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Abstract 

New spectrally nanocomposite films have been developed for high absorption 

performance. The polystyrene (PS) was dissolved in THF and blended with fixed 

concentrations of carbon nanotubes (CNT) and carbon nanofibers (CN) (5 wt. % CNT, 5 

wt. % CN, and 2.5 wt. % CNT+CN) via the casting technique to produce nanocomposite 

films. Polymer nanocomposite films have been developed to create an economical 

coating that reinforces the poly (styrene) matrix. The coating exhibits high absorptivity; 

the optical properties were computed over a wavelength range of 250-1350 nm at 30 °C. 

The transmittance and reflectance were decreased, skin depth and optical density were 

increased, and the absorbance coefficient and dielectric constant were increased. The 

direct and indirect energy gap (Eg) of the films has decreased from 2.8 to 2.4 eV and from 

3.4 to 2.9 eV after adding CNT with CN. The Urbach energy (Eu) has increased from 

1.24 to 2.71 eV. The XRD test confirms that the films had amorphous structures. The 

SEM analysis was used to show the surface morphology of thin films. Consequently, the 

atomic force microscopy (AFM) measurements indicated an increase in surface 

roughness (SR) from 5.19 to 14.5 nm for the doped PS thin films, and the root mean 

square (RMS) roughness increased from 6.65 to 16.6 nm. These modified PS 

nanocomposite thin films find potential applications in various industries, including air 

transport components, light-emitting diodes, laser sensors, UV energy shielding, light-

harvesting devices, memory devices, and light-conversion technologies. 

 

Keywords: PS, DBD plasma, Nanocomposite PS/CNT+CN, Optical properties, AFM 

and SEM analysis   
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1. Introduction  

Polystyrene (PS), a widely used thermoplastic polymer renowned for its cost-

effectiveness, chemical inertness, and processability, faces significant limitations in 

mechanical strength and optical clarity, which restrict its advanced applications [1-3] as 

shown in Figure 1. To address these limitations, recent studies have investigated the 

incorporation of carbon-based nanomaterials into PS matrices, resulting in 

nanocomposites with notably improved properties. For example, virtual simulations and 

experimental tests show that adding 0.5 wt.% multi-walled carbon nanotubes (MWCNTs) 

increases tensile strength by approximately 35% and Young's modulus by around 50% 

compared to pure PS, due to better stress transfer and nanofiller dispersion. Similarly, 

nano-carbon (NC) additives at 1.0 wt.% show a 20% reduction in UV degradation while 

maintaining over 90% optical transparency in thin films, as predicted by density 

functional theory (DFT) analyses [5]. These advancements highlight the potential of 

carbon nanomaterials to customize PS for high-performance applications in packaging, 

optoelectronics, and structural components. However, challenges in scalable dispersion 

and interfacial compatibility remain key areas for future research [6-7].  CNTs, 

characterized by their high aspect ratio, exceptional electrical conductivity, and 

mechanical strength, have been widely studied for their reinforcing capabilities in 

polymer matrices [5]. When evenly dispersed within PS, CNTs can significantly modify 

the composite's optical properties, including its absorption coefficient, refractive index, 

and optical bandgap. Similarly, the addition of NC can affect the dielectric constant and 

conductivity of the resulting nanocomposite films. Recent studies have shown that 

incorporating CNTs and NC into PS results in decreased reflectance and transmittance, 
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along with increased surface roughness and Urbach energy, indicating greater disorder 

and more localized states within the band structure [6-10]. 

 

 

Figure 1. Polystyrene preparation steps and applications. 

 

Surface modification techniques, particularly plasma treatment, have been employed to 

tailor the properties of polymer nanocomposites further [11, 12]. Plasma treatment adds 

functional groups to the surface of CNTs, improving their dispersion in the polymer 

matrix and enhancing interfacial adhesion. For example, plasma-functionalized multi-

walled carbon nanotubes (MWCNTs) have demonstrated improved compatibility with PS 

matrices, resulting in enhanced optical, thermal, and electrical properties of the 

nanocomposite films. Additionally, plasma treatments can alter the surface energy and 

morphology of the nanocomposite films, resulting in changes in wettability and optical 

properties as shown in Figure 2. [13-18]. 
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Figure 2. Surface modification techniques by plasma. 

 

The relationship between the incorporation of CNT/NC and the effects of plasma 

treatment on the optical properties of PS nanocomposites remains an active area of 

research. Understanding how plasma-induced surface modifications affect molecular 

structural changes and, in turn, the optical properties of these nanocomposite films is 

essential for their use in optoelectronic devices, sensors, and other advanced technologies 

[19, 20]. 

This study aims to examine the optical properties of CNT and NC-infused PS 

nanocomposite films and evaluate the effects of plasma treatment on their surface 

molecular structure. By linking changes in optical parameters to surface morphological 

modifications following plasma exposure, we aim to elucidate the mechanisms 

underlying the observed improvements and to provide insights into the design of PS-

based nanocomposites with tailored optical properties. The novelty of this manuscript lies 

in grafting PS with CNT and CN, in single or combined forms, and in irradiating them 

with laser radiation to modify the PS lattice structure, thereby achieving high absorption. 

This property is utilized as a valuable parameter in various optoelectronic applications. 
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2. Experimental 

The current study builds upon our previously reported findings on PS/CNT composites, 

focusing on the evaluation of plasma surface modification's role in enhancing optical 

functionality [21]. The synthesis process for the polymer involves incorporating 0.05 CN, 

0.05 CNT, and a mixture of 0.025 CN + 0.025 CNT into the polymer matrix to produce 

I1, I2, and I3, respectively, along with a blank PS (I0) sample as a reference. Table 1 

shows the percentage of the CN and CNT that were used to dope the PS. 

 

Table 1. The samples are used to constitute the nanocomposite films. 

No. Samples PS (g) CN % CNT % 

1 I0 1 - - 

2 I1 1 0.05 - 

3 I2 1 - 0.05 

4 I3 1 0.025 0.025 

 

The project includes exposing PS nanocomposite films to a cold plasma system operating 

at up to 10 kV and up to 50 Hz. Samples were placed between two discs, with a 2 mm 

distance separating them.  

 

3. Results and Discussion  

The outcomes of the PS nanocomposite films incorporating CNT and CN, following 

exposure to DBD plasma rays, include computed values for absorbance, reflectance, 

extinction coefficient, refractive index, dielectric constant (both real and imaginary), skin 

depth, energy gap, and Urbach energy for both the blank PS and the nanocomposite thin 

film PS/CN+CNT as shown in Figures 3.  
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Figure 3. PS nanocomposites and their characterization methods. 

 

3.1. XRD analysis  

The crystalline structure was examined using X-ray diffraction. Figure 4 presents the X-

ray diffraction (XRD) patterns of the samples after dielectric barrier discharge (DBD) 

plasma treatment. As shown, the blank PS sample (I0) exhibits no significant changes in 

its diffraction pattern before and after plasma exposure, indicating that the DBD plasma 

has a negligible effect on its crystalline structure. For the CN-doped PS samples, I1 

shows a broad diffraction band spanning approximately 15°-25° (2θ) and extending 

continuously across the wavelength range, suggesting a high degree of crystallinity. 

Sample I2 shows a small hump and a broad peak in the regions of 15°-25°, while sample 
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I3 exhibits a single diffuse hump centered between 15° and 25°, and has a hump like that 

of I2. These broad features, characterized by sharp peaks, are indicative of a semi-

crystalline structure in the nanocomposite thin films [21].  

 

Figure 4. shows the XRD analysis of patterns I0, I1, I2, and I3. 

 

3.2. EDX analysis of the PS nanocomposite thin films 

The EDX analysis of the PS nanocomposite films is presented in Table 2, which lists the 

elemental composition of the CN and CNT nanoparticles prepared from burnt papyrus 

reed in the laboratory. These elements show the main components are carbon, oxygen, 

and sodium, which have the percentages (28.0, 38.0, and 24.8 %); the other elements are 

microscopic compared with the main components. Figure 5 shows the elemental 

composition over the electro-voltage range, representing the spectrum incident on the CN 

and CNT samples as powders. After that, Figure 6 shows the elemental compositions in 

colors, with each element assigned a distinct color to represent its composition in the 

composite. 
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Table 2. The compositions of the elements that constitute the CN and CNT 

Weight % Error Atomic % Atomic % Error Weight % Element 

0.2 38.9 0.2 28.0 C 

0.2 39.7 0.2 38.0 O 

0.1 18.0 0.1 24.8 Na 

0.0 0.1 0.0 0.1 Mg 

0.0 0.1 0.0 0.1 Al 

0.0 1.5 0.0 2.5 Si 

0.0 0.1 0.0 0.3 S 

0.0 0.0 0.0 0.0 Cl 

0.0 0.1 0.0 0.3 Ca 

0.0 0.2 0.0 0.7 Fe 

0.1 1.3 0.0 5.2 Zn 
 

 

 

Figure 5. The elemental composition of the electron volt spectrum. 
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Figure 6 shows the element color for the elemental composition in the composite. 

 

3.3. Optical properties of the nanocomposite films after exposure to DBD plasma 

The reflectance spectra of the PS nanocomposite thin films  I0 (blank PS), I1, I2, and I3  

are presented in Figure 7. As shown, all samples exhibit high reflectance values in the 

ultraviolet (UV) region, which progressively decrease as the wavelength extends into the 

visible and infrared (IR) regions. At λ ≥ 450 nm, the reflectance of the I1 sample declines 

to 0.16 units of reflectance, and it has a lower value than the other samples of the 

nanocomposite films. Beyond the visible range (λ ≥ 750 nm), the reflectance curves level 

off and remain relatively constant as the wavelength increases. Notably, samples I2 and 

I3 exhibit lower overall reflectance than I0 and I1. This reduction is attributed to the 

incorporation of carbon nanomaterials (CN and CNT) into the PS matrix, combined with 

dielectric barrier discharge (DBD) plasma treatment, which appears to modify and 

reorganize the surface morphology and internal structure of the films, thereby enhancing 

light absorption and reducing surface reflection [22, 23]. 
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Figure 7. Reflectance test of the PS nanocomposite films I0, I1, I2, and I3. 

 

Figure 8 displays the absorption coefficient (α) as a function of wavelength for the PS 

nanocomposite thin films I0, I1, I2, and I3. The absorption coefficient was calculated 

using the absorbance data obtained from UV-Vis spectroscopy and the measured 

thickness of each film, according to equation 1 [24]: 

 ………………………. (1) 

where α is the absorption coefficient (cm⁻¹), A is the absorbance, and t is the film 

thickness (cm). 

As shown in Fig. 8, all samples exhibit relatively high initial absorption coefficients in 

the UV region, which decrease gradually with increasing wavelength. This trend 

indicates strong photon absorption at lower wavelengths, followed by a reduction in 

absorption in the visible and near-infrared regions. At λ ≥ 450 nm, the absorption 

coefficient of the I1 sample increases to 120 cm-1, and it has a higher value than the I3 

sample of the nanocomposite films compared to the I0 sample of the blank PS. 

The incorporation of carbon nanotubes (CNT) and carbon nanostructures (CN) into the 
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PS matrix, combined with dielectric barrier discharge (DBD) plasma treatment, appears 

to alter the electronic structure and morphology of the films. These modifications 

contribute to the observed variation in absorption behavior, supporting the potential of 

these nanocomposites for enhanced optical performance [25]. 

 

Figure 8. Absorption coefficient (α) of the PS nanocomposite films I0, I1, I2, and I3 

 

Figure 9 illustrates the transmittance values (T) for the PS nanocomposite thin films I0, 

I1, I2, and I3. It is clearly shown that the transmittance of the PS nanocomposite thin 

films is reduced after the introduction of CNT and CN into the PS matrix using DBD 

plasma. Furthermore, the results indicate that I1 has a lower transmittance value than the 

others [26].  

The I1 sample has the highest transmittance, at 61%. In comparison, I2 and I3 have 

transmittance values of 49% and 57%, respectively. This is in contrast to the I0 of the 

blank sample of PS, which has a transmittance value of 63%. 

 



15 
 

 

Figure 9. Transmittance of the PS nanocomposite films I0, I1, I2, and I3 
 

The skin depth (x) is illustrated in Figure 10, where its values are arranged as follows: I0, 

I1, I2, and I3, Consequently, the skin depth values are contingent upon the film thickness, 

and the ratio of the wavelength with the extinction coefficient, therefore, the skin depth 

(x) can be computed from equation 2 [27]:   

……………………. (2) 

So, λ is the wavelength and its unit (nm), and k is the extinction factor. 
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Figure 10. Skin depth (x) of the PS nanocomposite films I0, I1, I2, and I3. 

 

Figure 10 reveals that the skin depth of the PS nanocomposite thin films increases after 

adding CNT and CN to the PS matrix via DBD plasma, resulting in a structure that shows 

a slight increase and continues to increase steadily with increasing wavelength along the 

axis. At λ ≥ 450 nm, the skin depths of the I1 sample increase to 3.4 × 10 ^5 nm, and the 

I3 sample has a value of 3.3 × 10 ^5 nm, where these samples outperform the I2 sample, 

which has a value of 1.6 × 10 ^5 nm for the nanocomposite films. Therefore, the 

composite yields high absorption values for the nanocomposite thin films, and the I1/I3 

nanocomposite films outperform the others compared with the blank PS [28].  

The refractive index (n) for the PS nanocomposite thin films I0, I1, I2, and I3 illustrated 

in Figure 11, is regarded as a very important parameter for the electronic nature of the 

electronic applications. Therefore, it is contingent upon the reflectance and extinction 

coefficients and can be derived from equation 3 [29]:  

……………… (3) 

where (n) denotes the refractive index, (R) represents the reflectance values, and (k) 



17 
 

signifies the extinction factor values. 

 

Figure 11. Refractive index (n) of the PS nanocomposite films I0, I1, I2, and I3.  

 

As shown in Figure 11, the refractive index of the PS nanocomposite thin films increased 

after adding CNT and CN to the PS matrix. Figure 11 shows that the I3 nanocomposite 

has the highest refractive index of 4.2. Where, at λ ≥ 450 nm, the refractive index values 

of the I1 sample decrease to 2.9 units and coincide with I3 at the wavelength period 375≥ 

λ ≥ 550 nm, and the sample I2 has a value of 5.5 units, where the sample I2 has a 

refractive index value greater than the samples I1 and I3 at this wavelength period. This 

provides evidence that CNT and CN alter the PS structure when exposed to DBD plasma, 

which then rearranges the structure [30]. 

The extinction coefficient (k) for the PS nanocomposite thin films I0, I1, I2, and I3 is 

shown in Fig. 12. The extinction coefficient (k) is regarded as a very important parameter 

to describe the losses in absorption for the films. Therefore, it is dependent on the 

absorption coefficient (α) and the wavelength and can be calculated from equation 4 [31]: 
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………………. (4) 

Thereby: (α) the absorption coefficient (cm-1) and (λ) the wavelength in (cm).  

Figure 12 shows the I0, I1, I2, and I3 curves of the PS nanocomposite films versus 

wavelength, with the corresponding extinction values. 

 

Figure 12. Extinction coefficient (k) of the PS nanocomposite films I0, I1, I2, and I3. 

 

Figure 12 shows that the extinction factor is lower -quantified in parts per thousand-

indicating minimal absorption losses. These values suggest that the nanocomposite films 

have a high absorption capacity, with losses diminishing considerably upon incorporation 

of CNT and CN and upon exposure of the samples to DBD plasma [32]. 

 

3.4. Dielectric constant of the nanocomposite films after exposure to DBD plasma 

Analysis of the dielectric constant (Ɛ) provides critical insights into the electronic 

properties of the nanocomposite films. It reflects the material's capacity to store and 

dissipate electrical energy in response to an applied electric field, primarily through the 

polarization of electron dipoles. The real part of the dielectric constant (Ɛᵣ) corresponds to 
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the energy stored in the material. In contrast, the imaginary part (Ɛᵢ) is associated with 

energy dissipation due to dielectric losses and represents wave attenuation within the 

medium. These components, Ɛᵣ and Ɛᵢ, are quantitatively evaluated using equation 5 [33]:   

……………. (5) 

where: εr the real part and εi the imaginary part.  

Thereby, the real dielectric constant ( r) for the PS nanocomposite films I0, I1, I2, and I3 

curves are shown in Figure 13. 

 

Figure 13. Real dielectric constant ( r) of the PS nanocomposite films I0, I1, I2, and I3. 

  

Figure 13 illustrates the variation of the real dielectric constant (Ɛᵣ) as a function of 

wavelength for the PS nanocomposite films. The Ɛᵣ values exhibit pronounced maxima in 

the ultraviolet (UV) and near-visible regions (λ = 300-405 nm), reaching peak values of 

approximately 47, 40, and 47 for the samples I1, I2, and I3, respectively. Beyond this 

range (λ ≥ 400 nm), Ɛᵣ progressively increases for the nanocomposites I1 and I3, attaining 
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values of 45 and 58, respectively. In contrast, for the nanocomposites I0 and I2, the 

values decrease to 21 and 22, respectively. Where, at λ ≥ 450 nm, the real dielectric 

constant (Ɛᵣ) values of the I1 sample decrease to 8 units and coincide with I3 at the 

wavelength period 400≥ λ ≥ 580 nm, where the sample I1 has a lower value of real 

dielectric constant (Ɛᵣ) at this wavelength period. The observed enhancement in Ɛᵣ is 

attributed to the incorporation of carbon nanotubes (CNTs) and carbon nanoparticles 

(CN) into the PS matrix, in conjunction with the dielectric barrier discharge (DBD) 

plasma treatment [34]. Figure 14 presents the corresponding trends for the imaginary part 

of the dielectric constant (Ɛᵢ) for the PS nanocomposite films I0, I1, I2, and I3, 

highlighting the dielectric loss behavior across the examined spectral range. 

 
Figure 14. Imaginary dielectric constant ( r) of the nanocomposite films I0, I1, I2, and I3. 

 

The imaginary part of the dielectric constant (Ɛᵢ) represents dielectric loss, which 

corresponds to the energy dissipated due to the restricted motion of electron dipoles 

within the material. As shown in Figure 14, the Ɛᵢ values for the nanocomposite films are 

relatively low, in the order of 10⁻⁴ or less, indicating minimal energy loss through 
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polarization. This suggests that the PS nanocomposite films exhibit strong optical 

absorption, facilitating the excitation of charge carriers from the valence band to the 

conduction band. The observed decrease in Ɛᵢ with increasing concentrations of carbon 

nanotubes (CNTs) and carbon nanoparticles (CN) in the PS matrix, particularly following 

dielectric barrier discharge (DBD) plasma treatment, further confirms improved optical 

and electronic performance of the films [35]. Furthermore, the optical conductivity (Ϭ opt) 

serves as a key parameter for evaluating the electrical response of the nanocomposite 

films under optical excitation. It is calculated using equation 6 [36]:  

…………………….. (6) 

where Ϭ opt is the optical conductivity (S⁻¹), α is the absorption coefficient (cm⁻¹), nnn is 

the refractive index, and c is the speed of light in vacuum (3×1010 cm/s).  

The optical conductivity (Ϭ opt ) curves for the PS nanocomposite samples I0, I1, I2, and 

I3 are shown in Figure 15, revealing the influence of CNT and CN incorporation on the 

films' optoelectronic properties. 

 

 

Figure 15. Optical conductivity (Ϭ opt) of the PS nanocomposite films I0, I1, I2, and I3. 
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As shown in Figure 15, the optical conductivity (Ϭ opt) exhibits a significant increase 

following the incorporation of carbon nanotubes (CNTs) and carbon nanoparticles (CN) 

into the PS matrix. The Ϭopt values range from approximately 4.0×1011 to 3.1×1012 S⁻¹, 

indicating enhanced charge carrier mobility and improved optoelectronic behavior. 

Beyond the initial rise, the conductivity curves remain relatively stable as the wavelength 

increases, suggesting a consistent optical response across the measured spectral range. 

The observed enhancement in Ϭ opt is attributed to the synergistic effects of CNT and CN 

incorporation, as well as the surface modification induced by dielectric barrier discharge 

(DBD) plasma treatment [37].  

 

3.5. Energy gap of the nanocomposite films after exposure to DBD plasma 

The optical energy band gap (Eg) is a fundamental parameter that characterizes the 

semiconducting behavior of nanocomposite thin films. It can be determined using Tauc's 

equation 7 [38]: 

 ………………….. (7)   

where α is the absorption coefficient, hν is the photon energy, B is a material-dependent 

constant, and r represents the nature of the electronic transition (r=0.5 for indirect 

allowed transitions and r=2 for direct allowed transitions). 

The energy gap (Eg) is estimated by extrapolating the linear portion of the r(αhν)^r vs. hν 

plot to the photon energy axis, where (αhν)^r = 0.  

A larger energy gap indicates fewer electronic transitions between the valence and 

conduction bands, resulting in lower electrical conductivity. Figure 16 presents the direct 

energy gap values for the PS nanocomposite films labelled I0, I1, I2, and I3. 
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Figure 16. Direct energy gap ( ) of the PS nanocomposite films I0, I1, I2, and I3. 

 

As shown in Figure 16, the blank PS (I0) exhibits a band gap of approximately 3.8 eV. 

The nanocomposite samples exhibit a slight reduction in Eg, with values of 3.4 and 2.8 

eV for I1. The Eg The energy of I2 is equal to 2.7 eV, and 2.9 eV for I3. These variations 

suggest structural modifications and particle rearrangements in the PS matrix upon 

incorporation of carbon nanotubes (CNTs) and carbon nanoparticles (CN), especially 

under dielectric barrier discharge (DBD) plasma treatment. The observed reductions in 

band gap are consistent with enhanced optical absorption, indicating that the 

nanocomposite films exhibit semiconductor-like behavior [39]. Figure 17 shows the 

indirect energy gaps for the PS nanocomposite films labelled I0, I1, I2, and I3. 
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Figure 17. Indirect energy gap (Eg) of the PS nanocomposite films I0, I1, I2, and I3. 

 

Similarly, Figure 17 illustrates the indirect energy gap (Eg) values for the same film 

samples. The blank PS (I0) exhibits an indirect band gap of approximately 3.1 eV, while 

the modified samples display lower values: 2.8 eV for I1, 2.5 eV for I2, and 2.7 eV for I3. 

These closely spaced values imply a consistent modification of the polymeric structure 

across the samples, attributed to the synergistic effects of CNT and CN additives in 

conjunction with DBD plasma exposure. This structural rearrangement enhances the 

optical properties and further supports the semiconducting nature of the treated PS 

nanocomposite films [40].  

 

3.6. Urbach energy of the nanocomposite films after exposure to DBD plasma 

Urbach energy (Eg) is an important parameter used to assess the degree of structural 

disorder in both crystalline and amorphous materials. It reflects the width of the band tail 
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of localized states within the energy gap and is indicative of imperfections and disordered 

arrangements in the material. The Urbach energy can be calculated using the following 

empirical relation (Eq. 8) [41]: 

………………….. (8) 

where α is the absorption coefficient, α is a material-specific constant, hν is the photon 

energy, and Eu is the Urbach energy (in eV). Taking the natural logarithm of both sides of 

equation 8 yields a linearized form (Eq. 9):  

 ……………………. (9) 

This expression allows for the determination of Eu from the slope of the linear region of 

the ln(α) versus hν plot. Figure 18 presents the Urbach energy values for the PS 

nanocomposite thin films labelled I0, I1, I2, and I3, illustrating the effect of carbon 

nanotube (CNT) and carbon nanoparticle (CN) incorporation, along with dielectric 

barrier discharge (DBD) plasma treatment, on the degree of structural disorder within the 

material. 

 

Figure 18. Urbach energy (Eu) of the PS nanocomposite films P0, P1, P2, and P3.  
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As illustrated in Figure 18, the Urbach energy (Eu) increases with increasing wavelength 

for the I0, I1, I2, and I3 nanocomposite films, ranging from 0.0232 meV to 0.0877 meV. 

This rise in Eu Indicates an enhancement in the degree of structural disorder within the PS 

nanocomposite thin films. A higher Urbach energy (Eu) corresponds to a greater density 

of localized states in the band gap, facilitating electronic transitions by enabling charge 

carriers to overcome potential barriers and move from the valence to the conduction 

band. This behavior results in an increase in charge carrier density and improved 

electrical conductivity [42].  

Simultaneously, the absorption coefficient pre-exponential factor (α°) also increases from 76.32 

cm⁻¹ to 121.15 cm⁻¹, supporting the observation of enhanced light absorption. These findings 

confirm that the PS nanocomposite films exhibit semiconducting behavior, characterized by 

strong absorption and high optical conductivity in response to incident light [42]. A 

comprehensive summary of the energy gap and Urbach energy values for all film samples is 

presented in Table 3. 

 

Table 3. Results of the energy gap and the Urbach energy for the PS nanocomposite films 

No. Parameters Blank PS PS +5% CNT PS +5% CN PS +2.5% CNT+CN 

1 Direct transition of (Eg) (eV) 3.8 3.4 and 2.8 2.7 2.8 

2 Indirect transition of (Eg) (eV) 3.1 2.8 2.5 2.7 

3 Urbach energy (Eu) meV 0.0232 0.0571 0.0388 0.0877 

4 (α0) absorption constant (cm-1) 76.32 121.15 115.35 83.35 

 

3.7. Urbach energy (Eu) and energy gap (Eg) relation for films of PS 

Figure 19 shows the relation between the Urbach energy (Eu) and energy gap (Eg) for the 

PS nanocomposite films I0, I1, I2, and I3. It shows the behavior of the Urbach energy 

(Eu) versus energy gap (Eg) values, the Eu values increased after Eg decreased, as shown 

in Figure 20.  
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Therefore, this demonstrates that these PS nanocomposite films exhibit significant light 

absorption and conductivity [43].   

 

Fig. 19. Urbach energy (Eu) versus energy gap (Eg). 

 

3.8. SEM analysis of the PS nanocomposite films 

The surface morphology of the PS nanocomposite thin films was investigated using 

scanning electron microscopy (SEM), with each film prepared using different 

concentrations of carbon nanotubes (CNTs) and carbon nanoparticles (CN). The 

compositions are as follows: I0 represents the blank PS (blank sample), I1 contains PS 

with 5 wt.% CNT, I2 contains 5 wt.% CN, and I3 contains a hybrid mixture of PS with 

2.5 wt.% CNT and 2.5 wt.% CN. The SEM micrographs for these samples are presented 

in Figure 20. 

As shown in Figure 20a, the surface of the blank PS (I0) is relatively smooth, exhibiting 

only minor particulates that appear as white spots, which are attributed to slight phase 

immiscibility, upon incorporation of 5 wt.% CNT (I1, Figure 20b), a modest increase in 
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surface roughness is observed, along with the formation of small clusters and the 

emergence of pores. This indicates that CNTs begin to integrate into the PS matrix 

without forming extensive aggregation at this concentration. 

In contrast, the addition of 5 wt.% CN (I2, Figure 20c) results in more pronounced 

surface roughness and visible aggregation of CN particles. Although the dispersion is 

somewhat sparse, pore formation is still evident. The most significant morphological 

changes are observed in the hybrid composite (I3, Figure 20d), where a mixture of 2.5 

wt.% CNT and 2.5 wt.% CN leads to substantial surface roughness, increased clustering, 

and noticeable agglomeration. The distribution of CNT and CN appears more uniform 

and denser, significantly altering the PS matrix structure. The resulting morphology is 

characterized by large clusters, higher porosity, and a dominant particulate dispersion, 

suggesting surface saturation with nanofillers. The increased roughness and the 

appearance of white spots are attributed to both the high loading of nanomaterials and 

partial immiscibility within the polymer matrix [44-46]. 
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Figure 20. SEM images: a) PS blank, b) PS +5% CNT, c) PS +5% CN, and d) PS +2.5% 

CNT+2.5 % CN. 

  

3.9. AFM analysis 

Atomic Force Microscopy (AFM) was employed to characterize the surface morphology 

of the PS nanocomposite thin films, providing both two-dimensional (2D) and three-

dimensional (3D) topographical images. This technique offers high-resolution surface 

analysis and is particularly effective for detecting morphological variations that influence 

the optical and electronic properties of materials, especially in response to incident light. 

Numerous studies have demonstrated the utility of AFM in evaluating nanoscale surface 

features and roughness in polymer-based nanocomposites. 

Figure 21 presents AFM images of pristine and modified PS films to investigate the 

effect of incorporating carbon nanotubes (CNTs) and carbon nanoparticles (CN) on 



 

30 
 

surface roughness. The analysis reveals quantitative surface roughness (SR) and root-

mean-square (RMS) values of 4.06 nm and 5.66 nm, respectively, for the pristine PS film 

(I0, Figure 21a). Upon the addition of 5 wt.% CNT (I1, Figure 21b), the same values 4.06 

nm (SR) and 5.30 nm (RMS). Similarly, the film with 5 wt.% CN (I2, Figure 21c) 

exhibited SR and RMS values of 9.28 nm and 11.90 nm, respectively. The hybrid 

composite containing 2.5 wt.% CNT and 2.5 wt.% CN (I3, Figure 21d) demonstrated the 

highest surface roughness, with SR and RMS values of 6.03 nm and 8.14 nm, 

respectively. 

These results suggest that incorporating CNT and CN, either individually or in 

combination, significantly alters the surface texture of the PS films, increasing their 

roughness and potentially improving their interaction with light and charge carriers. A 

detailed summary of SR and RMS values for all samples is provided in Table 4 [47-51]. 

Table 4. Characterization of the roughness of PS films with the AFM technique 

No. Composite Number of Figures  Roughness average (SR) 

(nm) 

Root mean square of roughness 

(RMS) (nm) 

1 PS-blank       (I0)  21a 4.06 5.66 

2  PS+5% CN   (I1) 21b 4.06 5.30 

3 PS+5% CNT (I2) 21c 9.28 11.90 

4 PS+ PS+2.5% CN+2.5% CNT (I3) 21d 6.03 8.14 
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Figure 21. AFM images for: a) PS blank, b) PS+5% CNT, c) PS+5% CN, and d) PS+2.5% 

CNT+2.5CN 
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4. Conclusions  

The new spectrally nanocomposite thin films of the nano coatings have been developed 

to achieve high absorption performance. A 1.0 g constant rate of polystyrene (PS) 

dissolved in 100 ml THF, after that the solution splits into three parts to blende with fixed 

concentrations of carbon nanotube (5% CNT) as the first part, carbon nano (5 wt. % CN) 

as a second part, and (2.5% CNT+2.5% CN) as a third part via casting technique to make 

PS nanocomposite films. The CNT and CN incorporated into the PS matrix to form the 

nanocomposite films have been developed to create economical coatings used extensively 

in many applications. The nano coating exhibits high light absorption, and its optical 

properties have been studied over 250-1350 nm at room temperature (30 °C). The 

transmittance and reflectance decreased, but the skin depth and optical density increased; 

additionally, the absorbance coefficient and dielectric constant rose following the 

incorporation of CNT and CN. The direct and indirect energy gap ( ) of the 

nanocomposite films has been decreased from 3.8 to 2.7 eV and from 3.1 to 2.5 eV after 

adding CNT with CN, consequently. The increases in Urbach energy ( ) have been 

observed, and its value increased from 0.0232 to 0.0877 meV due to an increase in the 

localized states between the valence and conduction bands. The XRD analysis confirms 

that the nanocomposite films are amorphous. The SEM analysis was used to visualize the 

surface morphology of the thin films before and after the addition of CNT with CN. The 

AFM analyses provided visual evidence of the doped PS nanocomposite structure and 

increased roughness (SR) from 4.06 to 9.28 nm, and the root-mean-square (RMS) 

increased from 5.3 to 11.90 nm. These modified PS nanocomposite thin films hold 

potential for various industrial applications, including air transport, light-emitting diodes, 
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laser sensors, UV shields, light harvesting, memory devices, and light-converting 

devices. 
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