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Introduction: In this study, we focus on enhancing the optical properties of PEDOT:PSS thin films by incorporating pure Sn nanoparticles (NPs) synthesized using the ultrasonic ablation technique. The objective is to investigate the impact of Sn concentration on the optical characteristics of the films, with a specific emphasis on applications in organic solar cells.
Methods: We systematically varied the concentrations of Sn in PEDOT:PSS thin films and characterized their optical properties. The index of refraction (n) and extinction coefficient (k) were precisely determined by analyzing the transmission and reflection spectra of the films. Additionally, Sellmeier’s dispersal model was employed to elucidate the obtained results of n, and dispersive factors were calculated and interpreted.
Results: The incorporation of Sn nanoparticles led to improvements in the energy bandgap (Eg) values of PEDOT:PSS films. Notably, as the concentration of Sn increased, the n values decreased, indicating enhanced suitability for organic solar cell applications. The study also unveiled a decrease in the dielectric constant of PEDOT:PSS/Sn films with increasing Sn content, resulting in improved transmittance velocity and enhanced efficacy of microelectronic devices. This, in turn, promotes the development of large-frequency and large-velocity stretchy circuit boards.
Discussion: The comprehensive assessment of optical and dielectric parameters, including complex dielectric constant, complex optical conductance, and nonlinear optical constants, provides valuable insights into the potential applications of PEDOT:PSS/Sn films. The larger nonlinear optical constants observed in the present films suggest their suitability for diverse applications such as all-optical switching, limiting, phase modulation, and frequency conversion. Overall, our findings highlight the promising potential of Sn-incorporated PEDOT:PSS thin films in advancing the field of optoelectronics and microelectronics.
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1 INTRODUCTION
An important layer in different applications is the poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) layer. Water-soluble PEDOT:PSS with different conductance grades can introduce good transparency in the visible region with high work function, low density, low thermal conductance, excellent thermal constancy, respectable compatibility, elasticity, and low production costs, depending on the solution [1]. Using different preparation techniques [2–6], PEDOT:PSS aqueous dispersion can easily be deposited to produce thin films with good uniformity. Otherwise, the PEDOT:PSS layer in several devices can be prepared by several simple and easy techniques at room temperature. Due to its unique properties, PEDOT:PSS is widely used in several applications, viz., different types of solar cells, organic light-emitting diodes, thermoelectric devices, electronic paper, sensors, fuel cells, carbon-capturing membranes, touch panel displays, and supercapacitors [7–14]. In solar cell applications, PEDOT:PSS is commonly used as a gap transporting plate or an electron transporting layer [7–9, 15], which can facilitate transferring charge carriers into specific electrodes.
Unfortunately, PSS moieties in the PEDOT:PSS solution are an insulator part that may deteriorate the electrical conductance of the PEDOT:PSS layer. In addition, the crystal nature of PEDOT moieties is not sufficient to encourage charge carriers to be transported through the PEDOT:PSS layer and collected by electrodes using the optoelectronic devices. Many attempts have been made to increase the electric conductance and optical transmittance of PEDOT:PSS to make them more efficient in optoelectronic devices. Among these attempts was the incorporation of organic compounds, viz., ethylene glycol (EG), methanol, ethanol, sorbitol, dimethyl sulfoxide, dimethylformamide, and fluoride surfactant, into a PEDOT:PSS aqueous solution [16–22]. The chemically functionalized multi-walled carbon nanotubes were added to the PEDOT:PSS solution to enhance the implementation of the parameters of organic solar cells [23]. Unfortunately, all previous organic compounds can impair the chemical structure of the host PEDOT:PSS solution because of the possible collaboration between the host PEDOT:PSS solution and the chemical compounds. Therefore, the physical properties (electrical conductivity and optical transparency) of PEDOT:PSS thin films can fluctuate due to the effectiveness of such chemical compounds.
The modification of the PEDOT:PSS solution by metal nanoparticle (NP) incorporation, viz., Ag, Au, and Al, is an effective approach, for improving the physical properties of PEDOT:PSS films [24]. Notarianni et al. [24] stated that Au NPs, which were introduced using the liquid chemical technique, may be incorporated into the PEDOT:PSS solution, which provides good dispersion and homogeneity in the solution. For increasing the conversion competence of organic solar cells, Woo et al. [25] prepared Au and Ag NPs using the chemical technique in the PEDOT:PSS solution through the reduction of chloroauric acid (HAuCl4) and silver nitrate (AgNO3), respectively, with a sodium borohydride (NaBH4) solution inside of the aqueous PEDOT:PSS solution. Unfortunately, metal NPs synthesized by chemical methods may have traces of the chemicals and some additives that can make a passivation layer or surfactant around the prepared NPs. The presence of such additives and chemical traces in the PEDOT:PSS solution may alter its chemical structure, and consequently, the physical properties of PEDOT:PSS thin films may be changed [26].
The improvement of the physical properties of PEDOT:PSS thin films through the incorporation of metal NPs while evading any type of chemical additions may be achieved by the generation of metal NPs in the same PEDOT:PSS solution with our promising ultrasonic ablation method [26–28], which signifies a top-down physical technique. Within this method, pure metal NPs may be formed by the effect of ultrasonic radiation on metal thin films engaged in the same PEDOT:PSS solution. Therefore, pure metal NPs may be incorporated in the PEDOT:PSS solution, avoiding the surfactants or passivation layers that may be present on the surface of the prepared NPs using chemical methods.
In the current investigation, we attempt to improve the optical parameters of PEDOT:PSS thin films by incorporating pure tin (Sn) NPs prepared using the ultrasonic ablation technique. Through this method, different Sn NP concentrations can be incorporated into the PEDOT:PSS solution, and then, PEDOT:PSS/Sn thin films can be spin coated on clean glass substrates. For determining the optical properties of PEDOT:PSS thin films, without and with different concentrations of Sn NPs, film transmittance ([image: image]) and reflectance ([image: image]) were characterized using a Jasco-630 V double-beam spectrometer. Then, different optical constants of PEDOT:PSS/Sn thin films were calculated and discussed.
2 EXPERIMENTAL PROCEDURES
2.1 Materials
Natural Sn shots (99.99% from Kurt J. Lesker Company Ltd., UK) were deposited onto clean glass substrates. The PEDOT:PSS solution (1.3 wt% dispersal in H2O, conductance grade with 1 S/cm conductivity) was purchased from Sigma-Aldrich and used after filtration by using a 0.22-μm PTFE filter.
2.2 Fabrication of Sn NPs in the PEDOT:PSS solution using the ultrasonic ablation method
The generation of Sn NPs inside the PEDOT:PSS solution was carried out physically using the ultrasonic ablation technique. In the beginning, a thin film of Sn metal, having a thickness of around 200 nm, was evaporated on a clean glass substrate (1 × 1 cm2) using the thermally evaporating technique (DONG, Korea) at a pressure of ∼3.8 × 10−7 torr. The PEDOT:PSS solution was filtered using a 0.22-μm PTFE filter before being used. The Sn thin film was immersed inside 1 mL of the filtered PEDOT:PSS solution in a clean glass bottle, which was dipped in an ultrasonic bath (VWR, USC-TH, Malaysia) under the effect of a frequency of 45 kHz for 30 min. For an accurate comparison, a pristine PEDOT:PSS solution (without Sn thin film) was sonicated for the same period.
2.3 Fabrication of PEDOT:PSS/Sn thin films on glass substrates
After the generation of Sn NPs inside the PEDOT:PSS solution (representing a precursor solution), different amounts or volume ratios from the precursor PEDOT:PSS solution containing Sn NPs were added to the pristine PEDOT:PSS solution. Therefore, different concentrations of Sn NPs are incorporated inside the PEDOT:PSS solution, as demonstrated in Table 1. Glass substrates having an area of 1 × 1 cm2 were ultrasonically cleaned, washed with deionized water, dried in flowing nitrogen, and then, heated in a furnace at a temperature of 373 K for 10 min. Via oxygen plasma treatment, the cleaned glass substrates were treated at 60 W for 20 min at an air-flow rate of 0.5 mbar s–1. Then, the PEDOT:PSS solution without and with different concentrations of Sn NPs was spin coated at 3,000 rpm onto cleaned and treated glass substrates following thermal annealing using a digitally controlled hot plate at 393 K for 10 min in an ambient atmosphere.
TABLE 1 | Mixtures of the PEDOT:PSS/Sn solution with the pristine PEDOT:PSS solution to prepare different Sn NP concentrations incorporated into the PEDOT:PSS solution.
[image: Table 1]2.4 Measurements
The PEDOT:PSS films (∼200 nm thickness) onto glass substrates without and with different concentrations of Sn NPs were characterized using a Horiba spectroscopic ellipsometer (model Smart-SE, USA) by measuring the refractive index and the extinction coefficient by investigating the film thickness. Furthermore, the films thicknesses were assured using Tolansky’s interferometric technique [29]. The film transmittance and reflectance were measured in the 0.2–2.5 μm wavelength range using a Jasco-630 V double-beam spectrometer. The resistivity and sheet resistance of the PEDOT:PSS films with and without Sn NPs were measured by the Hall Effect setup at room temperature using a system from MMR technologies Inc. including the digital Hall Effect controller H5000 and digital temperature controller K2000.
3 RESULTS AND DISCUSSION
The shape of Sn nanoparticles, which were generated in the PEDOT:PSS solution, can be illustrated through SEM images, as shown in Figure 1 for samples numbers 2 and 3. From the SEM images of PEDOT:PSS/Sn films, it can be observed that Sn NPs are just physically suspended and spread over the PEDOT:PSS film, without interaction (chemically) with the matrix of the PEDOT:PSS film. Figure 1 shows that Sn NPs can be generated in the PEDOT:PSS solution with varying sizes influenced by ultrasonic power and the acidic nature of the PEDOT:PSS solution. Moreover, sizable Sn pieces are observable in the PEDOT:PSS/Sn films. From the SEM images of the Sn NPs embedded in PEDOT:PSS films in Figure 1 for samples S2 and S3, it appears that there is a wide distribution in NP sizes.
[image: Figure 1]FIGURE 1 | (A) SEM images and (B) EDS mapping and elemental distribution for S2 and S3 samples.
Figure 2 shows the [image: image] and [image: image] for the films under study. The inset of Figure 2A shows the region of strong absorption. Sample S1 has the lowest [image: image] values and the largest [image: image] values, which are normally for the changes of [image: image] and [image: image] with [image: image]. From this figure, it can be seen that there is a clear blueshift with the addition of Sn content. The variation of [image: image] values with [image: image] is opposite to the change in [image: image] values. Furthermore, the film with low transmittance has the largest optical density. Figure 2 shows the [image: image] and [image: image] for the films under study. The inset of Figure 2A shows the region of strong absorption. Sample S1 has the lowest [image: image] values and the largest [image: image] values, which are normally for the changes of [image: image] and [image: image] with [image: image]. From this figure, there is a clear blueshift with the addition of Sn content. The variation of [image: image] values with [image: image] is opposite to the change in [image: image] values. Furthermore, the film with low transmittance has the largest optical density. Within the 0.4–2.5 μm spectral range, the sum of the transmittance, T, and reflectance, R, is almost equal to unity and there is neither absorbed, A, nor scattered, S, electromagnetic (EM) waves, where T + R + A+ S = 1. This confirmed that the films under study have a good homogeneity and smooth surface [30, 31]. Furthermore, the optical transmittance (T) assured the ratio of light transmitted through a clear optical material. Many applications, such as optical fiber connections, optoelectronic sensors, and photonics, required that the film used should have a large transmittance. The transmittance spectrum of the film sample is affected by the preparation method and conditions, the thickness of the film, the film material itself, and the used substrate. For semiconducting films, the glazing film transmittance changes between 90% of the films of highest transparency to approximately 40% of highly coated materials. This range is affected by the film sample and its substrate [32]. The index of refraction ([image: image]) and the extinction parameter ([image: image]) of the films were controlled by minimizing the errors [image: image], [image: image] using Murman’s exact equations [33–35]. Figure 3 shows the [image: image] values as a function of [image: image]. The [image: image] values decrease as Sn amounts increase, which would be expected due to the decrease in film reflectivity. Furthermore, the [image: image] values decrease with the increase in [image: image], which is normal dispersion according to Cauchy’s relationship [36].
[image: image]
where constants a and b are given in the same figure. The stationary or static refractive index ([image: image] may be calculated by substituting [image: image] in relationship (1). Then, Eq. (1) tends to [image: image].
[image: Figure 2]FIGURE 2 | (A) T vs. λ and (B) R vs. λ for S1–S6 films.
[image: Figure 3]FIGURE 3 | [image: image] for S1–S6 films.
3.1 Dispersion parameters
According to the simple dispersion model suggested by Sellmeier, in the low absorption range, the index of refraction n of a dielectric medium can be written as follows [37]:
[image: image]
where [image: image] and [image: image] are the mean oscillator position and mean oscillator strength, respectively. The above equation can be rearranged as
[image: image]
Both [image: image] and [image: image] values can be obtained from the slope ([image: image]) and intersect ([image: image]) of the plots of [image: image] versus [image: image], as shown in Figure 4. The blueshift in transmittance spectra (Figure 2A) was assured by the decrease in [image: image] values with the increase in Sn concentrations. On the other side, the [image: image] values decreased with the increase in Sn concentrations, which confirmed the validity of relationship (3). It is well known that the energy ([image: image]) and wavelength ([image: image] ) were correlated through this relationship ([image: image], where both [image: image] and [image: image] have the same meaning here [38]). Therefore, the energy of a single oscillator ([image: image]) for GSAT films is determined with the help of [image: image] values using the following equation: ([image: image]). Tanaka [39] stated that the [image: image] value for non-direct transition scales is [image: image] (Table 1). When [image: image], i.e., [image: image], the above equation tends to [image: image] [image: image]; then, the value of the static index of refraction [image: image] or [image: image] is given by [image: image]. The estimated values of [image: image] are the same as those determined from Cauchy’s relationship (Figure 3). Sharda et al. [40] found a correlation between the oscillator energy of dispersion ([image: image]) and oscillator strength ([image: image]) which can be written in the form ([image: image]). The [image: image] values are decreased with the increase in Sn concentrations. The [image: image] value is directly affected by the operative coordination number of the cation adjacent to the anion ([image: image]), the anion official chemical valency ([image: image]), and the valence electrons/anion active number ([image: image]). Therefore, [image: image] was represented as [image: image], where [image: image] for ionic and covalent, respectively. There are two important parameters, namely, the plasma frequency ([image: image] and the free carriers ([image: image])/active mass ([image: image]) ratio, which can be evaluated with the help of [image: image] through the following relationships [41]:
[image: image]
[image: image]
[image: Figure 4]FIGURE 4 | Slimmer’s figure for S1–S6 films.
The evaluated [image: image] and [image: image] values are shown in Table 2. According to Eqs (4, 5), both [image: image] and [image: image] values as well as the [image: image] value behave, which is consistent with the above relations. Considering [image: image], the free carrier’s concentrations were estimated (Table 2). The [image: image] values decreased with the increase in Sn contents, which is consistent with the observed increase in the [image: image] value.
TABLE 2 | Optical constants for different Sn NP concentrations incorporated into the PEDOT:PSS solution.
[image: Table 2]The optical moments, [image: image] and [image: image], stand for the responsivity of the dielectric sample and the usual bond ferocity. By utilizing the WDD model and the following relationship, one can estimate these moments as follows [42]:
[image: image]
We can compute [image: image] and [image: image] as follows:
[image: image]
The estimated values of [image: image] are significantly higher than those of [image: image], and they decrease as the concentration of Sn increases. The decreased [image: image] and [image: image] values in the films are strongly associated with this reduced polarization caused by the addition of Sn elements and an increase in composition. It is noteworthy that several parameters, such as the dielectric constant, valence electrons, film thickness, and annealing temperature, can affect these moments in the films [42, 43].
3.1.1 Absorbance coefficient and optical band gap
The excellence and evidence of thin films, including their concentrations, surface properties, and suitability, are demonstrated by the absorbance value ([image: image]). This value is interrelated with the absorption coefficient ([image: image]) using the equation ([image: image]. With the help of [image: image] values, the [image: image] values have been estimated for the films under study ([image: image]). The [image: image] changes due to the incident photon energy ([image: image]) are shown in Figure 5. From this figure, it was noted that the [image: image] values increased with the increase in [image: image]; however, the absorption edge shifted toward the higher energies with the enhancement of Sn contents, which means an increase in the optical band gap of the films. When choosing a semiconductor material for potential work, the energy of the optical band gap ([image: image]) plays a fundamental role. According to Tauc’s correlation of the accepted indirect transitions, the energy dependence of [image: image] is expressed as [44, 45]
[image: image]
where [image: image] represents the band tail parameter and [image: image] for allowed non-direct and direct transitions, respectively. According to Tauc, crystalline materials show authorized direct transitions, while amorphous materials show permissible indirect transitions. The [image: image] values are evaluated by extrapolation [image: image] (Figure 6) and listed in Table 2 as [image: image]. Furthermore, the [image: image] values are shown in Table 2 and are found to increase with the increase in the concentrations of Sn. This behavior of Eg is because of the observed clear blueshift of the absorption edge. [image: image] is indirectly related to the disorders and the localized state width [45]. As a result, the increase in the values of [image: image] reflects the increase of disorders in PEDOT:PSS/Sn films as the Sn at% contents are added to the films; consequentially, tail states in the gap are shrunk, which was confirmed by the increase in [image: image] values. The [image: image] parameter is directly proportional to the [image: image] values (see Table 2), while it is inversely proportional to the width of localized states ([image: image]). According to the Davis and Mott model (DMM), the [image: image] parameter can be expressed as [46]
[image: image]
where n represents the film’s refractive index, [image: image] represents the lowest metallic conductivity, and [image: image] have the same meaning and values here [38, 47]. On the other side, Figure 7 represents the plots of [image: image] vs. [image: image] for the films under study. The best fit confirms the allowed direct transitions and successfully describes the absorption mechanism in these films. The [image: image] values are higher than those of [image: image] and increased with the increase in the concentrations of Sn. The results are found to be in excellent agreement with electrical measurements (Figure 8). Figure 8 shows the measured resistivity and sheet resistance of the samples under study. Both the resistivity and sheet resistance increase with the increase in Sn contents. Figure 8 shows both the resistivity and sheet resistance of the PEDOT:PSS/Sn films increase as the concentration of Sn NPs increases. This trend could be attributed to the likelihood of a reduction in film thickness with an increase in the concentration of Sn NPs in the films. This reduction may occur due to the centrifugal force applied to the large pieces of Sn microstructures immersed in the PEDOT:PSS solution, as evident in the SEM images of PEDOT:PSS films containing Sn microstructures shown in Figure 1. The centrifugal force applied to the large pieces of Sn microstructures can displace a portion of the PEDOT:PSS solution beyond the glass substrate during the spin coating process. Consequently, the thickness of PEDOT:PSS films may decrease with an increase in the concentration of the larger Sn microstructures. The decrease in PEDOT:PSS/Sn film thickness tends to decrease the resistivity and sheet resistance of PEDOT:PSS/Sn films. As a result, the thickness of PEDOT:PSS films may decrease with an increase in the concentration of the larger Sn microstructures. Therefore, this reduction in the thickness of PEDOT:PSS/Sn films tends to decrease the resistivity and sheet resistance. The absorption spectra show essential information interpreting the semiconductor composition and [image: image]. Three major categories characterize the absorption spectra of any semiconductor: The first region is the weak absorption, which is due to defects and impurities; the second is the region which is due to structure- and system-order agitations; finally, there is the strong absorption, and it investigates [image: image].
[image: Figure 5]FIGURE 5 | [image: image] vs. hν for S1–S6 films.
[image: Figure 6]FIGURE 6 | [image: image] and ln[image: image] vs. [image: image] for S1–S6 films.
[image: Figure 7]FIGURE 7 | (αhν)2 and ln(α) vs. hν for S1–S6 films.
[image: Figure 8]FIGURE 8 | Resistivity and sheet resistance vs. Sn contents for S1–S6 films.
In the region of low absorption, the absorption coefficient shows an exponential dependence on photon energy, [image: image], according to Urbach’s relationship [48].
[image: image]
where [image: image] is a constant and [image: image] signifies the Urbach’s energy representative, the localized state width. The exponential part of [image: image], which is closer to the absorption edge, is known as the Urbach tail, and [image: image] also identifies the disorder degree in the material. [image: image] values are calculated as the slope−1 of the straight lines in Figure 7, whereas the intersect investigates ln[image: image]. The [image: image] values are listed in Table 2. The [image: image] values are decreased when the Sn content in the films is increased. Similar behavior has been associated with a significant increase in bond strength due to the decrease in defect state density and disorderliness degree.
3.1.2 Dielectric optical constants
When determining whether a material is suitable for optoelectronic devices, the dielectric constant is a key consideration [31, 49]. The polarizability of materials and the dielectric constant are correlated in the optical domain. The values of the energy loss function, polarizabilities, dissipation parameter, and dielectric loss are only a few examples of variables whose information is usefully provided by the dielectric constant. Both the real and imaginary parts ([image: image] and [image: image], respectively) constitute the complex dielectric constant [image: image], and these parts are correlated by the following relationship [38]:
[image: image]
The real part, [image: image], has a substantial impact on how EM waves disperse as they move through a sample, slowing down the speed of light. The [image: image] component, which results from the motion of the dipole, is what distinguishes the dielectric’s absorption of energy from the alternating electric field [31]. The following relationships establish a direct connection between [image: image], [image: image], [image: image] and [image: image] [38]:
[image: image]
[image: image]
Figures 9, 10 show how [image: image] and [image: image] react to the energy of EM waves that are incident on them. The values of [image: image] demonstrate a tendency like the refractive index ([image: image]) and are much greater than [image: image], whereas [image: image] exhibits a pattern like the extinction parameter ([image: image]). With the increase in Sn amounts in the current films, both components of the dielectric constant decreased. Higher Sn concentrations in these films cause EM waves to flow more slowly, which increases EM wave dispersion and absorption within the system. As a result, the optical conductivity decreases [39, 43, 50, 51]. The above equation tends to [image: image] for the range of transparency. The [image: image] values of PEDOT:PSS/Sn films decrease with the increase in Sn contents. It has been demonstrated that the most direct and efficient way to increase the transmission speed and efficiency of microelectronic devices and to encourage the development of high-frequency and high-speed elastic circuit boards is to decrease the dielectric constant of insulating dielectric materials used in circuit boards [52]. For dielectric materials, the optical conductivity is typically low and correlates with the dielectric loss. Optical conductivity provides a connection between the induced current density in semiconductor materials and the electric field amplitude generated at various frequencies. This linear response function represents the conductivity of electric fields, which is commonly considered static or time-independent [53].
[image: Figure 9]FIGURE 9 | [image: image] vs. [image: image] for S1–S6 films.
[image: Figure 10]FIGURE 10 | [image: image] vs. [image: image] for S1–S6 films.
Complex optical conductivity ([image: image]), which is associated with the glass complex dielectric constant through the formulas, affects the optical response of the material that interacts with photon energy [38].
[image: image]
The imaginary portion of optical conductivity, [image: image], is represented as [image: image] [38], where ε0 denotes the free space permittivity. The real portion of optical conductivity, [image: image], is supplied by [image: image]. Figures 11, 12 show how optical conductivity responds to various GSAT films. [image: image] values are noticeably greater than the actual ones, as anticipated ([image: image]). These results are consistent with those previously published [54–56]. At higher energies, the values of [image: image] and [image: image] are incredibly significant, but at lower energies, they tend to approach 0.
[image: Figure 11]FIGURE 11 | [image: image] vs. [image: image] for S1–S6 films.
[image: Figure 12]FIGURE 12 | [image: image] vs. [image: image] for S1–S6 films.
3.2 Optical nonlinearity
The electric field effect on the nonlinear refractive index is linked to the high-order susceptibility and may be written as [image: image], where n2 represents the nonlinear index of refraction and it is not affected by the incident photon intensity, [image: image], and [image: image] represents the electric field mean square of the optical sub-beam [57]. The polarity and electric field underneath the intense electric field of the strong light beam are taken as scalars, forming a power series as follows [58]:
[image: image]
where [image: image] shows the established linear retort and [image: image] and [image: image] correspond to the second- and third-order nonlinear susceptibilities, respectively. [image: image] relates to [image: image], while the value of [image: image] is 0 for glass, liquid, and gas. [image: image] for glasses, to think about the smallest nonlinear order, is generated by inflammations in the translucent frequency range well below the optical band gap. In CGS films, the values of [image: image] and [image: image] are estimated by using the semiempirical relationship as follows [59]:
[image: image]
[image: image]
The calculated values of [image: image] and [image: image] are listed in Table 2. All the nonlinear values decrease with Sn contents. The source of nonlinearity is presumed to be the electronic benevolence of films. The [image: image] and [image: image] values are affected by the linear optical parameters. Both [image: image] and [image: image] values are inversely proportional to the [image: image] value. The high nonlinearity of the film is related to the structural unit’s flexibility. Such films can be used in all optical switching, optical limiting, optical phase modulation, and frequency conversion [60, 61].
4 CONCLUSION
The incorporation of Sn NPs inside PEDOT:PSS thin films was successfully performed through an innovative ultrasonic ablation technique. Using the measured film transmission and reflection spectra, the refractive index ([image: image]) and extinction coefficient ([image: image]) were carefully estimated. With the increase in Sn amounts, the n values decreased, while the optical band gap ([image: image]) values increased. The increase in the optical band gap of the PEDOT:PSS buffer layer in solar cell applications is expected to enhance the performance parameters of solar cells. The increase in the optical band gap of the PEDOT:PSS buffer layer can improve the blocking of photoelectrons toward the solar cell anode. Consequently, it helps prevent their recombination with holes at the solar cell anode. The behavior of n changes with the wavelength, as described by the Cauchy’s relationship. The [image: image] and [image: image] values are the keys to a complete estimation of the optical, dielectric, and nonlinear parameters. Sellmeier’s dispersion model helps us estimate the dispersion parameters. The dielectric constant of PEDOT:PSS/Sn films is reduced with the increase in Sn contents, which directly improves the transmittance speed and efficacy of microelectronic devices and promotes the development of large-frequency and high-speed elastic circuit boards. The high values of nonlinear optical constants make the present films suitable for all optical devices and organic solar cells.
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