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ABSTRACT: In this study, the dielectric properties and
alternating-current (ac) conductivity of Au/(PVA/Ni,Zn
acetates)/n-Si Schottky diodes (SDs) were determined by
the measurement impedance technique. Dielectric proper-
ties and electrical conductivity of Au/(PVA/NiZn ace-
tates)/n-Si SDs in the frequency range of 0.5 kHz to 10
MHz and voltage range of —2 to 5 V were investigated in
detail using experimental C-V and G-V measurements.
Experimental results show that the values of the dielectric
constant (¢'), dielectric loss (¢”), and tan 8 obtained from the
measured capacitance and conductance have been a strong
function of frequency and applied voltage, and the values of
¢’ have been unexpectedly found to be negative, especially

at high voltages. Other parameters of Au/(PVA/Ni,Zn ace-
tates)/n-Si SDs, such as ac electrical conductivity (c,), the
real part of electric modulus (M'), and the imaginary part of
electric modulus (M”) varied with changing frequency for
various voltages. The main propose of this study is to dis-
cuss the polymeric interfacial layer at metal and semiconduc-
tor affect and probe the dielectric properties of Au/(PVA/
Ni,Zn acetates)/n-Si SDs regarding the negative capacitance
as a function of frequency and voltage. © 2011 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 122: 265-272, 2011
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INTRODUCTION

Schottky contacts are important in the performance
of semiconductor devices for various electronic and
optoelectronic applications. Many researchers have
extensively investigated interfacial parameters, such
as the interface states and interfacial layer, because
these cause strong masking of the electrical charac-
teristics of the Schottky barrier diodes (SBDs).'® In
recent years, considerable attention was given the
fabrication and electrical characterization of organic
semiconductor devices such as Schottky diodes
(SDs), transistors, p-n junctions and solar cell.” 2
There are many reports of conjugated conducting
polymers in the field of electronics and optoelec-
tronics. Among the various conducting polymers,
poly(vinyl alcohol) (PVA), polyaniline, poly(alkyl-
thiophene)polypyrrole, polyophene, and poly(3-
hexylthiophene) became an attractive research topic
among chemists, physicists, and electrical engineers
alike, owing to their potential applications and inter-
esting properties.'®"?**7Y Investigating various
SDs fabricated with different interfacial layer, espe-
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cially a polymeric interfacial layer is important for
understanding of the electrical and dielectrical prop-
erties of Schottky contacts. For this reason, PVA film
was used in this study as an interfacial layer
between metal and semiconductor.

PVA is an interesting synthetic polymer because it
is water soluble and biocompatible, which are
mainly due to hydrogen bonds between hydroxyl
groups on the chain and water molecules or biomo-
lecules.’® The hydrogen bonding between hydroxyl
groups plays an important role in the properties of
PVA, such as its wide crystallinity range, and high
crystal modulus.** The important features of semi-
crystalline PVA are the presence of crystalline and
amorphous regions and its physical properties,
which result from the crystal-amorphous interfacial
effect.®® Many physicists and chemists have devoted
their efforts in studying and improving the electrical
properties of polymers doped with metal ions.>****
When a polymer is doped, the dopant can induce
modifications in the molecular structure and hence
the microstructural property of the polymer. In par-
ticular, the transition metal salts and nanoparticle-
doped polymers are considered to be a new class of
organic materials due to their considerable modifica-
tion on physical properties including microstruc-
tural, optical, electrical, and thermal properties.
These changes in physical properties, depends on
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the chemical nature of the dopant and the way in
which they interact with the host polymer.**

The incorporation of metal chlorides (CoCl,,
CuCl,, and FeCl;) into poly(vinyl chloride) (PVC)
and PVA produced intensity changes in infrared
absorption bands of the polymers and resulted in a
10°-fold increase in the electrical conductivity of the
films.**™* These effects resulted in a new, specific
metal-polymer interaction, for which a model based
on strong electrical coupling between the metal
atoms and polar C—Cl and C—OH bonds of PVC
and PVA, respectively, was presented.**?

The electrical characteristics of Shottky diodes are
generally related by its interface quality. The exis-
tence of such an interfacial layer can have a strong
influence on the diode characteristics. Investigating
various SDs fabricated with different interfacial
layer, especially a polymeric interfacial layer, is im-
portant for understanding of the electrical and
dielectrical properties of Schottky contacts. For this
reason, PVA film was used in this study as an inter-
facial layer between metal and semiconductor.

In this work, we prepared composites of PVA and
inorganic salts as interfacial layer, nickel and zinc
acetate, to investigate the effect of the inorganic salts
concentration on the dielectric constant (¢) values
and alternating-current (ac) conduction mechanisms
of PVA to improve the properties of PVA to make it
more applicable. Thus, PVA added with different
ratios of nickel and zinc was produced and PVA/
Ni,Zn acetates nanofiber film on silicon semiconduc-
tor was fabricated by the use of an electrospinning
technique. Electrospinning utilizes electrical force to
produce polymer fibers. This process consists of four
major components: A high-voltage power supply, a
spinneret, a syringe pump, and an electrically con-
ductive collector. The syringe pump is an important
component of the process, to achieve a constant and
adjustable feed-rate of the polymeric solution.® A
simple illustration of the electrospinning system is
given in Figure 1. This polymer was used the fabri-
cation of Au/(PVA/Ni,Zn acetates)/n-Si SDs as an
interfacial layer in this study.

In our previous work, the electrical and dielectric
properties of Au/(PVA/Ni,Zn acetates)/n-Si SDs
were studied in the temperature range of 80-
400 K.** The main aim of this study, however, is to
probe the dielectric properties of Au/(PVA/Ni,Zn
acetates)/n-Si SDs regarding the negative capaci-
tance (NC) as a function of frequency and voltage.

EXPERIMENTAL

In this work, 350-um thick n-type (phosphor doped)
Si wafer with (111) orientation and 0.7 Q-cm resistiv-
ity was used as substrate. Before producing contacts,
the Si wafer was first cleaned in a mixture of a per-
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Figure 1 Schematic representation of the electrospinning
process. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

oxide-ammoniac solution for 10 min, then in H,O +
HCI solution and was then rinsed in deionized
water for 15 min using an ultrasonic bath. After
surface cleaning, high-purity Al with a thickness of
~ 2000 A was thermally evaporated onto whole
back side of the Si wafer at a pressure ~ 10~® Torr
in a high-vacuum system. The ohmic contacts were
formed by annealing them for a few minutes at
450°C.

A total of 0.5 g of nickel acetate and 0.25 g of zinc
acetate were mixed with 1 g of PVA (molecular
weight = 72,000) and 9 mL of deionized water. After
vigorous stirring for 2 h at 50°C, a viscous solution
of PVA/Ni,Zn acetates was obtained. Using a peri-
staltic syringe pump, the precursor solution was
delivered to a metal needle syringe (10 mL) with an
inner diameter of 0.9 mm at a constant flow rate of
0.02 mL/h. The needle was connected to a high-volt-
age power supply and positioned vertically on a
clamp. A piece of flat aluminum foil was placed
15 cm below the tip of the needle to collect the nano-
fibers. The Si wafer was placed on the aluminum
foil. Upon applying a high voltage of 20 kV to the
needle, a fluid jet was ejected from the tip. The sol-
vent evaporated and a charged fiber was deposited
onto the Si wafer as a nonwoven mat. After spin-
ning, the Schottky/rectifier contacts were coated
by evaporation with Au dots with a diameter of
~ 1.0 mm (diode area = 7.85 x 10> cm?).

Before fabricating the rectifying contact, the film
of electrospun PVA composite fibers added with dif-
ferent ratios of nickel and zinc, which was deposited
onto the Si wafer, was examined using a scanning
electron microscope (SEM). The scanning electron
microscopy measurements were recorded on a
Quanto 400 FEI MK-2 microscope. The chemical
compositions were recorded by energy dispersive
spectroscopy (EDS). Figure 2 shows the peaks
belonging to elements detected by EDS analysis. C,
O, Ni, and Zi peaks arise from PVA and dopants.
The thermal properties of the electrospun nanofibers
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Figure 2 EDS spectrum of the (PVA/Ni,Zn) nanofibers.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

were elucidated by the use of Schimadzu DSC-60
differential scanning calorimetry (DSC) instrument.
The sample was first heated to 200°C under nitrogen
atmosphere and cooled down to room temperature.
The sample was then heated up to 500°C at a rate of
10°C/min. The results are given in Figure 3. As seen
from Figure 3, the melting and glass transition tem-
peratures of (PVA/Ni,Zn acetates) nanofibers are
197 and 240°C, respectively, and the thermal degra-
dation starts at 422°C.

The capacitance-voltage—frequency (C-V—f) and
conductance-voltage—frequency (G/w-V—-f) character-
istics of the diodes were measured in the frequency
range of 5 kHz to 10 MHz by using HP 4192 A LF
impedance analyzer (5 Hz to 13 MHz) and the test
signal of 40 mV,ns. All measurements were carried
out at room temperature.

RESULTS AND DISCUSSION

The frequency dependence of dielectric constant ('),
dielectric loss (¢"), loss tangent (tan §), and ac electri-
cal conductivity (c,) were evaluated from the
knowledge of capacitance (C) and conductance (G/
w) for Au/(PVA/Ni,Zn acetates)/n-Si SDs in the fre-
quency range of 0.5 kHz to 10 MHz. The values of
¢/, ¢, tan §, and o, of the samples were determined
from following expressions, respectively.**>!

where the quantities of d, gy, and ® (= 2nf) are the
thickness of the polymer, permittivity of free space,
and A the area of the upper electrode, respectively.

The terms complex electric modulus (M*) formal-
isms with regard to the analysis of the dielectric or
polymer materials have so far been discussed by
several authors, most of whom have preferred elec-
tric modulus in defining the dielectric propertgx and
conduction mechanism of these materials.”>>® The
values of real (M') and imaginary parts (M") of M*
of the samples were also determined from following
expressions, respectively.”>>*

1 , . " 8/ . 8//
M :;:M +]M :8l2+8//2+]8/2+8//2 (5)

The real component M’ and the imaginary compo-
nent M" are calculated from ¢’ and ¢&”".

Figure 4 shows the voltage dependence of the real
part of dielectric constant (¢/) of the Au/(PVA/
Ni,Zn acetates)/n-Si SD at various frequencies. It is
noticed that the values of ¢ decrease with increasing
frequency and tend to become negative. The
decrease in & with increasing frequency may be
attributed to the polarization decreasing with
increasing frequency. The negative value of dielec-
tric constant was observed due to the NC in forward
bias.

The NC phenomenon in various devices, such as
inorganic SDs, inorganic homojunction photodetec-
tors has been reported greviously, while its origin is
still under debate.®*® Several suggestions have
been proposed for the exact reason of NC. For
instance, Wu et al.>* ascribed excess negative and
positive capacitances at abrupt SDs to interface
charges and a “waterfall” of electrons “falling off the
Schottky barrier cliff”. They pointed out that such
strange admittances were not related to interface
charge at the front Schottky contact but to defective
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Figure 3 DSC curve of the (PVA/Ni,Zn) nanofibers.
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Figure 4 The variations of the dielectric constant versus
applied voltage for various frequencies of Au/(PVA/
Ni,Zn)/n-Si structure at room temperature. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

back contacts. But, Werner et al.>®> had a strong dis-

agreement with the interpretation of Wu et al. They
attributed to the capacitance and inductance to ex-
cessive minority-carrier extraction at defective back
contacts. Jones et al.”’ claim that the observed NC
mechanism stems from the relaxation-like nature of
the material. According to Jones et al.”” relaxation-
like material is responsible from NC due to injection
of holes which recombine easily with the electron
free carriers of the dipole near the junction and
hence decrease the charge dipole. This mentioned
process produces a large NC effect because the
recombination process is strong and the charges
involved are so close to the contact charges. Champ-
ness and Clark® claim that the NC arise from the
inductive behavior of materials. According to them,
the NC caused by the injection of minority carriers
can be observed only at forward applied bias
voltage.

Also, NC has been previously observed and mod-
eled the existence of NC in organic polymers,
organic light emitting devices, and more.®*”" Mart-
ens et al.”? were able to explain satisfactorily the
observed NC effect as caused by a distribution of
relaxation times under different bias conditions.
Their model was based on space charge transport
and Poisson equation using frequency dependent
carrier mobility. In another work,®® the authors
reported NC effect in OC;Cyo-PPV polymers where
both electrons and holes were assumed to be pres-
ent. Equivalent circuit models were used to explain

Journal of Applied Polymer Science DOI 10.1002/app
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the results in different bias regimes. Kwok® has
examined the capacitance effect in organic polymers
using the Drude model. His results suggested that it
was possible to account for the capacitance effect in
organic polymers using the Drude model provided
he makes adjustment for dispersion of the carriers.
This was modeled using a complex mobility para-
meter. He compared the simulation results of his
model with data reported in the literature.”> He was
able to extract values of the carrier densities and the
carrier mobilities and these values are in general
agreement with those reported in the open literature.
On the other hand, the detail of the NC and dielec-
tric constant at the reverse bias requires further
research.

The dispersion in ¢ with frequency can be
explained by Maxwell-Wagner type interfacial
polarization, i.e., the fact that inhomogeneities give
rise to a frequency dependence of the conductivity
because charge carriers accumulate at the bounda-
ries of less conductive regions, thereby creating
interfacial polarization.”® Figures 5 and 6 show the
voltage dependence of dielectric loss (¢”) and the
loss tangent (tan &) of the Au/(PVA/NiZn ace-
tates)/n-Si SD at various frequencies. As can be seen
in these figures, the values of &’ and tan & are
strongly dependent on both frequency and applied
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Figure 5 The variations of dielectric loss versus applied
voltage for various frequencies of Au/(PVA/Ni,Zn)/n-Si
structure at room temperature. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 6 The variations of tangent loss versus applied
voltage for various frequencies of Au/(PVA/Ni,Zn)/n-Si
structure at room temperature. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

bias voltage. The -V, ¢’-V, and tan 8-V characteris-
tics have a peak, especially at low frequency. The
peak value of the ¢ and ¢” stem from measurements
of capacitance and conductance values, respectively.
Therefore, the peak behavior of the ¢, ¢”, and tan
can depend on a number of parameters, such as
doping concentration, interface state of diode, and
the thickness of the interfacial insulator layer.” It is
well known that capacitance and conductance are
extremely sensitive to the interface properties, due
to the fact that the interface states respond differ-
ently to low and high frequencies.>® Similar results
have been reported in the literature®®*° and
ascribed such a peak only to interface states.

The frequency dependence of ¢, &”, and tan o of
Au/(PVA/Ni,Zn acetates)/n-Si SD at different volt-
age are presented in Figure 7(a—c), respectively. The
values of ¢, ¢’ and tan § obtained from the mea-
sured capacitance and conductance were a strong
function of applied voltage, especially at low fre-
quencies. As shown in Figure 7(a), the values of ¢
show a steep decrease with increasing frequency at
low voltages. However, the -V characteristics show
a peak at high voltages. The values of &” decrease
with increasing frequency at low frequencies. Also,
it is clearly seen in Figure 7 that the values of ¢, €”,
and tan 6 of Au/(PVA/Ni,Zn acetates)/n-Si SD are
almost independent of voltage at high frequencies.
In principle, at low frequencies, dipolar and inter-
facial or surface polarization contribute to the values
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Figure 7 Frequency dependence of the (a) €, (b) €’, and

(c) tan & for various applied voltage of Au/(PVA/Ni,Zn)/
n-Si structure at room temperature.
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Figure 8 Frequency dependence of ac electrical conduc-
tivity (o, for various applied voltage of Au/(PVA/
Ni,Zn)/n-Si structure at room temperature.

The behavior of o,. of the Au/(PVA/Ni,Zn ace-
tates)/n-Si SD at various voltages is presented in
Figure 8. It was noted that the electrical conductivity
generally increases with increasing frequency, espe-
cially at high frequencies up to ~ 100 kHz. This elec-
trical conductivity contributes only to the dielectric
loss, which becomes infinite at zero frequency, and
is not important at high frequencies. As the fre-
quency increases, electrical conductivity increases
because the polarization decreases with increasing
frequency. The increase of electrical conductivity
leads to an increase in the eddy current which, in
turn, increases the energy loss tan §. This result cor-
responds with the decreasing value of &’ with
increasing frequency.

Moreover, the negative value of the dielectric con-
stant may be caused by the injection of charge
carriers due to the structure of PVA added Ni, Zn
nanofiber film at the interface, but the detailed phys-
ical mechanisms of injection are not well understood
at present. To further investigate this polymeric
interface film, the morphology of the PVA composite
electrospun fibers added with Ni and Zn were deter-
mined by using SEM.

Figure 9(a,b) shows the SEM images of PVA/
Ni,Zn acetates nanofibers. It can be seen that nano-
fibers are different diameters. The fibers can be seen
to be elongated and straight, with relatively homoge-
neous diameters, ranging from 150 to 900 nm. When
the amount of Zn acetate in PVA solutions was
increased, the conductivity of the polymer was
observed to decrease, as given in Table 1 of Ref. 43.

Figure 10(a,b) shows the variation of the real part
of electric modulus, M/, and the imaginary part, M",
of Au/(PVA/Ni,Zn acetates)/n-Si SD as a function
of frequency at various bias voltages at room tem-
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perature. It is evident from Figure 10 that M’ reaches
a maximum value at higher frequency, correspond-
ing to M., = 1/&. due to the relaxation process. At
low frequencies, the values of M’ tend to approach
zero, confirming the removal of electrode polariza-
tion. The M” of electric modulus M* versus f have a
peak for each voltage [Fig. 10(b)] at certain fre-
quency regions. Generally, M" increases with
increasing frequencies. Similar results have been
reported in the literature.***®

Figure 11 shows the M" versus M’ plots for vari-
ous applied bias voltages. As can be seen in this fig-
ure, each M” versus M’ plot gives a peak at low fre-
quency (about ~ 3 kHz). The peak value increases
with increasing bias voltage. The semicircles in the

| WD |spot|——— 20 ym
1.9 mm| 4.5

MTA-Min. Pet. Aras. Koord

Figure 9 (a) SEM picture of PVA/Ni,Zn nanofibers and
(b) magnification of the SEM of PVA/Ni,Zn nanofibers.
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Cole-Cole diagram of electric modulus arise from
the relaxation processes especially at low frequen-
cies. The interfacial polarization is more sensitive in
the low frequency and may even extend to few kilo-
hertz ranges and it occurs when mobile charge car-
riers are impeded by a physical barrier that inhibits
charge migration.

CONCLUSIONS

This study analyzed the dielectric characteristics of
Au/(PVA/Ni,Zn acetates)/n-Si SDs. The experimen-
tal results show that, while the values of dielectric
constant (&) decrease with increasing frequency,

especially at low voltage, the ac electrical conductiv-
ity increases with increasing frequency due to the
fact that the polarization is decreasing with increas-
ing frequency. It is conceivable that the & value
decreases with decreasing polarization and more
carriers are introduced in the structure. These results
can be attributed to an increase in the eddy current
caused by additional charge carriers, due to the ori-
gin of the structure of PVA added Ni, Zn nanofiber
film at interface. The real part of electric modulus
(M) and the imaginary part of electric modulus
(M") increase with increasing frequency. These
behaviors are related to the polarization decreasing
with increasing frequency in the PVA/Ni,Zn inter-
face. It is concluded that the dielectric properties of
PVA/NiZn acetates polymeric layer in Au/(PVA/
Ni,Zn acetates)/n-Si SD are strongly dependent on
both the frequency and applied bias voltage. The
attractive side of our experimental results is that the
observed negative values of ¢ correspond to the
maximum of the device conductance. The capaci-
tance should always be positive in the frequency do-
main. On the contrary, if at some time the current
increases, then the capacitance could be negative in
a certain range of frequencies. A current that
increases in time after application of a voltage step
has been ascribed to several phenomena, including
two carrier space charge limited currents, modifica-
tion of traps population, injection through intermedi-
ate surface states, and modification of electronic bar-
rier heights at grain boundaries (polycrystalline
materials) or at the junction of diode. Therefore, it is
proposed that NC is due to a decrease in the

0.7

——1V W2V —A—3V —6—4V —¥—5V

0.6 F

NI"

Figure 11 Cole-Cole plots Au/(PVA/Ni,Zn)/n-Si struc-
ture at room temperature.
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Schottky barrier width at the metal-dielectric
interface.”!
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