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Abstract: The novel design of gold/polypyrrole-multi-walled
carbon nanotubes/titanium dioxide/aluminum oxide/P-type
silicon/aluminum (Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al) is uti-
lized to fabricate supercapacitors, sensors, diodes, and
microelectronic devices. The electrical characteristics of the
structure are examined both in the dark and under illumina-
tion to evaluate its photosensing performance. The real part
of the AC conductivity at all voltages and temperatures is
observed to be low at low- and mid-frequencies but signifi-
cantly increases at high frequencies. The imaginary part of
the AC conductivity exhibits three distinct behaviors: it is
positive at low frequencies and shows both negative and
positive values at high frequencies. At specific temperatures,
such as 293, 273, and 253 K, the imaginary component of the
AC conductivity (σacʺ) is negative only at high frequencies. In
the Cole–Cole diagrams, the symmetrical semicircles increase
with temperature for all voltages, except at V = −2 V. The real
part of the electric modulus (M′) shows positive and negative
values; however, at certain temperatures, it is positive. The
imaginary part of the modulus (M″) is consistently positive.

Keywords: polypyrrole, multi-walled carbon nanotubes,
I–V characteristic

1 Introduction

Polymer nanocomposites represent an emerging class of
materials known for their tunable mechanical, chemical,
physical, electrical, and optical properties [1–5]. These
properties can be tailored by incorporating different types
of nanofillers into polymer matrices and blends [1,6–9].
Environmental polymers are preferable for composite
manufacturing because they have a lower negative envir-
onmental impact [6]. These polymer nanocomposites are
applied as multifunctional material in various applica-
tions, such as microelectronics devices, drug distribution,
bio-medical, food wrapping, textiles, etc. [8]. Among insu-
lating polymers, the combination of sodium carboxymethyl
cellulose (CMC) and polyvinyl alcohol (PVA) plays a crucial
role in the synthesis of nanocomposite layers due to their
biocompatibility, excellent film-forming ability, ease of synth-
esis, low-cost, and strong mechanical stability [10,11], misci-
bility with nanofillers, CMC and PVA create widespread claim
as bio-sensors, nanofiltration membrane [11–13], electromag-
netic interference (EMI) defensive materials, and also applied
in the area of drug distribution, bio-medical [14], and food
wrapping [15]. Polypyrrole (PPy) is considered a conductive
polymer that has been widely applied owing to its ease of
preparation, low cost, ecological and thermal steadiness,
great catalytic action, electrical properties, and outstanding
optical properties [16–19]. The insufficient mechanical force
of PPy bounds its usability, which can be overcome by mixing
it with additional isolating polymers to improve mechanical
constancy [20]. The presence of PPy in PVA–CMC medium
consequences in adapting electrical properties and sup-
porting themechanical constancy of PPy. Multi-walled carbon
nanotube (MWCNT)-based polymer nanocomposites have
attracted significant academic and industrial interest due to
their promising applications in areas such as charge storage,
drug delivery, EMI shielding, supercapacitors, electronic
devices, and gas sensors [1–5]. This article presents a novel
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structure, Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al, used to pro-
duce supercapacitors, diodes, sensors, and microelectronic
devices. The synthesis and investigation of its electrical prop-
erties were carried out. The real part of the AC conductivity at
all voltages and temperatures appeared in the low- and mid-
frequency ranges, but it significantly increased at high fre-
quencies. The imaginary part of the AC conductivity exhibited
three distinct behaviors: at low frequencies, its values were
positive, while at high frequencies, it showed both negative
and positive values. The third behavior occurred at specific
temperatures (293, 273, and 253 K), where σ′ac had only nega-
tive values at high frequencies. The real part of the impe-
dance (Z′) increased with rising temperature, reaching its
maximum at 0 V, but decreased as voltages increased in
both the positive and negative regions. The imaginary part
of the impedance (Z″) showed peaks with positive values at
low frequencies, while at high frequencies, Z″ also produced
peaks with negative values. In the Cole–Cole diagrams, the
semicircles were highly symmetrical and grew with
increasing temperature at all voltages, except at V = −2V.
The real part of the electric modulus (M′) exhibited positive
and negative values; however, at specific temperatures like
253, 273, and 293 K,M′ had only positive values. The imaginary
part of the modulus (M″) consistently showed positive values.
The conduction mechanism of the Au/PPy-MWCNTs/TiO2/
Al2O3/p-Si/Al structure was investigated.

2 Results and discussion

2.1 Experimental procedure

To prepare the Au/PPy-MWCNTs/TiO₂/Al₂O₃/n-Si/Al struc-
ture, a 90:10 weight ratio of PPy and multi-walled carbon
nanotubes (MWCNTs) was used created using, with both
materials purchased from Sigma Aldrich at a purity level
of 99.9%. The process began by depositing a thin film of

aluminum oxide (Al₂O₃) on the surface of a silicon wafer.
This was done using a spin coating method, where drops of
an Al₂O₃ suspension in water were spread evenly across the
surface by rotating the wafer at high speed. Next, a layer of
titanium dioxide (TiO₂) was added on top of the Al₂O₃ using
the same technique. After the oxide layers were in place, the
prepared PPy-MWCNTs composite was applied on top of the
TiO₂ layer by drop-casting. This resulted in the final layered
structure of PPy-MWCNTs/TiO₂/Al₂O₃. For electrical mea-
surements, gold and aluminum electrodes were deposited
on the top and bottom surfaces, respectively.

The surfacemorphology of the prepared films was exam-
ined using a scanning electron microscope. Figure 1(a) shows
the MWCNTs with their typical tubular structure, having dia-
meters around 15 nm. In Figure 1(b), after coating with PPy,
the nanotubes appear slightly thicker, but their overall
fibrous structure remains intact. These images confirm the
successful incorporation of the PPy layer onto the nanotubes.

X-ray diffraction analysis, shown in Figure 2, was per-
formed to study the crystal structure of the composite. A
strong peak observed at 2θ = 25.3° corresponds to both PPy
and MWCNTs, while the peak at 43.7° is attributed specifi-
cally to MWCNTs. Additional peaks at 48.1° and 58.46° are
associated with the TiO₂ layer. The presence of Al₂O₃ is
indicated by a peak at 26.5°, and a peak at 37.8° reflects
contributions from both TiO₂ and Al₂O₃. These results con-
firm the successful deposition and structure of the multi-
layered composite film.

Figure 3(a)–(j) displays lnf dependence of real and ima-
ginary parts of ac conductivity σ′ac, σ″ac at different tem-
peratures and voltages of Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/
Al. In all Figures of σ′ac, the curves for all temperatures
converge and remain constant without variation across
low and mid frequencies. However, at high frequencies,
σ′ac increases significantly, with the curves at the lowest
(223 K) and highest (323 K) temperatures showing a more
pronounced rise than the others. For σ″ac, the values
exhibit dispersion at low frequencies for each

Figure 1: (a) Surface morphology of pristine MWCNTs; (b) MWCNTs coated with PPy.
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temperature, with higher values observed at lower tem-
peratures. These values eventually merge, becoming con-
stant across low and mid frequencies. At high frequencies,
however, σʺac displays both negative and positive values.
Like σ′ac, σ″ac shows a marked increase at the lowest and
highest temperatures compared to the other curves. The
nearly linear dependence of σac on ln(f ), as shown in fig-
ures, indicates that the AC conductivity follows a power
law, commonly referred to as the “universal dielectric
response” [21], as given in the following equations:

= ″σ ε ωε ,
ac 0

(1)

( ) ( )= +σ ω σ Aω0 .

s

ac
(2)

Figure 4(a)–(d) illustrates the dependence of lnσac with
lnf at different temperatures and voltages. In contrast,
Figure 2(e)–(h) shows the temperature dependence of the
exponent n at voltages (2, −2, 1 and −1 V) for the Au/PPy-
MWCNTs/TiO2/Al2O3/p-Si/Al structure. As shown in Figure
2(a)–(d), the AC conductivity exhibits merging and disper-
sion at low frequencies for each temperature, with its
values increasing as the temperature decreases. An excep-
tion is observed at a V = −2 V voltage, as shown in Figure
4(a). At high frequencies, σac increases linearly, accompa-
nied by a rise in eddy currents [22–24]. This frequency-
dependent behavior can be described using the power
law, as represented by equation (2). Conversely, Figure
4(e)–(h) shows the temperature dependence of the expo-
nent at voltages (2, −2, 1 and −1 V) for the Au/PPy-MWCNTs/
TiO2/Al2O3/p-Si/Al structure. As shown in Figure 4(e) and (g),
the exponent increases with rising temperature at 2 and 1 V
voltages, whereas in Figure 4(f) and (h), it decreases with
increasing temperature at −1 and −2 V voltages. The values

of the exponent range from 0.045 to 0.58, as observed in
Figure 2(e)–(h). Additionally, the exponent decreases with
temperature at voltages of −1 and −2 V, while it increases
with temperature at voltages of 1 and 2 V. Therefore, the
correlated barrier hoppingmodel, related to the non-intimate
valence change pairs, is more suitable to describe the con-
duction mechanism in these examined nano-crystalline
alloys. The AC conductivity and the hopping process of
charge carriers can be associated with the density of loca-
lized states (EF) [25].

Figure 5(a)–(i) illustrates the frequency dependence of
the real (σac) and imaginary (σac) parts of the ac conduc-
tivity at various voltages and temperatures for Au/PPy-
MWCNTs/TiO2/Al2O3/p-Si/Al. As shown in Figure 5(a)–(e),
the real part of ac conductivity (σ′ac) for all voltages con-
verges and becomes frequency-independent up to lnf = 15.
At frequencies higher than lnf = 15, σ′ac increases signifi-
cantly. The imaginary part of impedance (σ″ac) at low fre-
quencies shows positive values for each voltage and then
becomes constant. At the same time, peaks with both posi-
tive and negative values are observed at high frequencies,
as depicted in Figure 3b at 323 K. In Figure 5(d), (f) and (h),
σ″ac behaves similarly, showing only negative values at
high frequencies. In Figure 5j, σʺac follows the same trend
as in Figure 3b, with both positive and negative values at
high frequencies. The influence of voltage and temperature
on AC conductivity is explained by the mobility of charge
carriers responsible for hopping. As the temperature
increases, the mobility of the hopping ions also rises,
thereby enhancing the AC conductivity of the synthesized
samples [26].

Figure 6(a)–(j) displays frequency dependence of real
and imaginary parts of impedance Z′, Z″ at different vol-
tages and temperatures of Au/PPy-MWCNTs/TiO2/Al2O3/
p-Si/Al, which is described in as follows:

( ) ( )= +′ ″
Z Z ω Z ω* . (3)

As shown in Figure 6(a)–(e), the Z′ curves at all tem-
peratures and voltages increase with rising temperatures,
except at V = −2 V, where plateaus are observed at low and
mid frequencies. At high frequencies, the curves decline
and converge, reaching a maximum at 0 V and decreasing
as the positive or negative voltage increases. Similarly, as
depicted in Figure 6(b), (d), (f), (h), and (j), the Z″ values
increase with temperature, forming positive peaks at low
frequencies. However, at mid frequencies, Z″ exhibits
negative values, forming peaks that grow with tempera-
ture. At high frequencies, all curves converge, reaching a
minimum. The maximum values of Z″ occur at 0 V and
decrease with increasing positive and negative voltages.
The higher Z′ values at low frequencies are attributed to

0

In
te

ns
ity

 (a
.u

.)

20 40

2�
60

�degree�
80 100

Figure 2: X-ray diffraction pattern of PPy-MWCNTs/TiO2/Al2O3/p-Si.
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Figure 3: (a)–(j) lnf vs σac′, σacʺ at different temperatures and voltages of Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al.
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Figure 4: (a)–(d) ln σac vs lnf at different temperatures and voltages, (e)–(h) n exponent vs temperature at voltages (2, −2, 1, −1 V) of Au/PPy-MWCNTs/
TiO2/Al2O3/p-Si/Al.
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Figure 5: (a)–(i) Frequency dependence of σac′,σacʺ at different voltages and temperatures of Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al.
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Figure 6: (a)–(j) Frequency dependence of Z′, Z″ at different voltages and temperatures of Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al.
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pronounced structural effects, such as surface morphology,
grain boundaries, pores, and space charge polarity. The
reduction in Z′ with increasing frequency in the samples
indicates a potential enhancement in AC conductivity [27].
At high frequencies, the Z′ plateau of all samples conver-
ging at all temperatures suggests the potential for free
movement of space charge polarity within the samples,
reducing the barrier width [28]. Henceforth, the electrical
conductivity increases with a temperature rise and relies
on freedom of space charge polarity [29].

Figure 7(a)–(e) shows the Col–Col diagram of Z″ versus
Z′ at different temperatures and voltages for Au/PPy-
MWCNTs/TiO2/Al2O3/p-Si/Al. As depicted in all figures, the
Col–Col diagrams at all temperatures and voltages exhibit

ideal and complete semicircles. The radius of the semicir-
cles increases with temperature, except at V = −2V, where
the semicircles increase with temperature in the order 223,
323, 253, 293, and 273 K. All semicircles show positive and
negative values, with the maximum radius occurring at
V = 0 V, after which it decreases with increasing positive
and negative voltages. The performance of the heterostruc-
tures was correlated with an equivalent electrical circuit
model, consisting of the parallel assembly of a constant
phase element and resistance (Rp) in series with Rs
[30–32]. An appropriate equivalent electrical circuit for the
heterostructures is presented in Figure 5f. The Rs in the
heterostructures are attributed to the resistance within the
active layer and the ohmic contact of the fabricated device

Figure 7: (a)–(e) Col–Col diagram of Z″ vs Z′ at different temperatures and voltages of Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al.
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Figure 8: (a)–(j) Frequency dependence of real and imaginary parts of modulus M′, M″ at different temperatures and voltages of Au/ppY-MWCNTs/
TiO2/Al2O3/p-Si/Al.
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Figure 9: (a)–(j) M′, M″ vs lnf at different voltages and temperatures of Au/ppY-MWCNTs/TiO2/Al2O3/p-Si/Al.
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[31,33,34]. The polarization phenomena related to tempera-
ture are discussed by establishing a temperature Cole–Cole
diagram based on the dielectric temperature spectrum.
The negative value of the electrical conductivity indicates
that the electric current flows in the opposite direction to
the applied electric field and the associated electrical force.
Accordingly, the polarization phenomena related to tem-
perature variations are analyzed by constructing a tem-
perature Cole–Cole diagram derived from the dielectric
temperature spectrum. Traditionally, the Cole–Cole dia-
gram is employed to investigate dielectric polarization
behavior by examining the frequency dependence of real
(€′) and imaginary (€″) permittivity components at a fixed
temperature. In this study, the Cole–Cole equation is mod-
ified by incorporating microscopic parameters that char-
acterize the temperature dependence of dielectric polari-
zation, thereby enabling the development of a temperature
Cole–Cole diagram. This approach facilitates the investiga-
tion of polarization and loss mechanisms based on the
dielectric temperature spectrum. The findings of this
work offer new insights into the underlying mechanisms
governing dielectric polarization and energy dissipation.

Figure 8(a)–(j) illustrates the frequency dependence of
the real and imaginary parts of the modulus, M′ and M″, at
various temperatures and voltages for the Au/ppY-Au/PPy-
MWCNTs/TiO2/Al2O3/p-Si/Al structure. As shown in Figure
8(a), (c), (e), (g) and (i), the M′ behavior at low and mid
frequencies remains unchanged across all temperatures.
However, at high frequencies, M′ increases, forming peaks
with positive values, except for the curves at 323 and 223 K,
where the peaks exhibit both positive and negative values
at voltages V = −2, −1, 0, 1 V. As shown in Figure 8(b), (d), (f),
(h), and (j), at V = 2 V, all curves of M′ remain positive,
except for the curve at 323 K, which shows both positive
and negative values. The behavior of M″ remains constant
across all frequencies except at high frequencies, where it
increases significantly. At temperatures of 223 and 323 K,M″

forms peaks. The observed dispersion could be attributed
to the conduction mechanism, which is influenced by the
limited mobility of charge carriers within a small range
[35–37].

Figure 9(a)–(j) illustrates the frequency dependence of
M′ andM″ under various voltages and temperatures for the
Au/ppY-MWCNTs/TiO2/Al₂O₃/p-Si/Al structure. As shown in
Figure 9(a)–(e), M′ remains independent of voltage and
frequency at low and mid frequencies. However, at high
frequencies, M′ exhibits dispersion, forming peaks across
all voltage levels. For most curves, M′ shows positive and
negative values, except V = 2 V, which only has positive
values, as seen in Figure 9(a) at T = 223 K. In Figure
7(b)–(d), M′ generates peaks with positive values only. In

contrast, in Figure 9(e) at T = 323 K,M′ reverts to exhibiting
both positive and negative values, similar to the behavior
shown in Figure 9(a) at T = 223 K. Conversely, at low fre-
quencies, both M′ and M″ values approach zero. These
findings align with similar results reported in the literature
[38,39]. Such variations in the electric modulus behavior
can be attributed to dielectric relaxation mechanisms
being more sensitive to frequency than to the applied
voltage.

Figure 10 illustrates the barrier height (Φap) as a func-
tion of q/2kT, as described by equation (4) for the Au/PPy-
MWCNTs/TiO2/Al2O3/p-Si/Al structure. The plot exhibits a
distinct linear region from which the values of ϕ

ap

and
σs0

can be determined from the intercept on the ϕ
b0

–
axis while σs0

is derived from the slope of the linear seg-
ment. For the given structure, the intercept and slope cor-
respond to =ϕ 1.382 eV

ap

and =σ 0.0388 eV,s0
respectively

( )= = −ϕ ϕ T

qσ

kT

0

2

.
b

s

ap 0

0 (4)

As shown in Figure 11, the (nap−1 − 1) against q/2kT plot,
described by equation (5), exhibits distinct characteristics
in the low- and high-temperature regions due to the DG
distribution of barrier heights at the M/S interface. Conse-
quently, the values ρ2 and ρ3 are determined from the
intercepts and slopes in the respective regions of the
experimental (nap−1 − 1) against q/2kT plots, as depicted
in Figure 11. These values are calculated to be −0.456,
−0.590, −0.0222, and −0.0130, respectively.

⎟⎜
⎛
⎝

−
⎞
⎠

= +
n

ρ

qρ

kT

1

1

2

.

ap

2

3 (5)

Based on the experimental results, both inhomogene-
ities and potential barrier height variations significantly
influence the forward-bias I–V characteristics, particularly

Figure 10: Barrier height vs q/2KT of Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al.
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at low temperatures. As a result, the classical Richardson/
Arrhenius model can be refined by combining equations
(6) and (7) into the following expression:

( )
= ⎛

⎝
− ⎞

⎠
⎡
⎣

−
− ⎤

⎦I AA T

qφ

kT

q V IR

nkT

* exp exp 1 ,

B s
2

0 (6)

= ⎡
⎣⎢

⎤
⎦⎥

φ

kT

q

AA T

I

ln

*

.
B0

2

0

(7)

The modified Richardson plot according to equation
(8) for the Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al structure is
depicted in Figure 12. From the slope and intercept of this
plot, the mean barrier height φ

B0

and the effective
Richardson constant (A*) were determined. These values
were found to be 0.99 eV and 50 A cm−2 K−2, respectively

( )
⎡
⎣

⎤
⎦ − = −

I

T

q σ

k T

AA

qφ

kT

ln

2

ln *
¯

.

B
0

2

2 2

2 2

0 (8)

Figures 13 and 14 show the plots of ln(I0/T2) against 1/nT
and 1/T for the structure. As seen in Figure 13, the plot of ln

(I0/T²) against 1/(nT) is more linear compared to ln(Io/T²)
versus 1/T in the measured temperature range. The tem-
perature dependence of the ideality factor and barrier
height explains the typical ln(I₀/T²) behavior against 1/T.
Similar results have been observed by several authors [40].

Figure 15 illustrates the relationship between barrier
height and the ideality factor, as described in equation (9),
based on the experimental data. The figure shows that the
intercept on the barrier height axis can determine homoge-
neous barrier heights. Within the linear region, the barrier
height is calculated to be 1.17 eV. These findings indicate that
the current conduction mechanism aligns with the ther-
mionic emission theory [40–42]

( )= − −φ φ n V1.5 1 .
Beff 0

bb
(9)

Figure 16 shows the current (I) versus voltage (V) char-
acteristics of the Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al struc-
ture under dark and illuminated conditions. The current
increases across all voltages compared to the dark condi-
tion, especially in the forward bias region. This increase in

Figure 11: n–1 −1 vs q/2KT of Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al.

Figure 12: The modified Richardson figures. ln(Io/T2) – q2 σ 2/2(KT)2 vs
q/KT of Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al.

Figure 13: ln(Io/T2) vs 1/nT of Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al.

Figure 14: ln(Io/T2) vs 1/T of Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al.
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current under light exposure demonstrates the structure’s
ability to generate photocurrent, confirming its function-
ality as a photodiode. The photocurrent increases from
approximately 0.038 A in the dark to 0.052 A under illumi-
nation in the forward bias region, indicating enhanced
carrier generation due to light absorption. This behavior
highlights the structure’s potential application in photode-
tection and optoelectronic devices.

3 Conclusion

The novel structure of Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al
was synthesized, and its electrical properties were investi-
gated. This structure produces supercapacitors, diodes,
sensors, and microelectronic devices. The real part of AC

conductivity at all voltages and temperatures appeared in
the low- and mid-frequency ranges but showed a signifi-
cant increase at higher frequencies. The imaginary part of
AC conductivity displayed three behaviors: at low frequen-
cies, its values were positive, while at high frequencies,
both negative and positive values were observed.
Additionally, at specific temperatures like 293, 273, and
253 K, σ′ac showed only negative values at high frequencies.
The real part of impedance (Z′) increased with tempera-
ture, reaching its maximum at 0 V, but decreased as the
voltage increased in both positive and negative regions.
The imaginary part of impedance (Z″) exhibited peaks
with positive values at low frequencies, while at high fre-
quencies, it showed peaks with negative values. In
Cole–Cole diagrams, the semicircles were highly symme-
trical and grew with increasing temperature across all
voltages, except at V = −2V. The real part of the electric
modulus (M′) showed positive and negative values; how-
ever, at specific temperatures like 253, 273, and 293 K, M′

had only positive values. The imaginary part of the modulus
(M″) consistently exhibited positive values. The conduction
mechanism of the Au/PPy-MWCNTs/TiO2/Al2O3/p-Si/Al struc-
ture was also studied.
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