivity and dielectric
permittivity. As a result of this process, a barrier layer
of volume charge is formed on the surface of crystalline
grains. The electronic potential energy (¢) of the composite
is determined by the following Poisson equation:

2
o= N g, (3)

T 2epex

where e is the electron charge density, Ns is the deep
depletion region on the boundary, d is the width of
the depletion layer, & is the permittivity of the vacuum,
and ¢ is the dielectric constant. The conductivity of
composite that is designated by ¢ and the height of potential
barrier is proportional to a width of depletion layer — d,
inversely proportional to composite dielectric constant —
eo&k- Dependence of the specific resistance on the barrier
height is exponential due to @/KT [27]. The growth of
barrier height (specific resistance) at the temperature over
Curie’s point decreases dielectric permittivity according to
the Curie-Weiss law [7]. This model of barrier layer is
used to explain not only anomaly of characteristic with
positive temperature coefficient but also the dependence of
specific resistance of semiconductive ceramic under applied
voltage. If a U voltage performs among the barrier layer,
the height of the barrier layer decreases, and it also leads
to decreasing resistance. The growth of resistance under
voltage distinctive appears at a temperature over Curie’s
point. The polymer composite filled with semiconductors or
ferropiezoceramic is a double phase system, so component
resistance differs strongly. The polymer-semiconductor
composite occurs after mixing polymer matrix with low
conductivity and semiconductive particles with high con-
ductivity. The conductivity of semi-conductive particles is
higher than that of the polymer matrix. The height of the
barrier layer formed on the filler particles boundary depends
on the dielectric permittivity of the material.

The anomalously sharp increase of composite resistance
is not explained by ferroelectric phase transition inside filler
particles. This is because the maximum resistance variation
of the composite at maximum temperature depends only
on the type of polymer matrix. In addition, the growth of
composite resistance is observed not only in ferroelectric
fillers but also in semiconductor fillers such as silicon
and germanium. It should be noted that the composite
based on the crystallizing polymer that is filled with
semiconductors or ferroceramics has as an anomaly a
temperature close to the temperature of the maximum
specific resistance. For instance, temperature variations
of dielectric permittivity of HDPE + PZT-5H composite
with various fillers are shown in Fig. 6. Increasing filler
content leads to the growth in dielectric permittivity of the
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Figure 6. Temperature dependences of dielectric permittivity

of HDPE + PZT-5H: 1 — & = 10vol%, 2 — & = 20vol%,

3 — ®=30vol%, 4 — ®=40vol%, 5 — P = 50vol%,
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composite. After that, initial high dielectric permittivity
values of the composite sharply decrease in the range from
373 to 403K. The reduction of dielectric permittivity is
observed at around 403 K for HDPE + PZT-5H, 433K for
PP + PZT-5H, respectively (Fig. 6) (Table). This indicates
that the reduction of dielectric permittivity for composites
based on both HDPE and PP does not connect with initial
dielectric permittivity value and Curie’s point of composite.
In addition, this reduction of dielectric permittivity is also
observed in composites with silicon fillers that are non-
ferroelectric. The reduction of dielectric permittivity of
composite may be associated with volume increases during
the crystalline phase melting of polymer.

The dielectric permittivity of a composite material is
determined by the Maxwell—Wagner theory:

I (€2 + 261 — 20(e1 — &2))

4
2e1 + &2+ @e1 — &2) )

where ¢ is volume fraction of contents, and ¢; and &
are dielectric permittivity of polymer matrix and filler,
respectively. When the dielectric permittivity of a com-
posite system is calculated using the Maxwell-Wagner

Specific resistance (po) at room temperature, sensitivity (Ig0/00)
and maximum temperatures for various composites

80vol% Polymer| Igpo |Sensitivity | Tm Curie

+ 20vol% Filler | ohmmeter| lgp/po | Point,K Structure
PP+Si 33 6.7 433 n-type
PP+Ge 39 6.6 - <
HDPE+Si 35 8.1 403 <
HDPE+Ge 32 72 — <
PP+BaTiO3 102 32 433 Tetragonal
HDPE+BaTiO3 9.5 37 403 <
HDPE+PZT-5H 11.0 44 403 <
PP+PZT-5H 11.6 1.5 433 <
HDPE+PZT-5A 12.0 3.1 403 |Rhombohedral
HDPE+Si 38 8.7 403 p-type
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theory, a significant discrepancy occurs between predicted
and experimental values for dielectric permittivity. This
discrepancy is due to the fraction of filler content within
the two-phase composite [28].

This system consists of a continuous medium with
dielectric permittivity ¢; and statistically distributed spher-
ical particles with dielectric permittivity ¢,. However,
composites based on the crystallizable polymer with filler
are concentrated in the inter-crystalline phase. Therefore, an
experimental value of dielectric permittivity of composite is
higher than when calculated using the Maxwell-Wagner
equation. During the crystal phase melting of polymer,
there is first a sharp growth in polymer values, then filler
particles disperse under Brownian motion in all melting
values. In conclusion, a dielectric permittivity of composite
sharply decreases and becomes approximately equal to one
calculated using the Maxwell—Wagner equation.

4. Conclusions

Results obtained from investigation of the piezoresistive
and posistor effects in polymer-semiconductor and polymer-
ferropiezoceramic composites show that composites based
on the crystallizable polymers, such as PVDF, HDPE and PP
dispersed by semiconductors and ferropiezoelectric fillers
have piezoresistive and posistor properties, respectively.
The positive temperature coefficient values of these com-
posites depend on the type of polymer and filler, filler level,
filler particle sizes, applied voltage and pressure, and other
factors. Posistor effect in these composites is identified with
barrier layer on the filler particles boundary. The height
of the barrier depends on properties of filler, polymer,
and dielectric permittivity of the composite. During the
crystal phase melting of polymer, the volume expansion
sharply increases and leads to spasmodic decreasing of
dielectric permittivity increasing the barrier layer height and
the growth of composite resistance.
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