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In this report, we present fundamental DC conduction mechanisms of polyvinyl difluoride/nano-zinc oxide (PVDF/ZnO) composite films. Nanocomposite films of zinc oxide in the PVDF matrix have been fabricated via a solution
casting method. Space charge limited conduction (SCLC) was found to be a
prominent conduction mechanism in higher voltage region and SchottkyRichardson mechanism was a possible conduction mechanism in a higher
temperature region. DC activation energy for composites was found to decrease with increasing concentration of ZnO nanoparticles and reduced graphene oxide (RGO) with 1.41 eV (9.9 wt%), 1.04 eV (33.33 wt%), and 0.95 eV
(33.33 wt% + RGO), respectively.
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1. Introduction
Charge transport in the variety of polymers has been investigated extensively
during the past few decades to understand the nature and characteristics of carriers in these materials [1] [2] [3] [4] [5]. Charge transport in functional polymers and metallopolymers is important and interesting in the view of their applications in organic electronics. Thus, attempts are being made to replace the
silicon-based electronic devices with polymer-based devices [5]. Polymers are
utilized to manufacture flexible and foldable electronic device such as organic
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solar cells, pyroelectric infrared detectors, organic thin film transistors (OTFTs),
Polymer light-emitting diodes (PLEDs) and others [5] [6] [7] [8]. The applicable
properties of polymers could be tailored in a controlled way to achieve the desired parameters values and properties to be used in devices via fabrication of
polymer composites with embedded suitable nanoparticles [9] [10]. There is
consistent demand for new organic material systems for specific applications.
This demand dictates material scientists to develop new material systems. The
search for new material systems and their applications have led to the design of
the variety of “ceramic:polymer” composites. It is obvious that the diversity and
specificity in materials properties as required by the modern applications cannot
be fulfilled by the single-phase materials [9] [10]. Since the composites contain
two or more chemically varied materials or phases, it is possible to tailor electrical, optical, and mechanical properties catering to a variety of applications.
Recent studies of ceramic-polymer based composites show potential usefulness
via large area, lightweight, enhanced strength, and flexible elements due to polymers [10]. Composites possess hybrid properties derived from individual
components. Thus, it is warranted to investigate polymer composites extensively
for the mechanisms of charge transport phenomena for their use in organic devices.
Polyvinylidene Fluoride (PVDF) has become appealing to numerous industries for their inexpensive, lightweight, biologically compatible, and mechanically stable structures. It can undertake a large amount of deformation while maintaining ample forces. It has an expeditious response time, very low density, and
eminent pliability when compared to electroactive ceramics and shape memory
alloys. The piezoelectric PVDF and its copolymers have wide applications in actuators and sensors [11]. These materials are utilized as fibers and films in engineering applications such as piezo-laminated columns, active micro air vehicle
wings, and shape correction films in space applications where linear movement
is required. Other applications may include proton exchange membranes, filtration membranes, structural health monitoring, thermal and mechanical energy
harvesters, endoscopic tactile sensors, and microfluidics control [12].
Zinc oxide (ZnO) is an optically appealing material which responses to strains
without poling with striking electronic properties [13]. ZnO possesses the
combination of typical properties such as electrical, optical and piezoelectric.
Due to these unique properties, it has been extensively utilized in various applications like liquid crystal displays, window coatings, storage capacitors, ultrasonic transducers, gas sensors covering various materials, optoelectronic devices, solar cells, and surface acoustic wave (SAW) devices [12]. Graphene (GR) is
a two-dimensional sheet of sp2-bonded carbon atoms packed in a honeycomb
crystal lattice. Because of its striking flexibility, high aspect ratio, large specific
area, excellent mechanical strength, good electrical and thermal conductivities, it
has attracted tremendous attention to researchers. Reduced graphene oxide
(RGO) is also an excellent dopant for their use in nanocomposite-based devices.
DOI: 10.4236/oalib.1105707
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To the best of author’s knowledge, no work has been reported on DC conduction mechanisms of PVDF/ZnO or PVDF/ZnO/RGO nanocomposite films.
Therefore, in the present investigation, it was thought worthwhile to understand
the nature of charge carriers’ transport and trap distribution within these nanocomposites. For this purpose, DC-conduction properties of these composites
were studied in detail. The dependence of DC-current on the electric field, temperature, and the concentration of nanoparticles are studied extensively and results are reported in this paper.

2. Experimental Technique
The PVDF/ZnO films were fabricated via solution-casting technique. First of all,
the suitable amount of PVDF, supplied by Aldrich, was dissolved into methyl-ethyl-ketone (MEK) or dimethylformamide (DMF) at about 60˚C. A requisite amount of nano zinc oxide (ZnO; 20 - 30 nm; 99%) particles, supplied by
MTI corporation CA, was then added to form PVDF/ZnO blend. Then, this
mixture was mechanically/ultrasonically agitated for several hours to break up
the agglomerates to obtain a homogenous mixture. Thus, the obtained solution
was then poured into Petri dishes to allow the evaporation of the solvent. Two
parallel silver conducting electrodes were deposited on opposite faces of the
composite film to form a parallel plate capacitor and then cut into ~10 mm × 10
mm sized element for testing. The electroded samples were poled at room temperature with 2 kV voltage for 1/2 hour via corona poling. After the poling
process, the samples were short-circuited and annealed at 50˚C for 1 hour to
remove any extrinsic charges injected during poling. A detailed fabrication
process of the composite films is schematically presented in Figure 1. Samples of
PVDF embedded with increasing concentration of ZnO nanoparticles/RGO are
listed on Table 1, with designated names.

Figure 1. Fabrication process of PVDF/ZnO nanocomposite films.
Table 1. A list of composite films fabricated with various wt% of ZnO nanoparticles in
PVDF matrix.
Composite films
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Mass of PVDF (g)

Mass ZnO (g)

Wt% of ZnO

RGO

Z1

1

0.1

9.10

-

Z3

1

0.5

33.33

-

Z6

1

0.5

33.33

RGO
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Isothermal iteration has been carried out in the temperature range from 20˚C
- 80˚C. Drude model can be utilized to measure bulk DC conductivity according
to Ohm’s law:

σ dc =

It
VA

(1)

where “I” is the current in ampere and V is the applied voltage in volt over the
samples. A and t are area and thickness of the nanocomposite films, respectively.
Keithley model 6517 electrometer was utilized to measure two terminal dc current.

3. Results and Discussions
3.1. Steady State Electrical Conduction
Absorption current is observed in bulk dielectric materials hence the leakage
currents are measured after a period at the test temperature of a device under
test (DUT) and applied electric field [14]. At the stabilized test temperature of
the sample and applied an electric field, the currents were measured after 5
seconds of turning “on” the electrometer. J-V characteristics of PVDF/ZnO
composite films at 40˚C is depicted in Figure 2(a), that was taken at in the voltage region of 0.5 V to 15 V. The linear nature of J-V curve exhibits the ohmic
conduction mechanism in all composite films with positive slope following the
power law of the form J α Vn, where n is power index. The calculated value of
power index, n, ranges from 0.94 - 0.99. This indicates the ohmic conduction in
composite films and hence an electric conduction is led merely by the resistance
of the film materials. It can be depicted from the J-V curve that the current in
films decreases with increase in the concentration of ZnO nanoparticles in the
PVDF matrix. Also, it is observed that current in the blend sample embedded
with ZnO and RGO increases with the concentration of ZnO in the solution.
Because of dipolar polarization in these samples, the role of dipolar and space
charge polarization contribution to conduction mechanisms may be accounted
in structurally heterogeneous composite materials. Thus, the other relevant types
of conduction mechanisms were also investigated via existing processes and
models.

3.2. Space Charge Limited Conduction (SCLC)
SCLC mechanism is governed in which charge is injected at the electrode-polymer interface that has a large excess charge carrier density at the injecting electrode causing the SCLC current flow. The space charge limited current density is given by [14]
J=

V2
9
∈µ 3
8
d

(2)

where J is the current density of space charge limited conduction at voltage V
and d is the thickness of samples. ∈ and µ are permittivity and permeability of
the material under test.
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(a)

(b)

Figure 2. (a) J-V Characteristics of PVDF/ZnO composite films; (b) The
current (J) vs. square of applied voltage (V2) plots.

From Equation (2), current density J is proportional to d3. This relation J α
d−m, where m represents the slope of the curve and rely upon trap distribution.
The value of slope m < 3 indicates the probability of PF or Schottky mechanism,
whereas, m ≥ 3 connotes the possibility of SCLC mechanism [15] [16]. From
Figure 2(b), however, overall nature of the curve is non-linear indicating the
non-existence of SCLC mechanism, the linear relationship at higher voltages
(>10 Volts) of J-V2 curves for PVDF/ZnO nanocomposite films indicates the
dominance of the SCLC conduction.

3.3. Tunneling or Fowler-Nordheim Mechanism
In case of very thin samples or samples that contain the substantial number of
defects tunneling process comes into play [16]. This phenomenon is characterized by the current generation without the transport of charge carriers in the
conduction band or in the valence band. The Fowler-Northeim relation for J can
be expressed as:

ϕ
J
log=
log A −
2
V
V

(

8π 2qmT*
q3
=
A =
,ϕ
where
8π hϕ B
3h

)

(3)

12

ϕ B2 3 , and J, V, q, h, mT* ϕ B are current

density, applied voltage, electronic charge, Plank’s constant, tunneling effective
mass and barrier potential, respectively.
If the nature of the log J/V2 vs. 1/V plot is linear with negative slope, then the
Fowler-Nordheim tunneling is prevalent. Since our investigated samples are
thick, the tunneling is not likely expected. It is observed in Figure 3(a) that plots
have non-linear characteristic and do not possess negative slope which ruled out
the presence of tunneling effect in PVDF/ZnO composites.

3.4. Poole-Frenkel (PF) Conduction
The current density J is generated because of the thermal excitation of trapped
electrons or holes by the applied field in Poole-Frenkel conduction [17] [18]. PF
conduction is also known as internal Schottky thermal emission or field-assisted
DOI: 10.4236/oalib.1105707
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(a)

(b)

Figure 3. (a) Fowler-Nordheim plots of PVDF/ZnO composite films at 40˚C;
and (b) Poole-Frenkel (PF) plots for PVDF/ZnO composite films at 40˚C.

thermal ionization. The bulk-limited electric transport emerges due to the emission of electrons/holes from trapping centers in the film samples due to the effects of temperature and electric field. The Poole-Frenkel field-depended conductivity is given by equation [15]:

σ log σ 0 +
=
log

β PF
2kT

F 1/ 2

(4)

where β PF F, k, T are the Poole-Frenkel coefficient, static electric field,
Boltzmann constant, and absolute temperature, respectively.
The linear nature of logσ vs F1/2 plots with positive slope indicates PF conduction. PF plot (Figure 3(b)) of PVDF/ZnO shows nonlinear nature for all composite films and neither positive slope nor negative which excludes the possibility of PF conduction in the PVDF/ZnO films. This may cause because of the
presence of space charges accumulated near the electrodes creating non-uniform
field distribution between the electrodes.

3.5. Schottky-Richardson Mechanism
The interaction of an electric field at a metal-polymer interface with the image
force reduces the potential barrier in Schottky type conduction mechanism. The
Schottky-Richardson model current-voltage relationship is expressed by the equation:
log=
J log AT 2 −

where β s =

q q 4πε r ε 0
kT

ϕ
kT

1

+ βs F 2 ,

(5)

; and F, A, T, ϕ k, q, ε r , ε 0 are an electric field,

effective Richardson constant, absolute temperature, Schottky barrier height,
Boltzmann constant, electronic charge, optical dielectric constant, and permittivity in vacuum, respectively.
Figure 4(a) represents the Schottky plot of investigated samples showing
nonlinearity with positive slopes. If the linear nature of logJ-V1/2 curve accompanies a positive slope, then the existence of Schottky-Richardson mechanism is
DOI: 10.4236/oalib.1105707
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confirmed. It is observed that the nature of the curve is linear and have a positive
slope at higher voltages. Space charges accumulated near the electrodes, producing non-uniformity of field distribution between electrodes, might be the
probable cause of the deviation. The linear curve at higher voltages indicates to
electronic-type conduction that may be caused by either Schottky emission mechanism or Poole-Frenkel mechanism [19]. Figure 4(b) shows the Richardson
line, log (J/T2) vs. 1000/T plot, which shows nearly linear lines with a negative
slope for all samples, showing the relevance of the Schottky-Richardson conduction.
Figure 5(a) shows the temperature dependency of the current density in
which LogJ is linearly increasing with temperature. Furthermore, the absence of
any thermodynamic transition in the selected temperature range is indicated by
sharp linearity at higher temperature region.
Figure 5(b) depicts the temperature dependence of dc conductivity of
PVDF/ZnO composite samples. It is observed that the dc conductivity of
PVDF/ZnO nanocomposite samples decreases with increasing the concentration
of ZnO and RGO nanoparticles. Our result corresponds with the Arrhenius relationship that expresses temperature dependence of dc conductivity and given by
following equation [19]:

(a)

(b)

Figure 4. (a) Schottky plots of PVDF/ZnO nanocomposite samples at 40˚C; (b)
Richardson plots of PVDF/ZnO nanocomposite films at the applied voltage of 5 V.

(a)

(b)

Figure 5. (a) Current density vs. temperature plot of PVDF/ZnO nanocomposite
films at the applied voltage of 5 volts; (b) temperature dependence of dc conductivity
of PVDF/ZnO composite films.
DOI: 10.4236/oalib.1105707
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 ∆E 
=
σ dc σ 0 exp  −

 kb T 

(6)

where ΔE, kb, σo represent the thermal activation energy, Boltzmann’s constant
(8.617 × 10−5 eV/K), and pre-exponential factor/maximum conductivity, respectively.
It is obvious that the slopes of PVDF/ZnO samples are negative with linear
plots. Activation energy for composite samples Z1 (9.10 wt%), Z3 (33.33 wt%),
and Z6 (33.33 wt% + RGO) was 1.41 eV, 1.04 eV, and 0.95 eV, respectively. One
can observe dc conductivity activation energies decreasing with increasing wt%
of ZnO and RGO.

4. Conclusion
PVDF/ZnO nanocomposite films have been fabricated via a solution casting
method. The fabricated films were characterized for their dc electronic conduction phenomena. DC transport investigation indicates the prominent
Schottky-Richardson mechanism at higher temperature region with SCLC conduction at high voltage region. Activation energy was found to be decreasing
with increasing concentration of ZnO and RGO.
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