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ABSTRACT

The Z-V measurements were performed in wide-range voltage (+ 6 V), and then
the real/imaginary parts of €* (¢/, ¢"), M* (M, M"), Z* (Z', Z"), tand, and ¢, values
of the Al/p-Si structure with pure polyvinyl alcohol (PVA) (D1), 3% (D2), and
5% (D3) graphene-doped PVA interfacial-layer were calculated at four frequen-
cies (1, 10, 100, and 1000 kHz). When the frequency in D2 and D3 structures
was increased from 1 kHz to 1 MHz, the dielectric constant value changed from
32.47 to 5.12 and from 26.26 to 1.00, respectively. They have a strong frequency
dependence due to the presence of interface traps (N;,), polarization types, and
organic interlayers at low frequencies. The observed anomalous peak in the ¢’and
¢" versus voltage curves in the depletion zone is the result of re-structure/re-
ordering molecules in these traps under voltage/electric-field, and N;, measured
frequency (f=1/T). As a result, the &' and ¢” will be given an excess value to their
real-value at lower frequencies. Because N;, and dipoles do not have enough time
to spin themselves in the direction of the electric field and follow the ac signal at
high frequencies, they cannot contribute the true value of them. In general, series
resistance (R,) and the interfacial layer are effective in the accumulation zone,
while N, is effective in the depletion region. These findings demonstrate that pure
and (Gr:PVA) polymer-films at the M/S interface can be employed successfully in
place of standard oxide materials. According to the comparison of dielectric con-
stants, electrical modulus, impedance, and ac conductivity of all three structures
at 100 kHz and 1 MHz frequencies, 3% Gr doping to PVA increases interfacial
characteristics.
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1 Introduction

In general, the fundamental technological and sci-
entific challenge in producing metal interlayer-sem-
iconductor (MIS) type electronic devices is to reduce
leakage current Nit, Rs while still providing a high
charging or energy storage capacity. Instead of stand-
ard developed oxide materials like 5102 and SnO2,
various high-value dielectric interlayers are used at
the interface for this purpose. The goal is to improve
device performance while decreasing expenses [1-4].
. The conduction/transport-mechanisms (CMs) are
influenced by factors such as the grown processes, the
function of BH and an interlayer at the metal-semicon-
ductor interface, their homogeneities, Nit (located at
the semiconductor/interlayer interface), Rs, doping-
level of donor/acceptor atoms, frequency, electric field
or voltage (E = V/d), and so on [5-10]. At low/interme-
diate frequencies and voltages, contributions from
two or more variables may predominate [11-15]. The
employment of such interlayers at the M/S interface,
N, barrier homogeneity, and R, results in a significant
deviation from the ideal scenario [1-7].

Interlayer between M and S enhances capacitor
characteristics as well. As a result, it has higher energy
storage and easier polarization qualities when sub-
jected to an external force. To increase the quality of
these structures, polymer-interlayer and composites
have lately been utilized instead of oxides. Because of
their large surface area/volume ratio, low cost/weight,
mechanical strength, and energy storage qualities.
They can also be obtained using simple processes like
as sol-gel, electrospinning, and solid-liquid phase
separation [16-20]. .

However, using a high-dielectric metal doped
polymer as an interlayer may also limit diffusion
and reaction at the M/S interface, deactivating many
(N;;), and therefore improving the electric/dielectric
properties of MIS type structures. The presence of N;,
is typically caused by an interruption of the periodic-
lattice structure on the surface of the semiconduc-
tor, surface/cleaning processes of the semiconductor,
some formed contaminations on the surface of the
semiconductor during surface preparations in the
laboratory environment, and unsaturated many dan-
gling bounds [1-3]. As a result, frequency dependent
electric/dielectric qualities are related to the char-
acteristic N;, relaxation-time or angular-frequency
(w=2nf=2n/T). Electrons can become trapped in
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these N;, and behave as positive/negative charges
at the interface [1, 2, 16, 21]. Frequency and electric
field have a significant impact on electric/dielectric
characteristics, electric modulus, and conductivity.
As the frequency rises, so do the polarization and N,
effects. In other words, when frequency increases,
the values of C and G, as well as ¢’ and ¢" decrease.

The PVA utilized in this work is semi-crystalline,
easily soluble in alcohol and water, non-toxic, has
better dielectric strength and energy storage capac-
ity values, and is easy to establish hydrogen bonds
[22-24]. A single layer of carbon atoms with a 2D
hexagonal shape is used to dope graphene into
PVA. Because of their great mechanical flexibility,
high thermal conductivity, high carrier mobility, and
high specific surface area, graphene or graphene-
oxide (GO) based polymer-nanocomposites play an
important role in semiconductor technology [25-28].
It is also more vital to determine the ideal one rate of
doping level into polymers in order to improve the
dielectric/electric properties of MPS type structures.
Although SiO, is stable and has a long life, it can-
not prevent leakage currents or deactivate/passivate
unsaturated chemical bonds. When compared to
typical MS and MIS type structures with an insula-
tor/oxide layer developed traditional methods, MPS
have become very popular because to their low cost/
weight, high surface area, high mechanical strength,
flexibility, charge storage capacity, and easy grown
methods [19-24]. Furthermore, the use of metal or
metal-oxide doped high dielectric polymer interlay-
ers might obstruct the reaction between metal and
semiconductor, deactivating numerous undesirable
interface traps (N;,), and so improving MS structure
performance.

In light of the foregoing considerations, we set out
to study ¢* (= ¢' - je"), M* (=M'+jM"), 0,, and Z*
(=2'+jZ") of the D1, D2, and D3 samples at four
distinct frequencies (1,10,100, and 1000 kHz). Both
C/V and (G/)/V measurements were performed at
room temperature in a wide voltage range of +6 V.
The best one rate of graphene into PVA is %3, and all
parameters were found to be a function of frequency
in the depletion and accumulation zones due to the
impacts of Nit and R, respectively. In other words,
while Nit and polarization are more effective in the
depletion zone, Rs and organic layer are more effec-
tive in the accumulation zone.
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2 Experimental procedures

In this study, Al/p-Si structures containing pure, 3 and
5% Gr:PVA inter-layer were fabricated performed.
Onto same B-doped (p-Si) wafer with the 300 pum,
<100 > orientation, 2“(= 5.08 cm) diameter, and 0.1Q.
cm resistivity and named the structures as D1, D2
and D3 structures, respectively. Firstly, wafer was
cleaned by standard RCA method in ultrasonic bath
and dried with N, gas. Secondly, 99.999% pure-Au
with 150nm was evaporated onto backside wafer at
1pm Torr and was annealed at 500 °C during 5 min-
utes. Thirdly, polyvinylalcohol (PVA-Mw 130.000 g/
mol) was purchased from “Sigma-Aldrich” and Gr-
powder was purchased from “Graphene-Chemical
Industries”, deionize-water and acetic acid (100%,
Merck) was used as a solvent and then the prepared
(Gr:PVA) solutions were deposited onto front-side Si
wafer by utilizing electrospinning method. Thickness
of interlayer was estimated as 40nm utilizing Veeco-
Dektak 6 M thickness-profilemeter. Finally, 99.999%
pure-Al dots with 0.0785 cm? and 150 nm thickness
was grown onto (Gr:PVA) interlayers. More informa-
tion on the fabrication-processes and measurement-
system can be found in our previous-study [29]. The
interlayer thickness (d;) was found from the interfacial
layer capacitance (C; = ¢,A/d;) as 40 nm at 1 MHz. After
the fabrication processes, the C-V and G/w-V meas-
urements were performed between 1 kHz-1 MHz at
16V by utilizing HP 4192 A LF impedance-analyzer
and ac/dc converter card to get detail information on
the determine frequency/voltage dependent dielectric
properties and conductivity of the MPS structure.

3 Results and discussion

Dielectrics utilized at the interface are crucial in elec-
tronic device applications such as capacitors, varistors,
and transistors because they are a strong indicator of
material structure and electrical states. As a result,
in addition to the electrical properties, the impact of
the frequency of the alternating current electric field
supplied to such a structure on the dielectric prop-
erties should be investigated. The complex dielectric
constant €%, loss tangent tand, ac conductivity o,., and
complex M* and impedance Z* of Al/p-Si MIS struc-
tures produced using PVA interface with and without
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graphene doping at different rates were investigated
in this study using impedance measurements at spe-
cific frequencies at room temperature. C/V and G/V
measurements were made at 1, 10, 100, and 1000 kHz
for all structures (Al/PVA/pSi, Al/%3Gr:PVA/pSi, and
Al/%5Gr:PVA/pSi) for this purpose. These C/V and
G/V data were used to compute dielectric properties
suchas ¢’ " M', M", 6,., tand, Z'and Z" as a function
of voltage and frequency. The complex dielectric con-
stant (¢*), which represents the material’s interaction
in the presence of an applied electric field, is written
as: [30-32]:

ex=¢ —i€”, (1)

where the dielectric constant ¢’ and dielectric loss
¢" are calculated from admittance measurements using
the equations:

C Cpd

g =1 _"m" )
CO EoA

y_ G _ Gud o
CO G)€0A

C,, and G, are the measured experimental values,
C, is the capacitance of the empty space, ¢, is the
electrical permittivity of the empty space, w(=27f) is
the angular frequency, A is the rectifier contact area,
and d is the thickness of the organic interlayer. Using
¢'and ¢", the dielectric loss tangent may be calculated
as follows:

!/

13
tané = o 4)
The AC conductivity (o,.) was derived from the
e" using the relationship: [4, 6, 32]:

6, =wCtans(d/A) = €' ¢, (5)

M*, which is the inverse of ¢* (M* =1/ £¥), was calcu-
lated by using the ¢’and ¢" values to discover the effect
of the dielectric material on the relaxation mechanism,
as shown below [10, 32-34]. :

1 N 24 . g’
€% (w) M (@) + M (@) = (€2 + £"2) +](E’2 + &"2)

(6)

M x (@) =
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Fig.1 a¢'be”ctand vs. V plots of D1, D2 and D3 structures for different frequencies

The following equation gives Z* [32, 35, 36];

1 g

¢"and e” that it is heavily dependent on frequency,

g’

Zx (@)= - =7 (w)+jZ" (w) =

wCye *

Co(we’? + €'"?) _]Co(a)e’2 + £'2)

)

Capacitances and conductance were studied for
different frequencies between + 6V voltage range
for D1, D2 and D3 structures fabricated using pure
PVA, 3% and 5% graphene doped PVA (Gr-PVA) at
the Al/p-Si interface. The values of ¢', ¢” and tand
were calculated using Eqs. (2), (3), and (4), and their
voltage dependent changes are shown in Fig. la—c,
respectively. Furthermore, plots of ¢' and ¢” for D1,
D2, and D3 structures at 100 kHz and 1 MHz are
shown in Fig. 2a, b. Figure 1a, b indicate that for
three structures, the ¢’ and ¢” values decrease with
increasing frequency in the accumulation and deple-
tion regions, but this decline disappears in the inver-
sion area. We may extrapolate from the behavior of
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doping rate, and electric field. The values of ¢’ and
¢"in the graphs displayed in Fig. 1a, b give the cor-
rect value based on the excess ¢’ and ¢”, because
charges situated at traps can follow the applied ac
signal for low frequency, which depends on their
lifetime [32-37]. This contribution to the dielectric
properties can be insignificant at high frequencies.
Because there are no interface-traps in the inver-
sion zone, the values ¢’ and ¢” become nearly con-
stant. The voltage dependent profiles of these three
structures have also been extracted from the high
(0.5 MHz)-low(1 kHz) frequency (Cyz—C;5) capaci-
tance method in reference [29], Fig. 6, and they
show that the D3 (%5Gr:PVA) structure has fewer
interface traps than the others, but interface traps
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are positioned in two different locations. Further-
more, the interfacial traps in D2 with %3Gr doping
are lower than in D1 (pure PVA). As a result, the D2
structure is the best in terms of low interface traps
and high dielectric constant, but these values might
alter at different voltages due to a unique density
distribution of interface states and the polarization
effect.

In D1, D2, and D3 structures, anomalous peaks
around -1 V are detected at each frequency, and
the amplitudes of these peaks decrease with increas-
ing frequency. Simultaneously, as the doping ratio
increases in all three structures, the maximum peak
values at the same frequency values fall. These peaks
shift towards the origin, that is, towards the positive
voltage area, as the doping rate and frequency rise. In
contrast to the D1 and D2 structures, the D3 structure
has a second peak at — 4 V at the accumulation zone
due to the existence of interface-traps placed between
the semiconductor and the interface layer in the semi-
conductor forbidden region at two different sites [19,
20, 30, 31]. Because interface traps are effective at low
frequencies and series resistance is effective at high

frequencies, the second peak seen at low frequencies
in the D3 structure has turned into a concave curve in
1 MHz frequency, as in the others, indicating that the
contribution of active interface traps and bulk traps to
the is lost during charge storage and release. Since ¢’
values of the structures improve the passivation effect
at the Gr-doped PVA interface, they are lower than the
values of the pure PVA structure, so the amplitude of
the peaks is also lower. With an increase in doping %
and an increase in frequencies, an extra contribution to
polarization occurs, resulting in a ¢’ fall in D3 values.
Surface and interface/dipole polarization can explain
this connection [32—40]. . This is also the explanation
for the decrease in ¢’ as the bias voltage is increased.
In terms of ¢” values, the observed low-frequency
peaks corresponding to — 1 and —4 V in D1 and D2
structures, and —1 V in D3 structures, vanished at
high frequencies. Furthermore, as shown in Fig. 2a,
b, comparing ¢’ and ¢" values at 100 kHz and 1 MHz,
particularly in the D2 structure, reveals curving con-
cave structure in the depletion zone, whereas peaks
in the D3 structure have begun to emerge. This is
because the D2 structure reduces the active N;;, R, and
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Fig.3 aM'b M" vs. V plots of D1, D2 and D3 structures for different frequencies

polarization in this region. These values also peak at
the accumulation region and remain nearly constant.
This is due to the decrease in active series resistance
in the depletion zone as well as the uniformity of the
interfacial layer. Another cause is the dipoles’ inertia
against the applied electric field, which occurs at both
frequencies and in both the depletion and accumula-
tion areas.

The observed in the ¢'-V and ¢"-V plots (Figs. 1
and 2) at low and intermediate frequencies can be
attributed to the presence of interface traps, a specific
distribution of them at junctions located in the semi-
conductor’s forbidden bandgap, interface, and dipole
polarization. Because the charges at traps can easily
follow the ac signal and thus supplied an excess C and
G (or ¢'and ¢") to the real value of them at lower fre-
quencies due to the low-intermediate frequencies, the
period (T =1/2f) is significantly higher than the life-
times of these traps at low-intermediate frequencies,
but at high frequencies becomes lower than of them
and thus cannot contribute. The shift peak position,
on the other hand, is the outcome of reorganization
and reordering of them in the presence of an external
electric field.

The values of tand for D1, D2, and D3 structures
decrease with increasing frequency, as seen in Fig. 1c.
In the accumulation and depletion regions of D1 and
D2 structures, there is a drop, but it remains constant
in the inversion region. Peaks in tand values were seen
at low frequencies, at — 1 V in the interface structures
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of D1, D2, and D3, and at — 2 V in the D3 structure.
These peaks vanished at high frequencies. At low fre-
quencies, electrons are orientated prior to the peak and
relax after it. Because the peak amplitude falls as fre-
quency increases, the polarization process takes longer
and the relaxation process takes longer. The reorgani-
zation/restructuring of the charges in the traps under
the electric field occurs at the peaks and alters its posi-
tion in the ¢/, ¢” and tan 6 graphs [37-41].

Furthermore, the decrease in peak behavior pro-
duced by the frequency shift in ¢', ¢” and tan 6 values
after the transition from the depletion zone to the
accumulation zone is ascribed to the effectiveness of
various polarization processes such as space-charge
and Maxwell-Wagner [3, 38, 39]. Because polariza-
tion processes are triggered by a change in an alter-
nating field generated by the applied electric field
and frequency. These systems, which work well at
low frequencies, lose potency at high frequencies.
In conclusion, the appearance of these peaks is due
to N;, R,, and polarization mechanisms, whereas the
shift of the peaks is due to the unique intensity dis-
tribution of N;, and their life duration (7).

The values M' and M" were calculated using Eq.
(6), and their voltage dependent changes are shown
in Fig. 3a, b. Figure 4a, b shows the plotted M’ and
M" values for D1, D2, and D3 structures at 100
kHz and 1 MHz frequencies. M' and M" grow with
increasing frequency in the inversion and depletion
zones for D1, D2, and D3 structures, as illustrated
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Fig.4 aM'b M" vs. V plots for 100 kHz and 1 MHz of D1, D2 and D3 structures

in Fig. 3a, b, while they are constant or almost nil
in the accumulation region. Furthermore, due to
the relaxation process, M'and M" values reach their
maximum at high frequencies. As a result, the dielec-
tric polarization mechanism is frequency sensitive.
M’ and M" exhibit this behavior due to the relaxation
process in the (Gr-PVA) polymer layer and charges
in the interface/surface traps [30-33]. Furthermore,
M'"and M" values are large because their contribu-
tion to the transmission mechanism will grow due to
the charge carriers’ short distance mobility at high
frequency.

Figure 4 shows that, while the M'and M" values of
the D2 and D3 structures at 1 MHz are nearly equal to

zero in the accumulation zone, the M’ and M" values
of the D1 structure are constant. This is owing to the
reduction in series resistance caused by the addition
of Gr to PVA. Furthermore, at 100 kHz and 1 MHz, the
M'and M" values of the D2 structure are greater than
those of the D1 and D3 structures

The ac-conductivity (0,.) values were calculated
using Eq. (5), and their voltage dependent changes
are shown in Fig. 5. Figure 6 show the plotted o,
values for D1, D2, and D3 structures at 100 kHz and
1 MHz frequencies. Figure 7 shows that o, values
are lower in the case of pure PVA interfacial struc-
tures than in the case of Gr:PVA structures. Fur-
thermore, as seen in the picture, Gr doping to PVA
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Fig. 6 ¢, vs V plots for 100
kHz and 1 MHz of D1, D2
and D3 structures

Y(V)

improved conductivity in the depletion and accu-
mulation zones as frequency rose. In the inversion
zone, 0, values are independent of frequency and
electric field and decrease to zero, increase abruptly
in the depletion region, and remain constant in the
accumulation region. At low frequencies, o, values
are almost frequency independent, therefore con-
ductivity corresponds to dc conductivity. The con-
ductivity increases as the frequency increases due
to an increase in the density of mobile ions, and this
correlates to the ac conductivity. Furthermore, a rise
in 0, causes an increase in eddy currents, which
increases energy/charge loss and tano [40-48]. Turn-
ing to Fig. 6, we can observe that o,. values in the
D2 structure reach a maximum in the accumulation
zone at both 100 kHz and 1 MHz, just as the ¢" values
in Fig. 2b. Peaks began to appear in the same figure
when the Gr doping was 5%. As a result, in the D2
structure, the graphene ratio is the factor that mini-
mizes N;;, R,, and polarization.

Impedance parameters have a significant impact
on the electrical transmission mechanism of produced
objects. The values of Z' and Z” were calculated using
Eq. (7), and the voltage-dependent changes are shown
in Fig. 7. a, b. As shown in Fig. 7a, b, the values of Z’
and Z" decrease with increasing frequency, with their
maxima occurring at the lowest value of the consid-
ered frequency. At the same time, when the voltage
declined, these values decreased and approximated a
constant value towards negative voltage levels. This
shift in impedance is related to the hoping transport
mechanism, which is the transport channel for charge
carrier mobility [32, 43]. In recent years, similar results
on frequency and doping ratio in MIS and MPS type
structures have been reported [49-51].

The phase-angle (0) relationship between resist-
ance and capacitive currents is as follows [32]:
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Thus, the phase-angle (0) versus voltage curves
for D1, D2, and D3 structures were calculated using
Eq. (8) at a sufficiently high frequency (1 MHz) and
are shown in Fig. 8. As shown in Fig. 8, the value of
phase-angle becomes nearly constant in reverse bias
voltage for three structures. However, it diminishes
with increasing applied bias voltage in the forward
bias zone. Furthermore, as the doping ratio Gr into
pure PVA increases, the value of phase-angle drops.
This demonstrates that the polymer-material has
a pure capacitive response and is typically rotated
between 0° and 90°.

4 Conclusion

The basic dielectric parameters &', ¢", tand, M', M",
0.0 Z', and Z" of three types of MPS structures (Al/
PVA/pSi, Al/%3Gr:PVA/pSi, and Al/%5Gr:PVA/pSi)
were examined using C/G-V measurements for vari-
ous frequencies ranging from +6V. Because of the
existence of Nit and their 7, the ¢/, ¢” and tan 6 values
were found to decrease with increasing frequency in
the depletion and accumulation zones. As a result, it
has excessive contributions that represent the genuine
dielectric parameter values. Peaks in the depletion and
accumulation zones were identified, and these peaks
decreased with increasing frequency and graphene
doping rates. The increase in ¢’ and ¢" values with
frequency was attributed to doping’s extra contribu-
tion to polarization. Due to the contribution of charge
carriers to the transmission mechanism of short range
mobility at high frequencies, the M' and M" values
grow with increasing frequency and reach maxi-
mum values in the inversion zone with the relaxation
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Fig. 8 The variation of phase-angle (¢) with voltage plots of D1,
D2, and D3 structures at 1 MHz

process. g, values at high frequencies correspond to
ac conductivity, while low frequency values belong to
dc conductivity. Because of the hope mechanism, the
Z' and Z" values decrease with increasing frequency
in the depletion and accumulation zones, and are
independent of the electric field and frequency in the
accumulation zone. When the €', ¢”, tan 6, M', M" and
0, values for D1, D2, and D3 structures are compared
at 100 kHz and 1 MHz frequencies. These findings
revealed that Gr doped into PVA can cause important

changes both in the electrical and dielectric parameters
and they can be changed in different voltages espe-
cially due to N;;, R, and polarization. 3% graphene
doping rate in PVA revealed better electrical and die-
lectric parameters. It also demonstrates that, due to
their low cost/weight and great flexibility/mechanical
qualities, and also can be grown easy technique such
as sol-gel, spin-coating, and electrospinning instead of
high-cost traditional technique such as thermal oxida-
tion and sputtering.
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