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Abstract
Carboxylic functionalized multi-walled carbon nanotubes/aniline-anthranilic acid copolymer composites with different 
amounts of MWCNTs were produced by the method of in situ oxidative polymerization. Thin films of the composites 
were fabricated by thermal evaporation method within the thickness range of 150–200 nm. The structural characteristics 
of the investigated composites were studied by various techniques. SEM images showed that the resulting nanoparticles 
have irregular entangled like-plate layers with an average diameter range of 40–60 nm. Indirect optical band gaps  Eg1 and 
 Eg2 were calculated depending on the energy range of composite thin films. Electronic parameters of MWCNTs/PANAA 
thin film, including diode ideality factor (n), series resistance  (Rs) and shunt resistance  (Rsh) were determined from the I–V 
characteristic in the dark under different temperatures. The values of n,  Rs, and  Rsh were found to be 3.80, 5.6 × 104 (Ω), and 
1.64 × 106 (Ω), respectively at room temperature.

1 Introduction

The integration of carbon nanotubes into photovoltaic 
solar cells were employed as electron acceptors in com-
bination with conjugated polymers in the organic solar 
cells [1, 2]. Conjugated polymers including polyaniline 
(PANI), polyaniline derivatives, polypyrrole, and poly-
thiophene have good electroactivity and semiconductor 
properties [3–10]. They have various applications includ-
ing electrochromic devices, chemical sensors, rechargeable 

batteries, solar cells and electrochemical applications 
[11–13]. The addition of CNTs into polymers in order to 
form composites improves the functionality of compos-
ite constituents. Using CNTs as reinforcement materials 
produces lightweight and strong materials. Composites of 
polymer/CNTs have various current applications such as 
antistatic packaging and electromagnetic shielding. Poly-
mer/CNTs composites can be prepared by in situ polym-
erization method where the polymerization takes place 
in the existence of CNTs to connect physically through a 
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non-covalent bond with polymers [14]. The integration of 
CNTs with the polymers leads to significant advances in 
the physical properties such as mechanical and electronic 
features of resulting composites [15–17]. MWCNTs/PANI 
composites with flexible and efficient textile electrode 
were early prepared and synthesis of PANI nanofibers by 
noncovalent interactions with CNTs were carried out by 
in situ polymerization methods [18, 19]. In recent years, 
organic polymer thin films have played a significant role 
in photodiodes fabrication. Photodiodes have varieties of 
applications such as; optical position sensors spectroscopy, 
optical communications, photography, beam alignment, 
and medical instruments. The conjugated polymer-based 
photovoltaic devices were developed by different scientists 
[20–22]. Exposing the device to photons creates excitons 
in depleted regions, the length of the exciton diffusion 
length is about 10 nm. One of the most important param-
eters which affect the performance of organic solar cells 
is the shape of the donor/acceptor interface. An interpen-
etrating donor/acceptor network is an ideal shape which 
allows fast charge separation and continuous transference 
paths for the created electrons through donor and acceptor 
molecules [23, 24]. In addition, in the polymer solar cell 
area, the choice of appropriate solvent is very important 
for the fabrication and performance of the devices [25, 
26].

This study aims to prepare MWCNTs/PANAA compos-
ites based on the polymerization of aniline and anthranilic 
acid monomers by oxidative polymerization in the presence 
of MWCNTs. Thin films of MWCNTs/PANAA were pre-
pared by thermal evaporation technique and a comprehen-
sive experimental study of the structural, optical, magnetic 
and electrical properties of MWCNTs/PANAA films were 
carried out. The effects of both MWCNTs weight percentage 
and temperature on electrical transport mechanisms proper-
ties of MWCNTs/PANAA films as a heterojunction diode 
configuration were studied.

2  Experimental part

2.1  Materials

All substances were used without additional refinement 
except aniline (Aldrich). Double distillations of aniline 
were carried out before the polymerization process. Ortho 
anthranilic acid, potassium dichromate from LOBAL Che-
mie, and ethanol purchased from Fisher Scientific UK 
Limited. KNT-ICH24,-COOH functionalized industrial, 
grade: multi-walled carbon nanotube, 20–40 nm diameter, 
10–20 µm length, 90% carbon purity, specific surface area: 
110 m2/g, and COOH content of 1.4 wt% was used.

2.2  Preparation of MWCNTs/PANAA binary 
nanocomposites

Typically, five different amounts of MWCNTs-COOH, 
namely; 0.075, 0.22, 0.37, 0.53, and 0.78 g which is equiv-
alent to 1, 3, 5, 7, and 10% of monomer weights respec-
tively, were used to form the composites. Each amount of 
the MWCNTs was separately dispersed in 40 ml ethanol by 
ultrasonic homogenizer for 15 min. 2.8 ml [equivalent to 
2.85 g (0.030 mol)] aniline were dispersed in 20 ml distilled 
water, followed by addition of drops of concentrated HCl 
under magnetic stirring (rpm = 500) at room temperature. 
30 ml of distilled water were added to the resulting aniline 
salt under magnetic stirring. Separately, 4.1 g of anthranilic 
acid (equivalent to 0.030 mol) were dissolved in 20 ml 
ethanol. Anthranilic acid solution was added to aniline salt 
solution. The resulting MWCNTs/aniline-anthranilic acid 
monomers mixture was stirred by ultrasonic homogenizer 
for 5 min. The value of pH of the resulting mixture was 
adjusted at 1.5 by conc. HCl. 10 g of potassium dichromate 
as an oxidizing agent were dissolved in 100 ml distilled 
water. Dichromate solution was added to the MWCNTs/
aniline-anthranilic acid monomers mixture drop by drop at 
room temperature under magnetic stirring (850 rpm). The 
resulting MWCNTs/PANAA was filtered and washed several 
times with distilled water, followed by washing with etha-
nol to get rid of the excess initiator, monomers, oligomers 
and then dried at 60 °C. The resulting MWCNTs/PANAA 
composites with weight percentages of 1, 3, 5, 7, and 10% of 
MWCNTs were marked by  W1,  W2,  W3,  W4 and  W5 respec-
tively. Neat PANAA was prepared using the same steps, but 
without adding MWCNTs.

2.3  Fabrication of heterojunction diode of Al/
MWCNTs‑PANNA/Al

The heterojunction diode of Al/MWCNTs-PANNA/
Al was made by the technique of thermal evaporation 
(Edwards type E306A, England, under a vacuum of about 
 10− 4 Pa) on the surface of Al thin film. The silicon sub-
strate was cleaned chemically and immersed in  PC4 solution 
(HF:HNO3:CH3COOH in the ratio 1:3:1) for ectching within 
10 s, rinsed and cleaned with deionized water and isopro-
pyl alcohol and then oven dried. A thick film of pure Al 
(100 nm) was deposited on the silicon substrate to make the 
bottom contact electrode as Schottky electrode. A molyb-
denum boat shaped filament was used to gradually heat a 
quartz crucible containing the MWCNTs/PANNA nanocom-
posite powder. Sublimation of the powder takes place during 
the heating process. The temperature of the substrate was 
kept at 503 K during the evaporation process.
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A quartz crystal thickness monitor (Model TM-350 
MAXTEK, Inc. USA) attached to the coating system was 
employed to monitor the deposition rate and the film thick-
ness. 200 nm thickness of the MWCNTs/PANNA compos-
ite was deposited on the Al thin film. After deposition, the 
film thickness was also checked interferometrically by the 
Tolansky method [27]. Then, a top contact of mesh Al metal 
was deposited on the MWCNTs/PANNA layer as an Ohmic 
electrode which has a low contact resistance and high sta-
bility with MWCNTs/PANNA layer. A Schottky electrode 
has higher contact resistance than the MWCNTs/PANNA 
semiconductor layer. The active area of the junction was 
0.39 cm2. The schematic diagram of Al/MWCNTs–PANNA/
Al heterojunction diode is presented in Fig. 1.

2.4  Characterization

The FT-IR bands of the POAP powder were obtained using 
a Mattson 5000 Fourier-transfrom infra red spectrometer in 
wave number region 400–4000 cm− 1. The thermal stabil-
ity of the considered composites was studied by Schimadzu 
model 50 Thermogravemetric analyzer instrument under 
10 °C/min heating rate in a nitrogen atmosphere. Crys-
tal structure of the composites was investigated by X-ray 
diffractometer (RU-200BH) with 1.54 Å wave length and 

12 kW maximum powr. The morphology of the composites 
was imaged by (SEM; Inspect S, FEI, Holland) scanning 
electron microscopy. Transmission electron microscope 
(TEM) (JEOL 100 CX II TEM 100 kV) was used to detect 
the shape and dimensions of the particles. The current–volt-
age characteristics of Al/MWCNTs-PANNA/Al heterojunc-
tion diodes were recorded in the dark by Keithley electrom-
eter model 6517 B.

3  Results and discussion

3.1  FT‑IR spectra of MWCNTs/PANAA composite 
powder

FT-IR bands of neat PANAA and MWCNTs/PANAA binary 
composites are listed in Table  1. The FT-IR spectra of 
MWCNTs/PANAA composites are shown in Fig. 2. The data 
supports the possibility of formation of binary nanocompos-
ites in the solid phase. This stretch due to the existence of the 
ν(C=C) and ν(C=N) bands of benzoid and quinoid rings at 
1618 and 1520 cm− 1. The two bands at 1231 and 1114 cm− 1 
belong to ν(C–N) of the quinoid and benzoid rings, respec-
tively [28, 29]. The bands at 3359 and 2933 cm− 1 can be 
ascribed to ν(OH) and ν(NH), respectively. The bands at 644 

Fig. 1  The chemical structure and fabrication of MWCNTs/PANAA nanocomposites

Table 1  FTIR bands of neat 
PANAA and MWCNTs/
PANAA composites

Compound ν (OH), δ(OH) ν (NH) ν (C=C) ν (C=N) ν (COOH) ν (C–N)

PANAA 3359, 975 2933 1618 1520 1440 1231, 1114
W1 3403, 949 2911 1581 1495 1309 1248, 1147
W2 3467, 954 2806 1575 1492 1297 1245, 1130
W3 3463, 947 2812 1575 1491 1298 1241, 1127
W5 3396, 954 2815 1576 1490 1375 1297, 1079



16705Journal of Materials Science: Materials in Electronics (2018) 29:16702–16714 

1 3

and 513 cm− 1 are corresponding to γ(COOH) and ρ(COOH) 
vibrations. The bonding of poly(aniline-co-anthranilic acid) 
(PANAA) causes distortion in the electron concentration of 
some active sites of the neat MWCNTs/PANAA composites. 
In comparison, of MWCNTs/PANAA spectra with the neat 
PANAA spectrum, the data show that the band at 1520 cm− 1 
which is due to ν(C=N) in the spectrum of neat PANAA 
was shifted to 1490 cm− 1 in the spectrum of MWCNTs/
PANAA and accompanied by a reduction in intensity. The 
bands at 3359 and 975 cm− 1 which are due to ν(OH) and 
δ(OH) in the spectrum of PANA were shifted in the spec-
tra of MWCNTs/PANAA  (W2–W5) to 3403, 3467, 3463, 
3396, 3402 and 949, 954, 947, 954, 952 cm− 1, respectively. 
This shift to lower wavenumber in δ(OH) suggests that both 
neat PANAA and MWCNTs/PANAA composites  (W2-W5) 
(containing COOH group) are in bonding without shift of 
hydrogen ion from carboxylic group.

3.2  Thermogravimetric analysis of MWCNTs/PANAA 
composite powders

Figure 3 shows the TGA curves of the neat PANAA, pris-
tine MWCNTs, and MWCNTs/PANAA composites. As 
displayed in Fig. 3, the pristine MWCNTs was more ther-
mally stable and its weight decreased insignificantly with 
increasing temperature compared with MWCNTs/PANAA 
composites. The weight loss for pristine MWCNTs was 2% 
at 700 °C and 5% at 900 °C.

For PANAA and MWCNTs/PANAA composites the 
weight loss detected under 140 °C is because of dehydra-
tion, witness to that is the change of colors from pale to 

deep. This stage is an endothermic process and occurs in the 
temperature range from room temperature to 140 °C. After 
that, the thermogram of PANAA and MWCNTs/PANAA 
shows the weight losses within the temperature range of 
140–260 °C. This corresponds to the removal of water mol-
ecules from the crystal structure of neat PANAA and MWC-
NTs/PANAA [30, 31]. After removal of water molecules, the 
decomposition process was carried out for the neat PANAA 
and MWCNTs/PANAA within the range of 260–500 °C 
through the collapse of the weakest hetero {N–C (aniline) or 
N–C (anthranilic acid)} bonds [32]. The last decomposition 

Fig. 2  FT-IR spectra of neat 
PANAA and MWCNTs/
PANAA composites powder
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step within the range of 500–900 °C for neat PANA and 
MWCNTs/PANAA composites leaves the ash, which are 
produced from the carbonization process under nitrogen 
atmosphere. The thermal stability of the PANAA increased 
by increasing the percentage of MWCNTs, the decomposi-
tion curve of the composites takes the same behavior of the 
neat PANAA curve. This can be attributed to the interaction 

carried out between the PANAA copolymer and MWCNTs 
through π-bonding with each other.

3.3  XRD of MWCNTs/PANAA composite powder

X-ray diffraction patterns of MWCNTs/PANAA composites 
with different weight percentage of MWCNTs are presented 
in Fig. 4. The results displayed an amorphous (no crystal-
linity) structure with a lack of Bragg diffraction peaks for 
all considered composites. The absence of peaks associated 
with crystalline phases and the broad halo detected in the 
XRD patterns confirms the amorphous structures of all the 
considered composites. On the other hand, the XRD pat-
tern’s intensity increases with increasing the percentage of 
MWCNTs.

3.4  Morphology analysis of MWCNTs/PANAA 
composite powder

The SEM images (Fig.  5) show that the size of the 
MWCNTs/PANAA composites are finely dispersed in a 
micorscale. The resulting particles have irregular entangled 
like-plate layers.

Figure 6 shows the TEM image of  W3 and  W5 nanoparti-
cles of the as-deposited MWCNTs/PANAA composites. The Fig. 4  XRD pattern of MWCNTs/PANAA composites powder

Fig. 5  Typical SEM of binary MWCNTs/PANAA composites powder  (W3 and  W5)
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majority of MWCNTs/PANAA particles in the composite 
has a length between 93.75 and 137.5 nm.

In comparison of the SEM and TEM images of MWCNTs 
as a blank (Fig. 7) with the prepared MWCNTs/PANAA 
composites, the analysis showed that the agglomerated and 
aggregated clusters of polymer have been formed in the 
composites. The deposition of the copolymer on the surface 
of MWCNTs converted its size from nano to microscale.

3.5  Magnetic properties of MWCNTs/PANAA 
composite powder

Characteristic magnetization curves for MWCNTs/PANAA 
nanocomposite with different percentages of MWCNTs are 
shown in Fig. 8. The magnetic properties of MWCNTs/
PANAA binary nanocomposite were determined at room 
temperature using VSM (Vibrating Sample Magnetometer). 
Meanwhile the neat PANAA does not have magnetic prop-
erties, therefore the magnetic properties of the synthesized 
MWCNTs/PANAA binary nanocomposite are intensely 
due to the presence of MWCNTs and depend on the con-
tents of MWCNTs in the structure. Magnetization curves 

Fig. 6  TEM images of MWCNTs/PANAA composites powder with two different magnifications of  W3 and  W5

Fig. 7  SEM (a) and TEM (b) images of MWCNTs
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showed almost no remanence or coercivity at room tem-
perature, signifying superparamagnetic performance by 
saturation magnetization values: 16.4 × 10− 4, 14.30 × 10− 4 
and 8.08 × 10− 4 emu/g for the composites at different weight 
percentages of MWCNTs for  W2,W3, and  W5 respectively. 
The lower values of saturation magnetization  (Ms) may be 
ascribed to the surface effect and finite size [33, 34].

3.6  Electronic spectra and optical band gap  (Eg) 
of MWCNTs/PANAA thin films

The UV–Vis absorption spectra of the thin film with a thick-
ness of 200 nm from MWCNTs/PANAA were presented in 
Fig. 9. MWCNTs/PANAA composites give main absorption 
spectrum within the wavelength range of 250–1000 nm. The 
absorption spectra of MWCNTs/PANAA thin films are fea-
tured by two main absorption bands. The first band is located 
in the range of 250–410 nm. This band can be ascribed to 
the localized π–π* transitions [35, 36]. From the spectrum, 
it can be noticed that this band in the range of 250–410 nm 
is splitting into two peaks, one peak at 290 nm and the other 
one at 330 nm. The main band with the shoulder edge within 
the range of 500–750 nm. This can be attributed to charge 
transmission between the electron-rich donor and electron-
deficient acceptor units within the molecules in the compos-
ites thin film. On increasing the percentage of MWCNTs, 
red shift takes place indicating to intermolecular interaction 
between the MWCNTs and PANAA [37, 38].

The spectral distribution of transmittance T (λ) and reflec-
tance R (λ) of MWCNTs/PANAA thin films with 200 nm 
thickness was obtained at normal incidence within the wave-
length range 200–1000 nm and shown in Fig. 10. It is clear 
from the data that both the spectral behavior of both T (λ) and 

R (λ) for the investigated films refers to the homogeneity of 
the films. The stability in the peak locations in the absorbing 
region demonstrates the stability of the structure of MWCNTs/
PANAA thin film. Also the data show that at longer wave-
lengths (λ > 800 nm), thin film becomes transparent and light 
scattering is prevented (i.e., T + R = 0.80) while almost 20% 
is absorbed. The inequality of (T + R << 1) at smaller wave-
lengths (λ < 800 nm) identified as the absorbing region is due 
to the presence of absorption.

The refractive indices of optical materials are of  
great importance for the applications in optics devices  
[39]. Both refractive index ( n = ((1 + R)∕(1 − R(�))+
√

(4R(�)∕(1 − R(�)2) − k2  and  absor p t ion  index 

[ k = (��∕4� where � absorption coefficent )] of the resulting 
MWCNTs/PANAA films are depending on the percentage of 
transmittance and reflectance at a normal light incidence. The 
spectral dependencies of both n(λ) and k (λ) are presented in 
Fig. 11. It is clear that, both n and k are almost independent of 
MWCNTs percentage. At longer wave lengths the absorption 
index k becomes very small, indicating that the synthesized 
films are extremely transparent.

Estimation of the transitions’ type in semiconductor materi-
als requires analysis of optical absorption close to the absorp-
tion band boundary. The inter-band absorption coefficient (α) 
as a function of energy for direct permitted transition is given 
by [40]:

where B is a characteristic constant and is a function of the 
transition probability, hν is the photon energy,  Eg is an opti-
cal energy gap. Figure 12 depicts (αhν)0.5 versus photon 
energy for MWCNTs/PANAA thin film. The direct allowed 
band gap  (Eg) for the film is estimated from the x-axis inter-
cepts at (αhν)0.5 = 0. Two allowed direct optical band gaps 
 Eg1 and  Eg2 were gotten depending on the range of pho-
ton energy and are listed in Table 2 for MWCNTs/PANAA 
binary polymer films.

The complex optical conductivity ( σ* = σ1(λ) + iσ2(λ)) 
is correlated to the complex dielectric constant 
(ε* = ε1(λ) + iε2(λ)) by the relation [41–43]:

and

where

and

(1)(�hv)1∕2 = B
(

hv − Eg

)

(2)σ1 = ωϵ2ϵ0

(3)σ2 = ωϵ1ϵ0

(4)ϵ1 = n2 − k2

(5)ϵ2 = 2nk
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The real σ1 and imaginary σ2 parts of the optical conduc-
tivity vs. photon energy are shown in Fig. 13. From the fig-
ure, it can be noticed that on increasing the photon energy σ1 
decreases and σ2 increases. The values of  Eg have the range 
1.75–2.6 and 3.5 eV, theses values obtained at the points of 
intersections between σ1 and σ2.

3.7  Electrical properties of MWCNTs/PANAA thin 
films

The typical forward bias voltage (V) and current (I) charac-
teristics under different temperatures obtained from MWC-
NTs/PANAA film are presented in Fig. 14. The obtained 
forward current increases with increasing the MWCNTs 
percentage. The forward bias, I–V features of the examined 
films might be diverged significantly from linearity at the 
higher voltage region. For a non-ideal heterojunction diode 
which include series resistance effect the I–V correlation is 
stated as [44]:

where A is the contact area, A* is the Richardson constant, 
φB is the barrier height, T is the absolute temperature, q is 
the electron charge and  kB is the Boltzmann constant. One 
of the most important factors affecting on the dark forward 
I–V curves is the series resistance  (Rs). Since,  Rs is affected 
by the existence of the expected interface layer among the 
copolymers and leads to non-ideal performance. The  Rs 
decrease the distance of the linear behavior in the forward 
features of the fabricated sample. The value of  Rs can be 
estimated using the method established by Cheung formula 
[45]:

(6)I = A A∗ T2 exp

(

−
q�B

kBT

) [

exp

(

q(V−IRs)
nkBT

)]

(7)
dV

d ln(I)
= n

kBT

q
+ Rs I
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Equation (7) states that a plot of dV

d ln(I)
 versus I gives a 

straight line (for the data in the downward curved region of 
the forward bias I–V characteristics). The slope of the line 
gives Rs and n can be obtained from the y-axis intercept 
(

n
kBT

q

)

 for MWCNTs/PANAA composite  (W5) at different 

temperatures (Fig. 15). The obtained values of the ideality 
factor n, and Rs for MWCNTs/PANAA composite  (W5) at 
different temperatures are recorded in Table 3. From the 
table it is clear that the values of both n and Rs are strongly 
dependent on temperature. It is noted that, there is a continu-
ous decrease in the diode ideality factor n with increasing 
temperature. On the other hand,  Rs values are inversely pro-
portional to temperature. Existence of recombination 
charges, and aggregation of primary and secondary particles 
during polymerization are possible causes which make the 
values of n > 1 [46].

The junction resistance  Rj for the fabricated MWCNTs/
PANAA composite film is expressed as  Rj = ∂V/∂I. At upper 
voltages,  Rj value reaches a constant value called series 
resistance  Rs. However, at higher reverse voltages, the  Rj 
value has a constant value termed shunt resistance  Rsh [47, 
48]. The  Rs and  Rsh values were calculated from the curve 
of  Rj –V plotted and were listed in Table 3.

At higher voltages, I–V characteristic of MWCNTs/
PANAA composite film is affected by MWCNTs transport 
properties as a semiconductor material [49]. For this rea-
son, the current–voltage characteristics of the diode were 
plotted as displayed in Fig. 16 (ln (I) vs. ln (V)). The I–V 
curve was analyzed via I∝Vm relation. The average value of 
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Fig. 11  Dispersion of the refractive index n and the absorption index k of MWCNTs/PANAA composite thin films

Fig. 12  Photon energy dependence of ( �h)0.5 for MWCNTs/PANAA 
composite thin film

Table 2  Values of onset energy gap and fundamental energy gap, for 
MWCNTs/PANAA binary polymers thin film

Sample MWCNTs/
PANAA

Onset energy gap (eV) 
 Eg1

Fundamental 
energy gap (eV) 
 Eg2

W1 1.46 2.81
W2 1.44 2.60
W3 1.38 2.21
W4 1.34 2.63
W5 1.32 2.83
Neat PANAA 1.36 2.19
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Fig. 13  The dependence of 
the real and imaginary parts of 
the optical conductivity on the 
photon energy hν for MWCNTs/
PANAA composite thin films
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m is 1.7, whereas the temperature increased the value of m 
decreases, this may be attributed to the decreases of the  Rs 
with temperature. This recommends that most of the traps 
are occupied and participation of free carrier to electric field 
becomes noteworthy [50, 51].

The values of the obtained I–V characteristic parameters 
of the MWCNTs/PANAA films in in comparison with other 
compounds [52–54] are listed in Table 4. These results dem-
onstrate that the MWCNTs/PANAA films as a conjugated 
conductor nanocomposite polymers are reliable for applica-
tion in real optoelectronic devices.

4  Conclusions

The structural, optical parameters and the electrical prop-
erties have been studied for MWCNTs/PANAA composite 
thin films. XRD and SEM results indicate that MWCNTs/
PANAA composite thin films have an amorphous structure 
with a particle size 40–60 nm.

Magnetization properties showed that there are almost no 
remanence or coercivity at room temperature taking super 
paramagnetic behavior. MWCNTs/PANAA composite films 
have about 75% of transmittance in the visible range.

The band gap of MWCNTs/PANAA composite thin films 
was determined by real and imaginary optical conductivity 
and was found in a good agreement with the Tauc band gap. 
The estimated average values of the onset and fundamen-
tal energy gaps, for MWCNTs/PANAA binary polymers 
thin film are (1.46–1.32 eV) and (2.81–2.83 eV) depend-
ing on the MWCNT weight percentage. The diode ideality 
factor, series resistance  Rs, and shunt resistance  Rsh values 
determined from I–V–T curves in the dark condition for the 
MWCNTs/PANAA composite thin films and were found to 
be (3.807–1.812), (5.6–2.25 × 104 Ω)and (1.64–0.8 × 105 Ω), 
respectively. The nanostructures MWCNT/PANAA thin 
films have high transparency and a good electrical proper-
ties for application in solar cells and optoelectronics.
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Fig. 15  Plots of dV/d ln(I)–I of the MWCNTs/PANAA composite 
 (W5) thin films under different temperature

Table 3  I–V characteristic parameters of the MWCNTs/PANAA 
films  (W5)

Temperature K Ideality factor (n) Series resist-
ance  Rs
× 104

Shunt 
resistance 
 RSh
× 105

298 3.807 5.60 1.64
313 2.67 4.91 1.39
328 2.49 2.97 1.10
343 1.338 2.93 1.00
358 1.812 2.25 0.80
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Fig. 16  Plot of Ln I–Ln V of MWCNTs/PANAA composite  (W5) thin 
films

Table 4  Values of I–V characteristic parameters of the MWCNTs/
PANAA films

Temperature K (room tempera-
ture)

n Rs
× 104

RSh
× 105

References

MWCNTs/PANAA composite 
 (W5) thin films

3.807 5.60 1.64 This work

Au/n-PANA-ES/p-Si/Al solar cell 
device

3.229 0.099 4.60 [52]

Ag/PANI/n-type Si 4.59 3.41 – [53]
A poly(3-hexylthiophene) 

(P3HT):1-(3-methoxycarbonyl)
propyl-1-phenyl-[6,6]-methano 
fullerene (PC61BM)

1.60 5.11 1.3 [54]
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