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Abstract. Three different thicknesses (50, 150 and 500 nm) Zn-doped polyvinyl alcohol (PVA) was deposited on n-4H-
SiC wafer as interlayer by electrospinning method and so, Au/(Zn-doped PVA)/n-4H-SiC metal-polymer—semiconductor
structures were fabricated. The thickness effect of Zn-doped PVA on the dielectric constant (&), dielectric loss (&), loss-
tangent (tan §), real and imaginary parts of electric modulus (M’ and M") and ac electrical conductivity (o,c) of them were
analysed and compared using experimental capacitance (C) and conductance (G/w) data in the frequency range of 1-500
kHz at room temperature. According to these results, the values of ¢’ and &¢” decrease with increasing frequency almost
exponentially, o, increases especially, at high frequencies. The M’ and M” values were obtained from the ¢’ and ¢” data
and the M" and M" vs. f plots were drawn for these structures. While the values of ¢/, ¢” and tan § increase with increasing
interlayer thickness, the values of M’ and M"” decrease with increasing interlayer thickness. The double logarithmic oyc vs. f
plots for each structure have two distinct linear regimes with different slopes, which correspond to low and high frequencies,
respectively, and it is prominent that there exist two different conduction mechanisms. Obtained results were found as a
strong function of frequency and interlayer thickness.
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1. Introduction

In recent years, many researchers have focused on the
development or improvement in the metal-semiconductor
(MS) structure by using high dielectric interfacial layer (i.e.,
BaTiOs, TiO,, GO-doped PrBaCoO nanoceramic, Bi;O3-
doped PVA, graphene cobalt-doped Caz;CosGag g1 Oy, Bis
Ti4O1, (BTO) and SrTiO; (STO)) [1-7]. The fundamental
requirements for the materials are high dielectric constant,
easy production and low-cost. Usually, for this aim, metal-
doped polymers were examined as potential materials for
replacing the conventional SiO, due to their some excellent
features such as low-cost, simple fabrication and flexibility
[3,8-12]. The high-dielectric interlayer can be used as an
alternative to the conventional SiO, to decrease the serial
resistance of the structure interface state (Ng) and increase
of C. The use of high-dielectric interlayer can significantly
increase the value of C and hence, can be more storage charges
or energy [3,9]. In addition, the use of such high-dielectric
interlayer can not only have the inter-diffusion between M and
S but also acts a passivation effect. The quality, homogene-
ity, thickness and the dielectric constant value of interlayer

are also more important factors that affect the electrical and
dielectric behaviours of these structures [13—15]. The pres-
ence of high dielectric interlayer prevents diffusion of charges
at M/S interface and reduces the electric field relaxation in
such structures.

There are various polymers such as polyaniline, polythio-
phene, P2ClAn and PVA [15-20]. Among them, PVA has
attraction and attention due to its high dielectric strength, good
charge storage capacity and excellent durability [14,21,22].
Generally, the electrical conductivities of pure polymers are
poor, but their conductivity can be enhanced by doping with
some metals (i.e., Co, Ni, Zn and Bi) [4,8-12]. Doping the
polymers with suitable materials improves the charge-carrier
transport ability in the host structure. On the other hand, dop-
ing the polymers may lead to a new application with the
additional benefits offered by polymers in terms of mechani-
cal properties [22].

The impedance spectroscopy method (capacitance—voltage
(C-V) and conductance—voltage (G/w—-V)) measurements in
wide range of frequencies and bias voltages can be supplied
more and more information on the electric and dielectric
characteristics of the metal/insulator or oxide/semiconductor
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(MIS/MOS) and metal-polymer—semiconductor (MPS) type
structures. Inideal case, C—V and G /w—V behaviours of these
structures are independent of frequency [23]. This case, in
practice, is very different particularly, at low frequency owing
to the existence of Ny localized at interlayer/semiconductor
interface. Therefore, the investigations of the frequency-
dependence dielectric parameters are very important espe-
cially, at wide range of frequencies. On the other hand, the
oriental or dipole and interfacial polarization contribute to the
&', ¢’ and o, values at low frequencies (f < 1 MHz). Unlike
low frequencies, the value of &’ becomes closer to the value of
¢’ athigh frequencies and the Ny cannot follow the alternating
signal at high frequencies (f > 1 MHz) [22,24,25].

To have a better understanding of the impact of frequency
and interlayer thickness effect on &', ¢”, tan 8§, M’, M"” and
0, of Au/n-4H-SiC structures with three different interlayer
thicknesses (50, 150 and 500 nm) are fabricated and these
parameters were investigated in the wide range of frequencies
(1-500 kHz) at room temperature. Experimental results show
that the use of Zn-doped PVA with 500 nm thickness leads to
significant increase in the value of &’ (> 2000) and so can be
more storage charges or energy compared to insulators such as
Si0,, SnO,, Si3Ny even at TiO,. In addition, all experimental
results show that &', ¢”, tan §, M’, M" and o, of Au/n-4H-
SiC structures are considerably dependent on frequency and
interfacial/interlayer thickness.

2. Experimental

In this work, the Au/(Zn-doped PVA)/n-4H-SiC (MPS) struc-
tures with three different interfacial layer thicknesses were
prepared on n-type 4H-SiC wafers with a (100) orientation,
7.07 x 10" cm™3 doping concentration and 250 pm thick-
ness. To obtain a clean surface, before fabrication, chemical
cleaning procedures were performed in the ultrasonic bath
with 40 kHz frequency. After each cleaning step, wafers with
18 M resistivity were rinsed in deionized (DI) water for
about 10 min. In the first step, the n-4H-SiC wafers were
ultrasonically cleaned in trichloroethylene and ethanol for ~5
min and then rinsed in DI water for 10 min. In the second
step, they were ultrasonically polished in aqua regia (CP4)
for 30 s and then rinsed with propylene glycol. Then, these
wafers were polished in H,SO4, H,O, and 20% HF solutions,
and dried again in DI water. To prevent native oxidation, 4H-
SiC wafers dried with dry nitrogen (N,) gas. After cleaning
processes, wafers were inserted into the deposition chamber.
Then, the high pure (99.999%) gold (Au) with thickness of
150 nm was thermally evaporated onto the back side of the
n-4H-SiC wafers in high-vacuum metal evaporation system
at 1.33 x 1077 kPa. To perform good/low resistivity ohmic
back contact, these structures were annealed at 500°C for
5 min in flowing dry N, atmosphere.

To form MPS structures, the prepared PVA (Zn nanoparticle-
doped) solution was grown on the front of 4H-SiC wafers
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using the electrospinning method as interfacial layer.
Thickness values of deposited PVA interfacial layers were
measured with VeccoDektak 6 M thickness profilometer.
Obtained values were recorded as 50, 150 and 500 nm, and
the structures corresponding to these interfacial layer thick-
ness values will be called as MPS-50 nm, MPS-150 nm and
MPS-500 nm, respectively. After the deposition of PVA inter-
facial layers, the Schottky or rectifier contacts were formed
thermally evaporating Au as dots (through a metal shadow
mask) with determined dimension (a diameter of ~10 nm
and thickness of 150 nm) onto front surface of the PVA/n-
4H-SiC/Au (structure area = 3.14 x 1072 cm?). Thus, the
Au/(Zn-doped PVA)/n-4H-SiC (MPS) structures were pre-
pared. Both the prepared (Zn-doped PVA) and the schematic
diagram of the Au/(Zn-doped PVA)/n-4H-SiC (MPS) struc-
ture are shown in figure la and b, respectively. The surface
images of the prepared Zn-doped PVA layer on the n-4H-
SiC were taken by a JEOL JSM-6060LV scanning electron
microscope (SEM). As shown in figure 1a, SEM observations
give microscopic information about the surface structure of
Zn-PVA material and revealing the nonwoven and intercon-
nected structure of the nanofibres. Spinning of the Zn-PVA
solutions resulted in uniform fibres with a broad distribution
of the fibre diameter. Electrospun architecture seems as non-
porous smooth polymer nanofibre. It is clear that the Zn-PVA
film was successfully deposited on the n-4H-SiC surface by
electrospinning method.

To perform the impedance measurements, the fabricated
Au/n-4H-SiC (MPS) structures with three different interlayer
thicknesses of Zn-doped PVA were mounted on a copper
holder with the help of silver dag and the electrical contacts
were made to the upper electrodes by the use of tiny silver-
coated wires with silver paste. Thus, at room temperature,
to perform capacitance—voltage—frequency (C-V-f) and
conductance—voltage—frequency (G /w—V-f), measurements
of prepared structures have used HP4192A LF impedance
analyzer (5 Hz—13 MHz) and a microcomputer through an
IEEE-488 AC/DC converter card. All the measurements were
performed in the frequency range of 1-500 kHz and the dc
bias voltage was swept from —6 V to +6 V by 50 mV steps.

3. Results and discussion

The €', &”, tan §, o,c, M’ and M" parameters were calculated
using C and Gdata for Au/(Zn-doped PVA)/n-4H-SiC (MPS)
structures by using the following expressions [7,22,26-31]:

C Cd
g=—= , (la)
Co €A
y G Gd
& = — , (1b)
wCy WA
"
tand = —, (Ic)
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Figure 1. (a) SEM image of Zn-doped PVA polymeric interfacial layer and (b) schematic diagram of the

Au/(Zn-doped PVA)/n-4H-SiC (MPS) structure.
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Here, ¢,, @, A, d are respectively, the permittivity of free space
(= 8.85 x 107" Fem™"), the angular frequency (= 27f),
the rectifier or Schottky contact area and the interfacial layer
thickness [3,26]. The frequency dependence of some dielec-
tric parameters (i.e., &', ¢” and tan §) for 6 V were obtained
using equation (1a—c) for Au/n-4H-SiC (MPS) structures with
three different (50, 150 and 500 nm) thickness interfacial
(Zn-dopped PVA) layers. Figure 2a—c exhibit the values of
these parameters as function of frequency measured in the
range from 1 to 500 kHz with an ac oscillation voltage (V)
of 40 mV. In figure 2, the values of these parameters for
each structure decrease with increasing frequency almost as
exponentially. On the other hand, these values increase with
increasing interfacial layer thickness, but these values become
almost independent of thickness at high frequencies. The
value of ¢ for MPS with 500 nm interlayer thickness was
found at about 2120 even at 1 kHz, which is 558 times greater

than the dielectric value of SiO, and 42 times greater than
the dielectric value of TiO,. These results show that the use
of Zn-doped PVA interlayer with enough thickness (500 nm),
not only increases the capacitance, but also increases charges
or energy storage compared to the traditional insulator/oxide
(i.e., SiO; or SnO;). Namely, to get an ultra-high capacitor,
the high dielectric interlayer can be used. Hence, to increase
the capacitance, one has to increase ¢’ and decrease the thick-
ness of interlayer; however, value of the thickness of interlayer
is largely determined by the working voltage and cannot be
tampered [32].

When the thickness of interlayer is higher than a few hun-
dreds, metal/semiconductor structures act as a MIS or MPS
type capacitors rather than diode. Capacitors are fundamental
electric circuit elements that store electric charges or electrical
energy. To increase the capacitance (C = &'e,A/d = &'C,),
the decrease of d and the increase of ¢’ or A are required.
Here, C, is the value of the empty capacitor. On the other
hand, the magnitude of dielectric constant especially at low
frequencies is dependent on the existence of surface states
and space-charge polarization [25]. Therefore, high values of
¢’ and ¢’ for high d is the result of the low value of C,. The
interfacial insulator/polymer materials can be easily polarized
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Figure 2. (a—c)Frequency dependence of ¢’, ¢” and tan § for Au/n-4H-SiC (MPS) structures with three different thickness
(50, 150, 500 nm) interfacial (Zn-doped PVA) layers at room temperature.

under an external electric field that displaces the charges from
their equilibrium position or traps. Namely, the charges or
dipoles can be restructured and reordering under electric field
depends on their relaxation times. There are many kinds of
surface states or traps with different lifetimes and at low
frequencies, these states affected by the applied signal, are
able to give up and accept charges in response to this signal.
Recently, research study on the modification of the conven-
tional MOS capacitors to increase the specific capacitance is
also in progress [32]. In addition, in figure 2a—c, the values
of ¢/, ¢” and tan § are dependent on frequency and interfa-
cial layer thickness and these values decrease not only with
increasing frequency, but also with increasing interfacial layer
thickness between M and S. Here, the thickness of interfacial
layer and its homogeneity are more effective on the impedance
measurements. However, the values of these parameters are
also dependent on the applied bias voltage, but the real values

are corresponding to the strong accumulation region of C—V
and G/w—V characteristics [25,26]. The strong accumulation
region is corresponding to the 6 V for our structures.

The M’ and M"” values were obtained from equation (3) and
are presented in figure 3a and b, respectively. In figure 3, both
the values of M’ and M” increase with increasing frequency,
whereas decrease with increasing the thickness of interfacial
layer. The value of M’ reaches a maximum value for three
different thicknesses of interfacial layer at high frequency,
which are corresponding to the M, = 1/e,, owing to relax-
ation process. Additionally, the values of M’ approach almost
zero, confirming that the elimination of electronic polarization
took place [25,26,33]. Such behaviour of M’ with frequency
can be ascribed to the conduction phenomena because of the
short range mobility of charge carriers localized at interfacial
layer/s in the forbidden band gap. The changes in &', ¢” and
tan § values are the result of a special distribution of surface
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Figure 3. Frequency dependence of M’, M" vs. f plots of the Au/n-4H-SiC (MPS) structures with three different thickness (50, 150,

500 nm) interfacial (Zn-doped PVA) layers at room temperature.

states and their relation time, surface-dipole polarization, used
interlayer thickness at M/S interface and its homogeneities.

The values of o, for Au/(Zn-doped PVA)/n-4H-SiC (MPS)
structures were calculated from equation (2) and the double
logarithmic o, vs. f plots were given in figure 4. As shown
in figure 4, these plots have two distinct linear regions with
different slopes, which are corresponding to low and high
frequencies. This situation is an evidence to the existence of
two different conduction mechanisms in these structures. The
electric response of the low conductivity materials is usually
given as follows [34-36]:

o (w) =0 (0) + Ao’ “4)

where o(0) is the frequency-independent dc (or low-frequ-
ency) conductivity, A and s are fitting parameters. The
frequency-dependent conductivity can also be obtained from
the following equation [35]:

o () =0 (0) + A0’ + Ay0'?. ®)

Here, the first ac term dominates at low frequencies (we denote
the region as i), corresponding to translational hopping motion
(0 < s1 < 1). The second ac term dominates at high fre-
quencies (we denote the region as ii), and corresponds to
well-localized hopping and/or reorientational motion (1 <
§2 < 2). The values of s1 were determined from the slope
of In(oy.) vs. In f linear region as 0.059, 0.051 and 0.039 at
region i and 0.613, 0.597 and 0.499 at region ii, for MPS-50
nm, MPS-150 nm and MPS-500 nm, respectively. These val-
ues show the existence of hopping mechanisms (0 < s1 < 1).
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Figure 4. Frequency dependence of In oy vs. f plots of the Au/n-
SiC (MPS) structures with three different thickness (50, 150, 500
nm) interfacial (Zn-doped PVA) layer at room temperature.

4. Conclusions

The Au/n-4H-SiC (MPS) structures with three different thick-
nesses (50, 150 and 500 nm) interfacial (Zn-dopped PVA)
layers were fabricated. Both the frequency (1-500 kHz) and
interlayer thickness dependences of ¢, &”, M', M" and o,
of these fabricated samples were investigated in detail by
using impedance spectroscopy method and compared at room
temperature. Obtained parameters depend on frequency and
interfacial layer thickness, particularly at low frequencies and
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accumulation region. The values of &', ¢” and tan § decrease
not only with increasing frequency, but also with increasing
interfacial layer thickness between M and S. The values of
M', M" and o, increase with increasing frequency. In addi-
tion, the dispersion in the dielectric properties can attribute to
particular density distribution of the Ny-localized PVA/n-4H-
SiC interface as well as space-charge carriers and thickness of
the interfacial polymer layer. The o, vs. f plot for each struc-
ture has two distinct linear regions with different slopes, which
are corresponding to low and high frequencies. This situation
can be explained by the existence of two different conduction
mechanisms in these structures. In conclusion, all these results
indicated that the dipole and interfacial polarizations can be
occurred at low and intermediate frequencies and additional
carrier charges at surface states or interface traps can easily
follow the applied ac signal and yield an excess of C and G.
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