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are obtained. By reducing the ideality factor (n), series resistance (R,), N, and
leakage current (I), as well as raising Ry, together with barrier height (BH), the
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mance of SBDs. Capacitance/conductance-frequency (C/G-f) measurements are
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of interface states (N,), series resistance (R), doping
concentration of atoms in the semiconductor bulk, fre-
quency, interlayer thickness, and permittivity all often

1 Introduction

Electronic and optoelectronic devices, including

Schottky barrier diodes (SBDs), solar cells (SC), pho-
todiodes, field-effect transistors (FETs), and transistors,
depend heavily on their metal/semiconductor (MS)
contacts or structures [1-3]. The density distribution
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have an impact on how well these structures work.
Recently, researchers have been trying to replace the
MS structures by the metal-polymer-semiconductor
(MPS) configuration to improve the performance of
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these devices. It must be notice that the polymers have
a few benefits, including low cost, simple growth, high
strength, and easy processing [4]. However, one of the
major drawbacks of polymers is their poor conductiv-
ity, which may be greatly increased by doping certain
metal atoms and metal oxide molecules [5].

Today, the primary challenge is to enhance the per-
formance of electronic devices, such as Schottky-type
diodes/photodiodes, capacitors, and solar cells, by uti-
lizing a new high-dielectric interfacial layer between
the semiconductor and gate metal, rather than the
classic oxide/insulator layers grown by traditional
methods. In addition, both the reliability and stabil-
ity of these devices are closely related to their surface
conditions, an understanding of surface physics, the
homogeneity of doping atoms in the semiconductor,
the nature of the barrier height (BH) and interfacial
layer, fabrication processes, and the voltage applied to
the device, among other factors [2-8]. Although many
studies were conducted on these devices, there is still
no clear consensus on their possible charge-transport/
conduction mechanism (CTMs, CMs), the nature of
the BH at the junction. For instance, the basic electri-
cal parameters are usually calculated according to the
standard thermionic emission (TE) theory, but they are
generally deviations from the pure TE theory due to
the existence of interface traps, interfacial layer, barrier
inhomogeneity, highly doped donor/acceptor atoms,
and series resistance (R;). However, R, and interlayer
are more effective at the accumulation zone at high
frequencies, whereas N, and polarization processes
are more successful in the depletion region at low fre-
quencies [1-6]. It is believed that the use of an organic
interlayer or some of its composites instead of conven-
tional insulators leads to improving the performance
of electronic devices due to their high surface-area
to volume rate, low cost/weight, good mechanical-
strength, charge-storage capacity, flexibility, and
easy/simple preparation methods like electrospinning,
sol-gel and template synthesis [3-7].

It is well known that in addition to SBDs, the other
types of diodes, such as photodiodes, PIN photodi-
odes, and phototransistors, are also considerably influ-
enced by the illumination, frequency, temperature,
and voltage [9-12]. For example, Buqing et al. have
investigated monolithically integrated InAs/GaAs
quantum dot lasers on a Si wafer with high-quality
GaAs and Ge materials as buffer layers. They show
that the room temperature continues wave was lying
at 1320 nm, with a minimum threshold-current density
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of 122 A.cm™ and a maximum output-power of 153
mW at 10 °C [9]. Yuanhao Miao et al. have reviewed
the recent research progress for the mesa- and planar-
geometry InGaAs avalanche photodiodes, which are
commonly grown by the molecular beam epitaxy or
metal-organic chemical vapor deposition technique
on the InP substrate [10]. Jiahan Yu et al. have also
introduced the resonant-cavity-enhanced Ge PIN pho-
todetectors on the 200 mm distributed Bragg reflector
mirror; both wafers and detectors were processed by
the standard Complementary Metal-Oxide-Semicon-
ductor technology. At a bias voltage of -1 V, average
responsivities were equal to 0.67 A/W at 1550 nm and
0.85 A/W at 1310 nm due to the combined function of
poly-5i/5iO, DBR mirror and high-quality Ge absorber
[11]. A. Ali Alarabi et al. used various heterojunction
arrangements to extract some characteristics of vertical
p-n and p-i-n photodiodes with the p-PMItz organic
semiconductor. Experimental findings have dem-
onstrated that the same organic semiconductor has
exhibited different results in distinct layer and anode
contact (Ag and In) configurations. These results not
only validate the effectiveness of the proposed con-
figurations but also highlight the potential for future
applications in sensor technology [12].

Recent studies, for instance, have revealed the exist-
ence of negative dielectric (ND) and negative capaci-
tance (NC) in several electronic devices, including MS
and MPS-type contacts [13-15], PN junctions [8], photo
and far-infrared detectors [12], light-emitting diodes
(LEDs) [16], and hetero-configurations [17]. Because
there is a lack of confidence in the experimental
results, the idea of NC or ND is meaningless to us and
is not often accepted [18, 19]. As a result, anomalous or
aberrant conduct is frequently used to describe the NC
or ND incident that has been documented in the litera-
ture [20]. Due to the saturation impact of interface trap
levels at the transition frequency, the value of C may
quickly shift from negative to positive values at low
frequencies. Almost no traps or states may follow the
alternating ac signal because as the frequency grows,
the relaxation/lifetime exceeds the period (T =1/2f) or
the alternating ac signal. As a result, C goes back to
positive values and gets closer to the sample’s typi-
cal geometrical capacitance. Put differently, trap and
polarization contributions to the observed C can be
disregarded for middle/large frequencies [17, 21].
According to Butcher et al. [22] and Huang et al. [23],
instrumental issues such as parasitic inductance or
incorrect calibration of measuring equipment are the
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cause of NC. Zhu et al. [24] said in a distinct study that
the junction’s C is the differential impact of electric
charge (Q) with respect to junction voltage V; (C=dQ/
de), resulting in observation of NC.

For the reasons explained above, in this work, we
employed Polyvinyl-chloride (PVC) polymer for pre-
paring of interface layers. It should be mentioned
that PVC is a thermoplastic polymer with remarkable
insulating properties. Elastic moduli of PVC, in both
its stiff and soft forms, range from 1500 to 3000 MPa.
It can be heated to 260 ‘C by adding a heat stabilizer,
even though its melting point is 100 C. PVC is an
excellent material to use for low voltage and frequency
insulation because of its dielectric constant, volume
resistivity, and large dielectric loss tangent [25].
Molybdenum (Mo) is a transition metal with atomic
number 42 and is found in group 6 of the periodic table
[26]. Its atomic structure features a single electron in
its outermost shell, which contributes to its high melt-
ing point of 2,623 C (4,753 °F) and density of 10.28 g/
cm?® [27]. Molybdenum has a silvery-gray metallic
appearance, and its crystal structure is body-centered
cubic (BCC). Its oxidation states primarily include -2,
0,+2,+3,+4,+5, and + 6, with + 6 being the most stable
in compounds. Molybdenum occurs naturally in vari-
ous minerals, most notably molybdenite (MoS,), and is
mainly extracted through sulfide ore processing [28].
In addition, molybdenum’s unique properties, such
as its excellent resistance to corrosion and ability to
retain strength at high temperatures, make it essen-
tial in various industrial applications [29]. It is widely
used in alloying steel to enhance hardness, strength,
and resistance to wear and corrosion, often found in
high-strength steel grades. Therefore, it serves crucial
roles in the production of aircraft components, mili-
tary applications, and tools that require high dura-
bility [30]. In the electronics industry, it is used for
electrical contacts and as a filament in light bulbs and
high-temperature vacuum tubes. Furthermore, molyb-
denum compounds have significant roles in chemical
catalysts and as a component in lubricants, showcas-
ing their versatility in both manufacturing and tech-
nological advancements [31, 32].

For usage in interfacial layer electric and dielectric
applications, our goal is to characterize the PVC and
PVC:Mo interlayers with the I-V and C/G-f measure-
ments. To achieve this, three types of SBDs or struc-
tures—known as Au/n-Si (Cy), Au/PVC/n-Si (C;), and
Au/PVC: Mo/n-5i (C,)—are provided on the same
n-type Si wafer under the same circumstances. XRD
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spectroscopy is applied to examine the average crys-
tallite size of the Mo nanostructure. Next, some of
their primary electrical parameters—I,, n, BH, Ry, and
R,—are extracted from the I-V data based on thermi-
onic emission (TE) theory, modified Norde method,
and Cheung functions. Then, the Card-Rhoderick
approach is utilized to derive the energy-dependent
profile of N, from the I-V data at the forward-bias
zone. Moreover, the plot of the Ln(Iz)-Ln(Vy) at the
forward bias and Ln(Ig)-V"? in the reverse bias is
used to calculate their current conduction mechanisms
(CCMs). Both PVC and PVC:Mo interlayers result in a
drop in the n, R, N, Iy and an increase in the Ry, BH,
RR when the electrical properties of the MPS and MS
structures are compared. These findings support the
idea that MPS architectures perform better. Ultimately,
the frequency-dependent profiles of €', €, tand, R, and
0, of these structures are derived from the measured
C/G-f data at wide-range frequency (100 Hz-1 MHz).
The observation of negative capacitance/dielectric at
low frequencies is thoroughly examined.

2 Experimental procedure
2.1 Materials and devices

Several substances were employed in this work,
including distilled water, n-type silicon wafer, acetone
(CH;COCH,;), hydrogen peroxide solutions (H,0,),
and Mo nanopowder. To ascertain the average crys-
tallite size of the Mo sample, XRD spectrometer with
Cu-K, radiation in 15.5 nm wavelength (model: Philips
X-Pert) was employed. It should be noted that the volt-
age dependency of electric current (I-V) on a voltage
range of + 3.2 V and frequency-dependent capacitance
(C) over an extent frequency range of 100 Hz-1 MHz
were measured using KEITHLEY (2450) and KEY-
SIGHT impedance analyzer (E4980Al 20 Hz-1 MHz),
respectively.

2.2 The fabrication steps of SBD structures

These three structures were made using n-Si
(P-doped) crystals with resistivity of 1-10 Q.cm, (100)
float zone, 300 um thickness, and one-side polishing.
First, a method we generally described in our earlier
studies was used to clean the n-Si wafer [3, 4, 7]. The
sputtering coating technology provided a pure Au
coating for back contact. Second, an interfacial layer
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was created on n-5i by applying the prepared PVC
and PVC:Mo solutions to the front side of the mate-
rial using the spin coating process. It was calculated
that they were 100 nm thick. Lastly, Schottky con-
tacts with an area of 0.0113 cm? and a thickness of
150 nm have been deposited on top of the n-Si wafer
once again using the thermal evaporation method.
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3 Results and discussion
3.1 XRD analysis of Mo nanoparticles

Figure 1 shows the XRD pattern of the Mo nanostruc-
ture that was used as a dopant in PVC polymer inter-
layer. The angles 26 of 26.8°, 41.7°, 44°, 50.3°, 55.1°, 76°,
and 82.4° are corresponding to the crystallite planes
displayed in the XRD pattern, respectively. Further-
more, the average crystalline size is determined using
the Debye—Scherrer equation, which is expressed as
D =kA/PcosO. The variables of D, k, A, 8, and O stand
for the crystallite size, the Scherer constant (~ 0.9),
the wavelength of X-ray radiation (15.4056 nm), the
full width at half maximum of the XRD peak, and the
Bragg angle, respectively [33]. The Debye-Scherrer
equation yields an average crystalline size of 31 nm
for the Mo nanostructure.

3.2 Current-voltage (I-V) measurements

Figure 2a shows the changes in the electronic current
in the prepared SBDs depending on the applied volt-
age in a range of £ 3.2 V at room temperature. It must
be mentioned that TE theory describes the movement
of electronic charges (electrons/holes) with enough
thermal energy over barriers. As a result, using TE
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Fig. 2 The semi-logarithmic voltage-dependent plots of a electric current and b resistance for the developed samples
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theory, the fundamental electrical characteristics of
MS-type structures with or without an interfacial layer
at the M/S interface are typically derived from the I-V
data in the forward-bias region. However, because of
barrier inhomogeneity at the junction, Dy, R,, and the
interfacial layer, they occasionally strayed from the
ideal scenario. Following TE theory, the I-V relation-
ship in MS/MPS-type structures with R, n>1, and
V 23kT/q is as follows [2123]:

V - IR,
I= AA*TZexp(—%G@(J) lexp(%) - 1] (1)

The reverse-saturation current (1) is expressed in
front of square brackets in this case, along with the
ideality factor (n), barrier height (¥p,), Richardson-
constant (A”), which for n-type Si is equal to 112 A/
(cm.K)? and other parameters that are widely known
from the literature [2-10]. Using the rectifier contact
area and the I, measure obtained from the Ln(I)-V
graph intercept (refer to Fig. 2a) at V=0, the quantity
of @y, may be computed as follows [2]:

2
Dpy = EL”<AA I ) 2)
q Io

The quality of MS/MPS-type samples is represented
by the value of n, which is idealistically expected to be
unity (=1). However, in practice, this value is typically
more than 1 because of the presence of interlayers and
their thickness (9;), as well as dielectric values (D;,) and
depletion-layer width (Wp). It could be given by [23]:

_ A AV N g%\ & LoD
n_kT<d(Ln1))>_1+<5i>{WD+qDlt} ©)

Therefore, the measures of I, n, and @ are equal
to 2.04 x 10 A, 7.73, 0.607 eV for Cy, 1.12x 107 A,
6.88, 0.682 eV for C;, and 5.57 x 10 A, 4.83, 0.700 eV
for C,, respectively. The rectifier ratio (RR =1I/I
at+ 3.2 V), which was determined to be 8.30, 38.08,
and 352.27 for the Cj, C;, and C, structures, respec-
tively, is another, more significant aspect that affects
how well the MS/MPS-type structures work. The RR
value for C, is 42 times greater than that of the MS
structure. Moreover, Ohm’s law was used to get the
resistance (R;=dV;/dl) against V profiles of the fab-
ricated constructions. As shown in Fig. 2b, the resist-
ance at high forward voltage (3.2 V) corresponds to
the true value of R,, while at low reverse voltage
(-3.2'V), it relates to R;,. The measure of Ry is found
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to be 0.69 kQ for C,, 1.03 kQ for C;, and 0.33 kQ for
C,, respectively. Also, the Ry, value for Cy, C;, and
C, structures is 5.67 kQ, 38.94 kQ), and 114.22 kQ,
respectively.

Next, Cheung functions are used to derive the fun-
damental electric factors of the developed structures
(n, Ry, and @) using the deviation of the linear com-
ponent of Ln(I)-V profiles as [34, 35];

dv nkT

aLmn -~ R ) (4)
nkT I
HDH=V - TLn(AA*TZ) = IR, + n®p (5)

Cheung functions state that the slopes and inter-
cepts linear sections of the dV/d(Inl)-I and H(I)-I
plots (see Fig. 3a, b) might be employed to get the
measures of n, R,, and ®g,. Both the experimental
results of n, R,, and ®p; obtained by Cheung func-
tions and TE theory at RT are listed in Table 1.
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electronic current for the prepared samples
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Table 1 Electric variables

Diode @, (V) RR R, (kQ) R, (kQ) n
of the developed SBDs -
according to various TE  Norde H(I) TE Norde H(I) dV/dLn(l) TE  dV/din(l)
techniques C, 0607 0598 0625 830 0.69 065 047 048 567 7173 8
C 0.682 0.661 0.678 38.08 1.03 095 046 0.50 3894 885 6.89
C, 0.700 0.705 0.705 352.27 033 036 0.28 0.25 11422 483 5.77

Another method for determining the BH and R, 0.80
measures for the C,, C;, and C, diodes is to use the (a)
Norde function, F(V), which is represented as [35]: 075 ]
Py =LK L)) ©)

rooq AA*T —~0.70 1
e

where an integer greater than n is denoted by v. Fig- N
ure 4a shows the variations of F(V) with respect to V = 0654
for three SBD structures. Figure 4a shows a concave
portion that corresponds to the minimum point of
F(V). Noteworthy, the Norde function minimal [35] . "G
can be used to calculate the @y, and R,, which are like- : "

. . . CZ
wise introduced in Tab. 1. 0.55 . ; . : . : .

In general, one of the key variables influencing 00 08 16 24 32
the non-ideality behavior of the SBD structures is vy
the density of D;, or N,,. However, by taking into 8 . C
account the voltage-dependent BH and n, the (b) ® C':
energy-dependent density distribution of inter- A

face/trap states in the developed samples might be
derived from I-V data at the forward-bias region. The
distribution of N at the equilibrium state could be
determined as follows [2, 23]:

&s

Wp

N (V) = %[%(H(V) S1- %
where Wy, refers to the depletion-layer width, meas-
ured at 0.0113 cm?, and d is the interlayer thickness,
which is equivalent to 100 nm. Furthermore, the elec-
tric permittivity of the semiconductor and interlayer
are represented by ¢, and ¢, respectively. For n-type
semiconductors, the energy distinction between the
conduction band edge (E.) and the N level (E) can
be expressed as: E, — E;; = q(¢, — V) [2, 23]. The pro-
file of N, relies on energy differences for the three
manufactured structures is represented in Fig. 4b. As
can be observed, the highest values of 2.94 x 10" eV .
cm™? for the C, sample and 4.54 x 10'® eV™'.cm™ for
the C; structure are lower than the value of N for C,,
which is equivalent to 7.97 x 10" eV~1.em™. Because
of the polymer and nanocomposite interlayers in their

@ Springer
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Fig. 4 Changes in a F(V) depending on voltage and b N versus
energy for the manufactured samples

configurations, which cause semiconductor surface
passivation, the maximum value of the N profiles for
C, and C, diodes is smaller than that of the C, diode
[36, 37].

In summary, Tab. 1 presents the key electrical
parameters for the Cj, C;, and C, structures that were
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determined using conventional TE theory, modified
Norde, and Cheung formulations. It is evident that
the presence of PVC and PVC:Mo interfacial layers
cause the BH of the C; and C, samples to be rela-
tively higher than that of the C structure. Addition-
ally, the C, diode has a lower R, compared with the
C, structure while the R, of the C; sample is slightly
higher. On the other hand, the growth of the Ry, of
the C; and C, structures is observed about by the
insertion of an interfacial layer into the C structure,
both with and without doping Mo content. It should
be noted that the RR value of C, is much higher than
that of Cy and C; structures where Mo is doped into
the PVC polymer layer. Moreover, the interfacial
layer is used to reduce the value of n which has been
achieved by PVC:Mo nanocomposite. Therefore,
adding Mo nanostructures to the PVC polymer layer
improves the C, diode’s performance by raising RR,
BH, Ry, and declining leakage current, n, R,. The
values that were computed using different methods
accord well with one another.

Additionally, studies at forward and reverse
biases have examined the effects of PVC and PVC:Mo
thin layers on the current conduction processes and
the free carriers current of the Cj, C;, and C, SBDs.
Figure 5a depicts the Ln(Ig)-V§ profiles of the devel-
oped structures including several areas correspond-
ing to various CCMs. Charge transfer is generally
improved by the formation of deep traps at the
contact. The slopes of the two linear sections on the
graph of the C, structure are 1.16 and 1.72. In addi-
tion, the three linear sections of the C; and C, diodes
have slopes of 1.25,1.78, 3.21, and 1.35, 2.74, 3.13. At
the first area of the graphs, which corresponds to the
slope’s near unity, an ohmic behavior (I~ V) is seen.
Owing to the low bias voltage in this area, the elec-
trodes inject modest charges into the semiconductor
[37]. Because recombination-tunneling is the domi-
nating CCM, the slope of the second section of the
C, profiles is more than two, and the current varies
exponentially (I~ exp(cV)) [38]. It can be observed
that the current varies as a power function (I ~ V™) in
the third part of the C, plot due to the space charge
limited current (SCLC) process [37, 38].

To examine the CCMs of C,, C;, and C, diodes,
one of two processes may occur at the reverse bias
voltage: either Poole-Frenkel emission (PFE) or
Schottky emission (SE). Once PFE process dominates,
the quantity of Iy is defined as [39],
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PpreV??

K05 (8)

Ig = Iyexp(
the I is formulated by the following relation provided

that the SE mechanism is predominant,

Pse V0>
KTd05

I = AA*Texp(— 22 yoxp( ) ©)
kT

In this case, 2fsr = Pppg represents the relationship
between the field lowering coefficients for the PFE
mechanism (Bpgg) and the SE mechanism (Bgg) [40].

The Ln(Ig) fluctuations for the Cj C;, and C,
diodes are illustrated as a function Vi*° in Fig. 5b.
It is clear that the graphs of these three diodes
have linear behavior. Consequently, the field
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lowering coefficients were 3.22 x 107 eV 'm®*V??

for the Cp, 1.07 x 107° eV 'm®>V®S for the C;, and
1.15x 107° eV 'm®>V®® for the C, based on the slope
of these linear areas. For the C), C;, and C, struc-
tures, the theoretical findings of Bppg were found to
be 3.86 x 10~ eV.

m%V03, 1.02x107° eV 'm®®V®® and
1.13x107° eV 'm®>V?3, respectively. The CCM into the
C, and C, diodes is the PFE mechanism, according to a
comparison of the theoretical and experimental data.

3.3 Impedance characteristics

In order to investigate the impact of the PVC and
PVC:Mo interlayers on the capacitive feature of the C,
diode, the frequency-dependent impedance of the C,
C,, and G, structures has been studied at the DC bias
voltage of 1.5 V and frequency range 100 Hz-1 MHz.
At room temperature, the capacitance fluctuations for
the C,, C;, and C, structures are shown in terms of
frequency (Cf) in Fig. 6a—c. These diodes’ frequency-
dependent capacitance varies exponentially because of
the dispersion effect, which prevents charges in inter-
face states and in equilibrium with semiconductors
from affecting capacitance at higher frequencies. Con-
sequently, they do not follow the AC signal [41, 42].
Furthermore, the G/w-f graphs can be used to specify
the energy distribution of interface states. Figure 6
shows the changes in G/w with respect to frequency.
It should be noted that at higher frequencies, the elec-
trical dipole moments are unable to obey the electric
field, which results in a decrease in G/w as frequency
increases.

The permittivity of diodes is a significant dielec-
tric characteristic. It is often expressed as a complex
quantity, e* = ¢/ — je”’. The stored energy was repre-
sented by the real part, e/ = C/Cy = Cd;/exA, and the
loss energy was represented by the imaginary part,
e = G/wCy = Gd;/eqwA, where Cy = eyA/d; denotes
the geometric capacitance of the samples, and ¢, A,
and d; are the permittivity of free space, the rectifier
contact area of the samples, and the thickness of the
interfacial polymer layer, respectively [43].

In this manner, the frequency variations of ¢’ at
1.5 V DC bias voltage and room temperature are dis-
played in Fig. 7a—c. As can be observed, the plots
tend to become constant with increasing frequency
after reaching a minimum value at 200 Hz. The mini-
mum value of C; is decreased to -5.49 and -44.93,
respectively, by introducing both the PVC and
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Fig. 6 Semi-logarithmic frequency-dependent plots of the C and
G/w a Cy, b C,, and ¢ C, structures

PVC:Mo thin layers at the M/S interface. The dielec-
tric constant of C; sample with PVC interfacial layer
is slightly larger than that of for C, structure whose
interlayer is PVC:Mo nanocomposite at higher fre-
quencies even if they reduce the MS diode’s stored
energy at 200 Hz.
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Fig. 7 Semi-logarithmic frequency-dependent profiles of ¢ and
e" fora Cy, b C;, and ¢ C, structures

Additionally, Fig. 7 shows the changes in the imagi-
nary portion of complex permittivity, as a function of
frequency at an ambient temperature and a DC bias
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Fig. 8 Semi-logarithmic frequency-dependent profiles of a tand
and b R for the prepared structures

voltage of 1.5 V. The behavior of the Cy, C;, and C,
structures is consistent over the frequency range, as
can be observed. The usage of PVC and PVC:Mo thin
film increases the lost energy in the C; and C, diodes
as respect to the C, structure at a frequency of 200 Hz.
But by raising the frequency, the interfacial layer pres-
ence effect is removed, and each sample’s lost energy
is lowered to a comparable constant value. Major
responses of Cy, C;, and C, structures appear at lower
frequency due to the high resistive nature of the grain
boundary [40].

The quick change in the value of C from negative
to positive values, as shown in Figs. 7 and 8, can be
ascribed to the saturation impact of interface trap
levels at low frequency transition frequency. Stated
otherwise, the greatest value of C and G, respectively,
corresponds to the minimum value of the NC and ND
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constants. Their actions are referred to as inductive
conduct. However, at higher frequencies, the relaxa-
tion time is greater than T(=1/2f), making it nearly
impossible for traps to follow the ac signal. As a result,
C value goes back to positive values and gets closer
to the sample’s typical geometrical capacitance. Such
negative capacitance or negative dielectric behavior is
attributed to instrumental issues by Butcher et al. [22]
and Huang et al. [23].

Zhu et al. [24] state that the junction capacitance,
orC= dQ/de, is the differential impact of electronic
charges (Q) with regard to junction voltage V;. Some
researchers have recently published similar findings
[5-8, 10-14], However, due to a lack of confidence in
the experimental results, the reported NC and ND
constant at lower and higher frequencies could not
represent anything to us or be widely recognized
[14-19]. We conclude that the observed NC and ND at
low frequencies are caused by polarization and inter-
face traps, whereas series resistance is responsible for
them at higher frequencies.

Additionally, tand is an electrophysical character-
istic that may be expressed as tans = ¢" /et = G/wC,
where d denotes the phase difference between the
induced current and the applied electric field [43, 44].
Figure 8a shows the variations in tand as a function of
frequency at 1.5 V DC bias voltage and room tempera-
ture. The plots of the C,, C;, and C, structures show
strong peaks at the positive and negative half-planes
of tand. The observed NC at these frequencies also
contributes to the reported negative value in the tand.
High resistance at lower frequencies might induce the
grains and smile border. Furthermore, at higher fre-
quencies, grain resistance decreases. To transport the
charge carriers at lower frequencies, however, more
electrical energy is needed, and vice versa. These are
the outcomes of the frequency-dependent decrease in
tand.

It should be mentioned that using a semiconductor
material with a high dopant content or lowering the
barrier height at the metal-semiconductor interface
lowers the series resistance. Based on the Nicollian
and Brews approach, the variations of series resist-
ance, R,, in terms of frequency are defined as follows
[45]:

__ G
G2 + (wC)?

S

(10)
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where C and G/w represent the capacitance and con-
ductance experimental data at any bias voltage. More-
over, the variations in the R; profile with respect to fre-
quency at room temperature and DC bias voltage are
displayed in Fig. 8b. At lower frequencies, the R, value
for the Cy, C;, and C, structures remains constant;
however, at higher frequencies, it decreases. This is
because the charges at interface traps may follow the
AC signal at low and moderate frequencies, which
allows them to contribute to both series resistance and
the actual value of the traps. In general, The R, value
has a significant effect on the C-V and G/w-V charac-
teristics for enough high frequencies in the accumula-
tion region as well as I-C characteristics in the enough
high forward-bias region. According to Nicollian and
Brews [1], the R, can originate from several reasons
such as the back-ohmic & front rectifier-contact, the
bulk resistivity of the semiconductor, the impurities
on the film, and extraordinarily nonuniform-doped
acceptor or donor atoms (N,, N4) within the semi-
conductor. Having a lower barrier height (BH), heav-
ily doped semiconductors, or a thin depletion-layer
width leads to tunneling through the barrier. At lower
frequencies, the value of period (T =1/27tf) becomes
higher than the lifetime of surface states (t), which
are localized at the interlayer/semiconductor interface
in the bandgap of the semiconductor and hence can
supply an excess conductance (G,,) to the measured
real value of G(=1/R). A better fabrication and clean-
ing process, low frequency C/G-V measurements,
and adjusted/corrected C/G-V plots can considerably
reduce the R, effect.

The electrical conductivity, o, is the last frequency-
dependent property of the Cj, C;, and C, diodes
which have been investigated in the current work. It
is defined as follows [46]:

di "
Oy = (Z)a)Ctané =€ g (11)

Electrical conductivity often follows the power law
in the manner given by [47]:

64 = 0 + A0t + Bal (12)

In the context of ac electrical conductivity, o, repre-
sents the DC component, w =27tf denotes the angular
frequency, and f; and f, are dimensionless frequency
exponents that provide more details on the conduction
mechanisms inside the Cy, C;, and C, structures. The
fi and f, parameters are obtained from the slope of the
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Ln(o,)-Ln(w) figure. Figure 9a illustrates how the ac
electrical conductivity changes at room temperature in
relation to frequency. The AC electrical conductivity
increases because of a decrease in interfacial polariza-
tion at higher frequencies. By raising the o, which
causes a drop in series resistance, the eddy current and
energy loss increase [25, 47].

The ac electrical conductivity of the Cj, C;, and
C, structures is constant because the DC component
of the ac electrical conductivity has a greater impact
at lower frequencies. For the C,, C;, and C, diodes,
the figure of Ln(o, ) in terms of Ln(w) is shown in
Fig. 9b. The Ln(o,)-Ln(w) plots of the Cy, C;, and C,
diodes clearly show two linear areas with different
slopes. The slope of the second linear areas of the
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Fig.9 a semi-logarithmic frequency-dependent o, and b
Ln(o,.)-Ln(w) profiles for the C,, C,, and C, structures
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prepared samples is equal to 0.35, 0.48, and 0.44 for
the Cy, C;, and C, diodes, respectively, even if the
f value in the first linear region of the SBDs is the
same. As can be observed, because of the interaction
of the charge carriers with the trap states at great
frequencies, the slope of the second linear parts of
the C,, C;, and C, diodes is between 0 and 1 [48].

The electrical parameters and dielectric charac-
teristics are all demonstrated by these findings [49].
However, R, and interlayer are more effective at the
accumulation zone at high frequencies, whereas N
and polarization processes are more successful in
the depletion region at low frequencies [1-5]. The
observed low frequency of NC, where the value of C
rapidly shifted from negative to positive values, can
be explained by the interface trap levels at the transi-
tion frequency reaching saturation. However, when
the frequency rises, the lifetime surpasses the period
(T=1/2f), meaning that nearly no traps are unable to
track the ac signal. As a result, the value of C goes back
to positive values and gets closer to the structure’s typ-
ical geometrical capacitance. As a result, there is still
no clear consensus on the possible charge-transport/
conduction mechanism (CTMs, CMs), the nature of
BH at the M/S interface, and NC behavior in the elec-
tronic devices. In the literature, the basic electrical
parameters are usually calculated from the thermionic
emission (TE) theory, but they are usually deviated
from this theory due to the existence of interface traps/
states, interfacial layer, barrier inhomogeneity, highly
doped donor/acceptor atoms, series resistance (Ry), etc.
[50-52]. It is believed that the use of a high-dielectric
interlayer instead of conventional insulators, such as
Si0, leads to an increase in the performance of these
devices. As seen from Eq. 5, the dielectric and W, val-
ues of the interface layer are inversely proportional to
ideality factors, while they are directly proportional
to N,,. Therefore, when high-dielectric interface lay-
ers are used, the n value will approach the ideal case
(n=1). Similarly, a high-dielectric interface layer will
increase the capacitance value, especially at low fre-
quencies, allowing many electronic charges or energy
to be stored in the capacitor. Because at low frequen-
cies (T 2 1), interface traps and dipoles have enough
relaxation or lifetimes (1) that will easily follow the ac
signal and easily rotate around its axis in the direction
of the electric field. In this case, the charges at traps
and dipole will be supplied with an excess capacitance
and conductance to their real values.
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4 Conclusions

In this study, three SBDs were manufactured by the
same n-type Si wafer: Au/n-Si (Cp), Au/PVC/n-5i (Cy),
and Au/PVC:Mo/n-5i (C,). First, XRD spectroscopy
was employed to compute the average crystallite size
of the Mo nanostructures that was found to be 31 nm.
Next, using several mathematical techniques (TE
hypothesis, modified Norde, and Cheung functions),
the fundamental electrical properties of the developed
structures (I, BH, n, R,, and Ry;) were extracted from
the I-V data and compared to one another at room tem-
perature. They were found to be 2.04 x 10 A, 607 eV,
7.73, 0.69 kQ, 5.67 kQ for C, 1.12x 107 A, 0.682 eV,
6.88, 1.03 kQ, 38.94 kQ for Cy, 5.57 x 107 A, 0.700 eV,
4.83, 0.33 kQ, 114.22 kQ for C, structures. It is evident
that the measures of I, R,, and n decrease with PVC
and PVC:Mo polymer interlayers, whereas the values
of BH and Rg;,. In addition, RR for G, is greater than RR
for C; and C, structures. Additionally, because poly-
mer/nanocomposite thin films prevent semiconduc-
tor surface passivation, the density of D;, for C, diode
is decreased. The forward- and reversed-bias CCMs
of Cy, C;, and C, samples were examined. The CCM
into C; and C, SBDs are PFE mechanisms based on a
comparison of the theoretical (1.02 x 10 eV 'm**V%>
for the C; and 11.13 x 10° eV 'm®>V®? for the C,) and
experimental (1.07 x 10° eV 'm®5V?3 for the C; and
1.15 x 107 eV 'm®>V®* for the C,) findings of the Bpgg
factor.

Eventually, the dielectric characteristics of the fab-
ricated structures have been studied with respect to
their frequency dependency by measuring the imped-
ance at 1.5 V bias voltage in the 200 Hz-1 MHz fre-
quency range. The quantity of C and G/w, or (¢/ and
¢'") was shown to be significantly altered at lower fre-
quencies and to become nearly frequency-independ-
ent at higher frequencies. Furthermore, by enhancing
interfacial polarization and lowering the R,, the ac
electrical conductivity for MPS SBD was enhanced
at higher frequencies in comparison to the MS struc-
ture. While o remains constant at lower frequencies,
it begins to increase at higher frequencies, which are
associated with dc and ac conductivity, respectively.
Three factors were identified as the cause of the
observed negative dielectric constant or capacitance at
lower frequencies: the presence of the polymer/nano-
composite interfacial layer, the saturation impact of
interface trap levels at transition frequency, and the
difference in electric charge (Q) with regard to C=dQ/
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dV. In literature, “inductive” behavior is defined as
the minimum measure of C matching the maximum
value of G/w.
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