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In this study, a PANI/Cu nanocomposite films are prepare using ion sputtering technique. 
Then PANI/Cu nanocomposite films are irradiated by different fluence of low energy 
hydrogen ion (1x1016, 4x1016, and 8x1016 ion/cm2). The changes in crystallite structure are 
studied using XRD diffractometer. The dielectric properties and the energy density of the 
blank and irradiated films are obtained at room temperature in the frequency range of 100 
to 5MHz. The measurements indicated significant changes in these parameters after 
hydrogen ion irradiation. The dielectric constant 𝜀𝜀′  improved from 1.5 for PANI/Cu to 6, 
10 and 23 after exposed to 1x1016, 4x1016, and 8x1016 ion/cm2. Moreover, the conductivity 
energy density is improved from 1.6x10-5 for unirradiated to 2.1x10-5 , 4.8x10-5, and 
1.5x10-4 for irradiated films.  The results confirmed an improving in electric properties and 
energy density of the irradiated PANI/Cu nanocomposite films, which can using these 
films in wide range of application such as super-capacitor and microelectronic devices.  
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1. Introduction 
 
Conductive polymers including polyaniline (PANI) has received a good deal of interesting 

due to their light weight, high electro activity, and high aspect ratio [1]. For these reasons, 
conductive polymers have many applications in cellular phones, televisions, light-emitting diodes, 
displays, batteries, solar cells, sensors, and microelectronics [2]. Additionally, conductive 
polymers and their composites also have a perfect electromagnetic absorption property, which 
makes them useful for eliminating electromagnetic radiation [3]. PANI has many advantages such 
as easy fabrication, redox properties, low cost, wide range of conductivity, and environmental 
friendliness [4]. However, the employment of PANI is bounded due to its pauper solubility, 
mechanical properties, fusibility, and processability [5]. Polymer nanocomposites with superb 
dielectric properties are robustly desirable for electronic devices and super-capacitors. 
Consequently, the electrical and dielectric properties of the polymer can be amended by employing 
ion beam irradiation due to the important processes which occur inside polymer, e.g., cross-
linking, free radical formation, oxidation, carbonization, and macromolecular distribution [6]. 

 The polymer–metal nanocomposites are making these as promising materials for various 
applications. The characteristics of the metal nanoparticles such as optical, electronic, magnetic, 
and catalytic are depend on their size, and the shape of the crystal [7, 8]. The sputtering is a 
suitable method for manufacturing of integrated circuits and microsystems or semiconductors 
interconnects [9] and multilayer [10,11]. The electrical conductivity of commercially copper is 
lower costs and accessibility causes, that Cu is the metal used most often in electronic applications 
[12]. The control of grain size is special importance in deposition of semiconductors, because of 
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the grain size-band gap dependence [13]. The grain size effect on physical properties is also a 
particularly important in contact surfaces for electronic applications [14]. 

Consequently, the electrical properties of the polymer can be amended by employing ion 
beam irradiation. Because ion irradiation of polymer lead to important processes inside polymer 
such as cross-linking, free radicals formation, oxidation, carbonization, and macromolecular 
distribution [15,16]. In the present work, we fabricated nanocomposite films of PANI/Cu using an 
ion beam sputtering technique to sputter Cu nanoparticle into PANI polymer. After that, the films 
are irradiated by different fluence of hydrogen ion 1x1016, 4x1016, and 8x1016ion/cm2. The 
dielectric properties, electric modulus, and the energy density efficiency of the pure and irradiated 
films are deduced at constant temperature 20o C in the frequency range of 100 to 5MHz. 

 
 
2. Experimental work 
  
PANI is dissolved in Dimethylformamide (DMF) for 60 min at room temperature by using 

ultra sonic probe and then casting the film in Petrie dish for 1 day. Also; the cold cathode ion 
source sputtering technique as shown in Figure 1 is used to sputter copper nanoparticles into the 
PANI polymer for 30 mints and mixed using ultra sonic probe. The sputtering technique is a cold 
cathode ion source which described previously [17] with conditions; sputter time 30 min using Ar 
gas at energy 4keV and pure copper target (99.97) is placed by angle 60o on the front beam.  The 
PANI/Cu nanocomposite film is prepared successfully using sputtering technique. This method 
obtained copper in small range of nano because the sputter steps are started from single atom to 
more atoms and growth into island from atoms to forming the crystals. The prepared film is 
cutting into 1cm x 1cm samples to be irradiated and characterized. The ion source is used for 
irradiated the samples after preparation the samples using hydrogen gas at energy 5keV and ion 
current 100µA using different fluence 1x1016, 4x1016, and 8x1016 ion/cm2.  

The structural properties for PANI/Cu nanocomposites films are studied using XRD 
(Shimadzu XRD-6000) with Cu Kα radiation (λ=1.5406Å). A Transmission Electron Microscope 
(TEM) is used for recording high magnification image of samples. The electric properties, electric 
modulus properties of the un-irradiated and irradiated films measured in the temperature range 
from 293-353 K, where a programmable automatic RLC bridge (HIOKI 3532 LCR HITESTER) at 
frequency from 100 Hz to 5MHz used to measure the impedance Z, the capacitance, and the loss 
tangent (tan δ) directly 

 

 
 

Fig. 1. Sputtering technique low energy ion source. 
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3. Results and discussion 
 
When an ion collides with the target, penetrated in it depend on the nature of the material’s 

composition. The incoming ions lose their energy in the target in different images such as 
displacement of target atoms and phonon i.e. the simulation process was executed by using the 
SRIM/TRIM simulation code [18]. The distribution depth of bombarded ions depends on their 
energy, fluence, type, and also on the type and structural of target material [19]. Figure 2a shows 
the average projected range for 5keV hydrogen ion is 107 nm and ion straggling is 33nm. Also, 
figure 2b shows the collision events; the target vacancies are 7/ion, target displacements (number 
of atoms knocked off their target lattice site) are 7/ion. The obtained target vacancies are equals 
the target displacements, i.e. the replacements is zero. Figure 2c shows the energy to recoil; where 
the energy absorbed by C is larger than the H or N atoms. Figure (2d) shows the energy loss to 
phonons, where the phonons are the energy stored in atomic vibrations in a crystal of the target.  
All phonon come equally from ions and recoil atoms. Also; the energy deposited by recoil is 
6.34% from incident energy and the energy loss from ions is 90% for ionization, 0.2% for 
vacancies and 3.42% for phonon. 

 
 

 

 
 

Fig. 2. SRIM/TRIM simulation for hydrogen ions collide with PANI/Cu films. 
 
 
The X-ray diffraction is one of the most important characterization tools used in materials 

science. Diffraction pattern gives information on translational symmetry - size and shape of the 
unit cell from peak positions and information on electron density inside the unit cell, namely 
where the atoms are located from peak intensities.  Figures 3a shows the XRD patterns recorded 
for PANI/Cu film. The XRD patterns show a preferred three peak for Cu of 2θ at 43.1 o and 50.3 o 
corresponds to 111 and 200 after sputter time of 30 min. Figure 3b shows the XRD spectrum of 
PANI/Cu film after exposed to hydrogen fluence of 1x1016, 4x1016, and 8x1016ion/cm2. The 
changes in crystalline structure after hydrogen ion irradiation is due the interaction of the PANI/Cu 
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film with the hydrogen beam, which results in the induced rearrangement of PANI/Cu crystal 
structure after irradiation, causes a modification in XRD peak intensity after irradiation.  

 

 
 

Fig. 3.  XRD for (a) Pure PANI and untreated PANI/Cu, (b) irradiated PANI/Cu with different  
fluence of hydrogen beam. 

 
 
The average crystallite size is obtained using Debye-Scherrer formula [20] 
 

𝐷𝐷 =  0.9λ

β cos θ
                                                                              (1) 

 
where ‘λ’ is wave length 1.541 Ao of X-rays used, ‘β’ is FWHM in radian,‘ θ’ is the diffraction 
angle in degree and ‘D’ is crystallite diameter size. The crystallite size of Cu nano is found to be 
22 nm before ion irradiation and are 20, 18, and 14nm after hydrogen ion irradiation with fluence 
1x1016, 4x1016 and 8x1016 ion.cm-2 respectively. The value of interplanar spacing d is calculated by 
[20]:   
 

d = λ

2 sin θ
                                                                             (2) 

 
The interplanar spacing is 0.21 for blank is changed to 0.205 and 0.2 nm after hydrogen 

ion irradiation with fluence 4x1016 and 8x1016 ion.cm-2 respectively. A Transmission Electron 
Microscope (TEM) is used for recording high magnification image of samples as shown in figure 
4a,b. Figure 4a show the sample image before ion irradiation and 4b the sample after ion 
irradiation by fluence 8x1016ion/cm2 the particle size is decreased after ion irradiation from 22 to 
16 nm.   
 

 
 

Fig. 4. TEM images of (a) untreated PANI/Cu and (b) irradiated PANI/Cu of 8x1016 ion.cm-2. 
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The complex dielectric permittivity (ɛ*) given by the relation: 

ε∗ = 𝜀𝜀′ − i ε′′                                                                          (3) 
 
where 𝜀𝜀′ represents the dielectric constant which demonstrates the capacity of a material to storage 
electric charge [21]. Therefore, polymer nanocomposites which have high dielectric constant are 
employed for electronics applications and energy storage. Moreover, the dielectric constant of 
blank and irradiated films has been calculated by the following expression [22]. 
 

  𝜀𝜀′ = 𝐶𝐶𝐶𝐶
𝜀𝜀𝑜𝑜𝐴𝐴

                                                                                      (4) 

 
where; C is the capacitance, t the thickness of films, and A is the area of dielectric. Figure 5 shows 
the change of ε' with the frequency of applied electric field at constant temperature for the blank 
and irradiated films. It is observed that ε' of irradiated samples have the same behavior of un-
irradiated films. Also; there is a significantly large increases in ε' value after irradiation, which 
gradually increases with increasing hydrogen ion fluence. As shown in Table 1, the dielectric 
constant for PANI/Cu at frequency 100 Hz is 1.5 and increases to 6, 10, and 23 when exposed to 
1x1016, 4x1016, and 8x1016 ion/cm2, respectively. This is because of the more defects producing in 
the band gaps of polymer model as a result of chain scission [23]. In particular, values of ε' 
increase with increasing the irradiation fluence due to breaking of bonds that increase number of 
defects in polymer system.   
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Fig. 5. Frequency dependence of the dielectric constant for PANI/Cu nanocomposites films. 
 
 
Specially, ε′′ refers to the imaginary part of the complex dielectric and called dielectric 

loss which usually measured by loss tangent tan (δ) values. Where, it demonstrates the proportion 
among the amount of energy wasted in a material to the amount of energy stoked in a material, and 
it was calculated through using the next relationship [24,25]: 

 
𝜀𝜀′′ = 𝜀𝜀′ tanδ                                                                                    (5) 

 
where δ = (90º-θ)  and θ is the phase angle. The variation of dielectric loss as a function of 
frequency of the pristine and irradiated nanocomposite samples are show in Figure 6. It can be 
seen that ε'' values of the irradiated films is a significantly large increases in ε'' after irradiation by 
different doses of hydrogen ion this due to the defects that creating in the band gaps of polymer as 
a result of chain scission. Then the values of ε'' gradually increase with increasing ion irradiation 
due to breaking of bonds that increase number of defects in polymer system [26]. In which, ε'' 
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value of the nanocomposite film increase after irradiation, which increases from 16 for PANI/Cu 
to 58, and 96 after irradiation by 4x1016  and 8x1016 ions/cm2, respectively. 
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Fig. 6. Dielectric loss of the unirradiated and irradiated PANI/Cu nanocomposites films. 
 
 
The AC electrical conductivity (σ𝑎𝑎𝑎𝑎)  of most polymers changes with the frequency 

according to the percolation relation [27,28]: 
 

σ𝑎𝑎𝑎𝑎 = 𝜀𝜀𝑜𝑜𝜀𝜀′′𝜔𝜔 = 𝐴𝐴𝜔𝜔𝑆𝑆                                                                  (6)   
 
where A represents a constant independent on temperature, ω related to angular frequency, εo 
demonstrates the dielectric permittivity in space (8.85 × 10−12 F/m), and s refer to the frequency 
exponent which commonly is minimal than or equal to one [28]. Figure 7 show the alteration of 
AC electrical conductivity with frequency in range of 100Hz to 5MHz It is observed that from the 
Figure 7, AC conductivity; σac is increased with increase in frequency. Also; The AC conductivity 
is observed to be increased by ion irradiation and reach to maximum after irradiation by fluence 
8x1016ion/cm2. This indicates that there may be charge carriers which can be transported by 
hopping through the defect sites along the polymer chain. The frequency dependence of AC 
conductivity is the result of interface charge polarization. 
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Fig. 7. Frequency and ion irradiation dependence of AC electrical conductivity. 
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Importantly, information about the dielectric and the conductivity relaxation behaviors of 
the pristine and irradiated films can be found from the complex electric modulus (M*), which is 
computed by the following expression [29]: 

 
𝑀𝑀∗ = 1

𝜀𝜀∗
=  𝑀𝑀′ + 𝑖𝑖 𝑀𝑀′′                                                                         (7) 

Hence 𝜀𝜀∗  refers to the complex permittivity, 𝑀𝑀′  and 𝑀𝑀′′  are related to the real and 
imaginary part of the complex electric modulus, respectively. The electric modulus is used to 
reveal the conductivity relaxation by repressing the influence of electrode polarization. In which, 
M′ and M′′ can be given from the impedance data using the following formulas [29] 

 
𝐌𝐌′ = 𝜺𝜺′

𝜺𝜺′𝟐𝟐+𝜺𝜺′′𝟐𝟐
                                                                                             (8) 

 
𝐌𝐌′′ = 𝜺𝜺′′/(𝜺𝜺′𝟐𝟐 + 𝜺𝜺′′𝟐𝟐)                                                                          (9) 

 
Figure 8 shows that the real part (M') of the electric modulus at low frequency close to 

zero value, which confirms that the polarization of electrode makes trivial contribution to the 
materials [30]. Moreover, M' values of the pristine and irradiated films increase with increasing the 
frequency and saturate at higher frequency region. It can also be noticed that M′ of the pristine 
film decreases after irradiation by ion beam owing to enhancing the polymer segmental movement, 
increasing the free carriers and conductivity [31]. Meanwhile, M′ gradually reduced with 
increasing the fluence of ion beam irradiation may be due to the increase in dipole mobility, 
therefore facility of the hopping mechanism [32]. 
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Fig. 8. Frequency dependence of real electric modulus for blank and irradiated  
PANI/Cu nanocomposite. 

 
 
Meanwhile, the imaginary parts (M'') as a function of frequency of the blank and irradiated 

films are shown in Figure (9). One can be seen that values of M'' in the low-frequency region are 
very small, which suggests that motion of ions is occurred by hopping from position to adjoining 
position. The figure depicts the relaxation peaks, which represents the conductivity processes. In 
which, existence of relaxation peaks in M'' behaviors demonstrates that films are potential ionic 
conductors. Moreover, the intensity of relaxation peak of the pristine film is shifted to higher 
frequency after irradiation by ion beam, which supports that the time of relaxation τr reduced 
according to the following expression [33]:  

 
τ𝑟𝑟 = 1

𝜔𝜔𝑟𝑟
                                                                           (10) 
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where; ωr is the angular frequency that ascribed to the crest of M′′ versus log frequency curves. 
From the previous equation, we found that the relaxation time of the unirradiated PANI/Cu films 
is 8.9452x10-7 sec and decreases to 1.5186x10-7 sec, 4.6048x10-7 sec, and 4.3553x10-7 sec of the 
irradiated films by 1x1016, 4x1016, and 8x1016, respectively. These reported results affirmed that 
the blank PANI/Cu nanocomposite films are improved after exposure to ion beam irradiation and 
become more convenient to high rapid optoelectronic devices. 
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Fig. 9. Frequency dependence of imaginary electric modulus for blank and irradiated PANI/Cu 
nanocomposite. 

 
 
For feasible application, the energy density (U) is computed based on the data of real part 

of the dielectric permittivity using the following formula [34]: 
 

𝑈𝑈 = 1
2

 𝜀𝜀′𝜀𝜀𝑂𝑂 𝐸𝐸2                                                                      (11) 
 
where E represents the electric field that applied on the unirradiated and irradiated films and E = 1 
V/mm. it can be observed a significantly increase in the energy density of PANI/Cu 
nanocomposite film after irradiation by different fluence of hydrogen ion beam as shown in Figure 
(10). Moreover, the energy density of the blank film is 1.5 x10-5, which is increased to 2.1x10-5, 
5x10-5 and 1.4x10-4 after irradiation by 1x1016 ions/cm2 4x1016, and 8x1016ions/cm2 respectively. 
These results confirmed that the irradiation by ion beam improves the dielectric responses and 
properties of energy storage.  
 
 

Table 1. 𝜀𝜀`, 𝜀𝜀``
, M', M", σac, and U of pure and treated PANI/Cu films at frequency 1000Hz. 

 
samples 𝜀𝜀`    𝜀𝜀

``
 M'   M"   U(J/m3) 

PANI/Cu 1.5  16 10 9 0.000015 
1x1016 ions/cm2 6 20 6 4 0.000021 

4x1016 ions/cm2 10 58 3 3.6 0.00005 
8x1016 ions/cm2 23 96 0.4 1.0 0.00014 
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Fig. 10. Frequency and ion fluence dependences of the energy density. 

 
 
4. Conclusion 
 
The PANI/Cu nanocomposite film is prepared successfully using a homemade ion source 

sputtering technique. The XRD obtained that the crystallite size of film is 22nm and decreases 
after hydrogen ion irradiation to 20,18 and 14nm with fluence 1x1016, 4x1016 and 8x1016 ion.cm-2 
respectively. The decrease in crystallite size of the irradiated film is due to the modifications of 
dislocation density. Electrical measurements confirm an improvement in the electrical conductivity 
and dielectric properties of the irradiated films. Also, the irradiated nanocomposite films have 
much dielectric than unirradiated film. Furthermore, a significant increases in the energy density 
efficiency of PANI/Cu film after exposure to ion beam. The reported improves in this study would 
open the way for utilizing irradiated nanocomposite films with a wide range of potential 
application, including batteries, supercapacitor, microelectronic devices 
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