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Enhanced transparency, conductivity, and stability are some of the most important factors to consider in order to prepare transparent electrodes (TEs) and hole transport layer (HTL) for organic solar cells. In this study, the transparency, optical, and electrical behavior of hybrid films formed by poly(3,4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) and heptacoordinated organotin (IV) complexes was improved by introducing graphene. The films were deposited by spin-coating and subsequently characterized by infrared and Raman spectroscopy, and by scanning electron microscopy (SEM) and atomic force microscopy (AFM). All the hybrid films transmitted more than 70% of light in the 600–1,000 nm wavelength region, and the optical band gap obtained is in the range of 2.64 and 3.09 eV. In addition, bathophenanthroline (BPhen) was introduced as an electron transport layer (ETL) in order to study the solar cell with complete architecture, conformed by glass/ITO/PEDOT:PSS-graphene-complex/BPhen/Ag. By incorporating the BPhen, the J–V curve current density values were increased, showing a conductivity change of as much as 2.1 × 10−4 S/cm, and under illuminated conditions a more pronounced J–V curve variation (as much as 2.5 × 101 A/cm2) was observed. In closing, the devices were subjected to accelerated lighting conditions to determine the stability and operating capacity of the solar cells. The electrical behavior of the devices changed. Within the first 2 h, the electrical behavior improved, where the organotin complex without a substituent (complex-a) device presents higher stability than the complex with the chloride substituent (complex-b) device due to the chloride radical interacting with the BPhen. However, the electrical behavior degraded after 4 h almost eight orders of magnitude in current density due to device films and interface degradation.
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INTRODUCTION
Organic semiconductors assume a key part in recent innovative applications because of their fruitful applications in electrical and photovoltaic devices (Alharbi et al., 2016) such as organic solar cells (Günes et al., 2007; Hains et al., 2010), polymer electronic memories (Ling et al., 2008), and thin-film transistors (Vidor et al., 2015). Organic semiconductors are a critical component of devices, and a large variety of π-conjugated molecules and polymers have been used (Ling et al., 2008). Depending on the nature of the charge carriers, the organic semiconductor can function either as a p-type or n-type semiconductor. In p-type semiconductors, the majority carriers are holes, while in n-type semiconductors, the majority carriers are electrons (Ling et al., 2008). Other attractive features of organic semiconductors include good processability of molecular shape and design through chemical synthesis (Raymo, 2002; Ling et al., 2008). In addition, the advantages of organic semiconductors also include simplicity in device structure, good scalability, low-cost potential, low-power operation, multiple state property, and 3D stacking capability (Fu et al., 2004; Yang et al., 2004; Yang et al., 2006; Ling et al., 2008; Dong et al., 2012a). In particular, polymeric materials possess unique properties, such as good mechanical strength, flexibility, and ease of processing (Ling et al., 2008; Dong et al., 2012a). It is important to consider that as alternatives to the more elaborated vacuum evaporation processes, solution processes, including spin-coating, can be used to deposit polymers onto a variety of substrates such as plastics (e.g., polyethylene terephthalate), silicon wafers, glass, quartz, and conductive electrodes (e.g., Al, Ag, and indium tin oxide) (Ling et al., 2008; Dong et al., 2012a).
As one of the most well-known conjugate polymers, PEDOT:PSS (poly(3,4-ethylene dioxythiophene)–polystyrene sulfonic acid), a mixture of two polymers, has proved its value in the development of several electronic devices. PSS is a surfactant polymer that has two functions: the first one is to balance the charge of the PEDOT molecule (Jonas and Heywang, 1994) and the second one is to act as a dispersant of PEDOT in water (De Kok et al., 2004). The PEDOT:PSS (Figure 1) presents excellent functionalities in optoelectronics due to the fact that highly transparent thin films, in their doped state, conductors, and electrochemically stable can be obtained. Recently, the combination of conductive PEDOT:PSS with another type of structures that are chemically different such as transition metal dichalcogenide (TMD) nanosheets (Sajedi-Moghaddam et al., 2017) or carbon-based materials (Kepić et al., 2014; Sarkhan et al., 2019) has received increasing attention not only for the improvement of the electrical properties of these hybrid nanostructures but also for their use in various types of electronic applications. Carbon-based materials, such as graphene, are good candidates for fabricating hybrid films with PEDOT:PSS through surface modification and stabilizing techniques (Yoo et al., 2014). Because of their π–π stacking interactions, the conjugated aromatic chains of PEDOT:PSS can be stably fixed on graphene sheets without destroying the electronic structure of graphene (Kepić et al., 2014). The electrical conductivity of PEDOT:PSS is not high enough for high-performance applications, which results in electronic packaging with poor efficiency and reliability (Chen et al., 2016). However, the electrical properties of PEDOT:PSS can be improved by graphene doping (Kim et al., 2012; Yoo et al., 2014; Chen et al., 2016; Hilal and Han, 2018). Graphene has excellent electrical properties since it is an allotrope of carbon with a single two-dimensional (2-D) layer of sp2-hybridized carbon atoms. This layer of carbon atoms has attracted interest with regard to electronic applications because of its superior charge mobility and mechanical strength (Kim et al., 2012; Kepić et al., 2014). PEDOT:PSS mixed with graphene as a functioning material has been set up for application in gas thin-film sensors (Oh et al., 2020). The 2-D structure of graphene has a higher sensing territory for every unit of volume and less noise than other solid-state sensors (Oh et al., 2020). The π–π stacking interactions between graphene and the polymer result in an enhanced electrical conductivity, chemical stability, and thermoelectric performance (Park et al., 2017).
[image: Figure 1]FIGURE 1 | Structures of PEDOT:PSS and heptacoordinated organotin (IV) complexes (A) without the substituent and (B) with the chloride substituent.
In addition, heptacoordinated organotin (IV) complexes (see Figure 1) were added to the films PEDOT:PSS-graphene in order to manufacture films that serve as active layers in optoelectronic devices. The heptacoordinated organotin (IV) complexes used are small molecules with different substituents that can increase the efficiency in the devices (Sánchez Vergara et al., 2021). Some authors of the current work have studied this type of tin complexes and their application in optoelectronic devices (Sánchez Vergara et al., 2020; Monzón-González et al., 2021; Sánchez Vergara et al., 2021). It has been found that their presence in thin films promotes the electric charge transport due to their structure π-conjugated structure and also due to the presence of electronegative atoms and of substituents coordinated to the metal. These types of complexes give rise to a variety of structures that can usually be modulated by changing the substituents bonded to the tin atom, such as the construction of well-organized supramolecular architectures supported by strong metal–ligand coordination bonds (Gholivand et al., 2015). Organotin complexes are widely known by their potential as PVC stabilizers (Ghazi et al., 2018; Mahmood et al., 2020; Ahmed et al., 2021); however, their potential applications in organic solar cells have been scarcely explored (Cantón-Díaz et al., 2018). Based on the abovementioned facts, our aim in this work is to manufacture photovoltaic devices with conventional bulk heterojunction (BHJ) architecture using highly efficient hybrid PEDOT:PSS-graphene-organotin complex films. The function of the polymer and graphene was as a hole transport layer (HTL) and transparent electrode (TE), while the function of the tin complexes was as components of the active layer of the device. The novelty of the work is related to using hybrid films with BHJ conformation with carbon-based materials such as graphene with PEDOT:PSS to generate HTL and TE in the device and finally to increase the efficiency of the devices by means of an electron transport layer (ETL) of bathophenanthroline (BPhen). The films were morphologically and structurally characterized; in addition, the optical behavior was evaluated through the obtention of parameters such as transmittance, absorption coefficient, and band gap. The photovoltaic devices were evaluated in their electric and photovoltaic behavior under different radiation and temperature conditions. Finally, the devices were subjected to accelerated irradiation conditions to determine the stability of the films and operating capacity of the photovoltaic device.
MATERIALS AND METHODS
All reagents and solvents were obtained from commercial suppliers (Sigma-Aldrich) and used without further purification. The heptacoordinated tin (IV) complexes were obtained according to methods previously reported by some of the authors of the present work (Sánchez Vergara et al., 2021). The hybrid films were deposited by the spin-coating technique, and a Smart Coater 200 equipment was used. The dispersion used for the manufacture of the films consisted of 6 ml of graphene-PEDOT:PSS hybrid dispersion in dimethylformamide (Sigma-Aldrich). Subsequently, a saturated dispersion was generated with the tin compound without the substituent (complex a) and with the chloride substituent (complex b) (see Figure 1). The mixture graphene-PEDOT:PSS-organotin (IV) complex was dispersed using the G560 shaker of Scientific Industries Vortex-Genie. The dispersion was later deposited on the substrate, and the equipment was operated with the parameters shown in Table 1.
TABLE 1 | Spin-coater operating parameters.
[image: Table 1]While accelerating, in step 1, 0.1 ml of the graphene/PEDOT:PSS mixture was deposited on the substrate, followed by 0.15 ml in step 2. After completing step 3, the substrate was then removed from the spin-coating machine and left to dry at room temperature. Once the substrate was visibly dry, it was placed back in the spin-coating machine. This process was repeated seven times followed by drying at 80°C for 3 min and the thin films were deposited in monocrystalline n-type silicon wafers (c-Si), corning glass, and glass coated with indium tin-oxide (In2O3/SnO2; ITO) substrates. The corning glass and the ITO glass substrates were at first sequentially washed in an ultrasonic bath with dichloromethane, methanol, and acetone. The silicon substrate was washed with a “p” solution (10 ml HF, 15 ml HNO3, and 300 ml H2O) to remove surface oxide. FT-IR spectroscopy analysis was performed for the compounds as KBr pellets and for the films on the silicon substrate using a Nicolet iS5-FT spectrometer at a wavelength range of 4,000–500 cm−1. Raman spectra were measured in films on the glass substrate with an AFM-Raman of Ntegra Spectra Systems with an excitation laser wavelength of 532 nm. Topographic and morphological characteristics were investigated with an atomic force microscope (AFM) using an Ntegra platform and with a ZEISS EVO LS 10 scanning electron microscope (SEM) for the films deposited on the glass substrate. The absorbance and transmittance of the films on glass were obtained in the 200–1,100 nm wavelength range on a UV–Vis 300 Unicam spectrophotometer. For the electrical characterization of the films, organic solar cells were fabricated using ITO as the anode and silver as the cathode. For this evaluation, a programable voltage source, a sensing station with lighting and temperature controller circuit from Next Robotix, and an auto-ranging Keithley 4200-SCS-PK1 pico-ammeter were used. Finally, in order to increase the efficiency in the device mentioned above, the BPhen films were deposited using a high-vacuum thermal evaporation system using molybdenum crucibles. The BPhen was heated to 570 K, sublimated at a vacuum pressure of 5 × 10−6 Torr, and the deposit speed was 11.4 Å/s. The thickness of each film was monitored using a microbalance quartz crystal monitor, connected to a thickness sensor. The external quantum efficiency (EQE) in the device was obtained using a QUESA-1200 system with an LED light source.
RESULTS AND DISCUSSION
Characterization of Hybrid Films
After depositing the PEDOT:PSS-graphene-organotin hybrid films by spin-coating, the presence and stability of the heptacoordinated organotin (IV) complexes should be verified by IR spectroscopy. The spectra for the two hybrid films are shown in Figure 2: 1) the vibration bands ν(C = N) at 1,584 ± 5 cm−1, 2) the appearance of the vibration band ν(C–O) between 1,145 ± 2 and 1,163 ± 3 cm−1, and 3) the two vibrational bands with two different absorptions in the range of 1,351 ± 3 cm−1–1,641 ± 1 cm−1, which correspond to the symmetric νsym (COO) and asymmetric νasym (COO) stretching vibrational modes of the carboxyl group (Sánchez Vergara et al., 2021). These results give an indication of the feasibility to manufacture hybrid films with the heptacoordinated organotin (IV) complexes. Apparently, these complexes were embedded in the polymer–graphene matrix and did not suffer chemical decomposition during their deposit. With respect to PEDOT:PSS and graphene in the spectra of Figure 2, their signals are shown and, in addition, from them, sufficient binding and chemical interactions are observed (Rattana et al., 2012; Yoo et al., 2014). Visible signals in the range of 682 and 950 cm−1 are assigned to aromatic sp2 and out-plane C–H bending in the polymeric chain or marginally C–O stretches at graphene planes (Rattana et al., 2012; Yoo et al., 2014). The multipeak reflection at 1,140–1,185 cm−1 indicates C–O–C bindings on the graphene surface (Yoo et al., 2014). The two absorption peaks at 1,233 ± 3 and 1,048 cm−1 are assigned to the C–O stretching vibrations, and the signals at 1,301 ± 2 cm−1 show the C–O stretches originated from weak C-O∙∙∙H electrostatic bands which occur due to the interaction between unsaturated C-groups at graphene. This kind of binding is responsible for the stable dispersion of graphene in the PEDOT:PSS matrix by making bridges between graphene and sulfur groups at the PSS segments of PEDOT:PSS (Yoo et al., 2014; Soltani-kordshuli et al., 2016). The multiple peaks found around 1,384 ± 1 cm−1 are attributed to the C–O bond in PEDOT, and the last two peaks at 1,464 ± 1 and 1,642 ± 2 cm−1 reflect C = C group stretches in PSS (Rattana et al., 2012; Yoo et al., 2014; Soltani-kordshuli et al., 2016). According to Pasha et al. (2019), the IR spectra substantiate that the graphene was well-dispersed in the PEDOT:PSS and that the tin complex is also embedded and scattered in the polymer matrix.
[image: Figure 2]FIGURE 2 | IR spectrum of PEDOT:PSS-graphene-organotin complex films. (A) Organotin complex without the substituent and (B) with the chloride substituent.
Raman spectroscopy, shown in Figure 3, was performed to complement the results obtained by IR spectroscopy. From the main bands in the Raman spectrum, it is possible to detect the benzoid structure of PEDOT in the film (Ouyang et al., 2005; Yeon et al., 2017). The main bands in the Raman spectrum of the PEDOT:PSS film are assigned to the symmetric (1,425–1,434 cm−1) and asymmetric (1,503–1,509 cm−1) C=C stretching vibrations. The Raman spectrum in Figure 3 for the PEDOT:PSS-graphene sample shows a change of the main bands of PEDOT:PSS in intensity and positions with the presence of the characteristic D, G, and 2D bands of graphene, indicating that this is incorporated into the PEDOT:PSS matrix. The D band corresponds to vibrations of dangling bonds of carbon atoms, while the G band corresponds to the vibration of sp2-bonded carbon atoms (Du et al., 2018). The 2D band sensitively depends on the symmetry properties and number of graphene layers (Malard et al., 2009). The samples PEDOT:PSS-graphene-a complex and PEDOT:PSS-graphene-b complex show broadening and shift of the D and G bands, indicating changes in the electronic structure of graphene in the presence of electron-acceptor groups (Luceño Sánchez et al., 2018). In addition, changes in the 2D band in these samples suggest changes in the number of ayers and structure of graphene, supporting the observation in AFM results (see Figure 4). These results demonstrate a strong π–π interaction between the PEDOT:PSS layer and graphene that can result in the changes of charge carrier mobility of PEDOT:PSS films.
[image: Figure 3]FIGURE 3 | Raman spectra of the PEDOT:PSS film without graphene, PEDOT:PSS-graphene, PEDOT:PSS-graphene-a complex, and PEDOT:PSS-graphene-b complex films.
[image: Figure 4]FIGURE 4 | AFM images of (A) PEDOT:PSS film without graphene, (B) PEDOT:PSS-graphene, (C) PEDOT:PSS-graphene-a complex, and (D) PEDOT:PSS-graphene-b complex films. SEM images of hybrid films for (E) PEDOT:PSS-graphene-a complex and (F) PEDOT:PSS-graphene-b complex.
In order to determine the topography and morphology in the hybrid films, AFM and SEM were performed. The AFM images of the morphology surface in a 2 × 2 μm area for 1) PEDOT:PSS film without graphene, 2) PEDOT:PSS-graphene, 3) PEDOT:PSS-graphene-a complex, and 4) PEDOT:PSS-graphene-b complex films are shown in Figure 4. The AFM images confirm the presence of bended graphene in the surface of the PEDOT:PSS layer. In accordance with literature data (Yoo et al., 2014; Pasha et al., 2019), the pure PEDOT:PSS film in Figure 4A had a smooth surface. The samples PEDOT:PSS-graphene (see Figure 4B) and PEDOT:PSS-graphene-b complex (Figure 4D) show elongated needle-type structures that are not in the PEDOT:PSS film without graphene. It is interesting to note that these structures show a 3D thin graphene skeleton as is reported by Dong et al. (2012b). On the other hand, the film PEDOT:PSS-graphene-a complex (Figure 4B) shows the presence of sheet structures more characteristic of graphene raw materials (Chen et al., 2016; Lovén et al., 2021). Considering that all films were deposited under the same concentration, equipment operation, and substrate conditions, the different shape in the graphene is due to the type of the tin complex used. Apparently, the complex-a inhibits the preferential growth directions in graphene. In Figures 4E,F, the microphotographs at 750x of the films PEDOT:PSS-graphene-organotin complex are shown. The SEM images demonstrate a considerable coverage of the polymer on the graphene and tin complexes, and the continuity of the films is a good approximation to improve the transport of charge and its mobility, which can be reflected in the optical properties of the films.
The spectra of transmittance, T(λ), in the wavelength range 275–1,000 nm for the two hybrid films are depicted in Figures 5A,B. The results demonstrate that all the hybrid films transmitted more than 70% of light in the wavelength region of 580–1,000 nm, but the transmittance is considerably higher in the films of the PEDOT:PSS-graphene-a complex. This result can be justified by the graphene morphology and by a higher conjugation in the a-complex molecule and by a lower polarity in it. In the spectral region where λ> 580 nm, the films are highly transparent and the films are non-absorbing (Alharbi et al., 2016; Al-Muntaser et al., 2018; Makhlouf et al., 2019). On the other hand, in Figures 5C,D, the spectrum for the films PEDOT:PSS-organotin complex without graphene is observed. The change in transmittance with respect to the films with graphene is significant. Two zones were observed for these spectra: the first region corresponds to a shorter wavelength range at λ < 580 nm. This region exhibits absorption, which is called the UV–Vis absorption region of the films (Makhlouf et al., 2019). As for the second region, which encompasses a larger wavelength of λ> 580 nm, it is known as the infrared non-absorbing region, which reveals that the films were clear, and no light is absorbed (Makhlouf et al., 2019). The presence of graphene significantly increases the transmittance in the violet-to-blue range of the electromagnetic spectrum (300–580 nm). These results are important because they are opposite with those obtained by Chen et al. (2016) for films with PEDOT:PSS and graphene fabricated by ultrasonic vibration–assisted substrate spray coating and by Kepic et al. (Kepić et al., 2014) for PEDOT:PSS films doped with graphene quantum dots. In this work, the presence of the heptacoordinated organotin (IV) complexes favors the high transmittance of the films with graphene. In addition, the transparency level of the PEDOT:PSS-graphene-complex films is in accordance with literature data (Seol et al., 2012; Kepić et al., 2014; Lee et al., 2014; Chen et al., 2016; Hilal and Han, 2018). Due to the good optical transparency of the films, they would be an effective option to use as a transparent electrode or HTLs in the field of photonics and organic electronics (Kepić et al., 2014; Lee et al., 2014; Chen et al., 2016; Hilal and Han, 2018). The films without graphene would have similar application, but at wavelengths greater to 580 nm, which limits their performance in this type of devices.
[image: Figure 5]FIGURE 5 | Transmittance spectra of (A) PEDOT:PSS-graphene-a complex, (B) PEDOT:PSS-graphene-b complex, (C) PEDOT:PSS-a complex, and (D) PEDOT:PSS-b complex films.
In addition, the transmittance (T) was used to calculate the absorption coefficient (α) through the equation: [image: image], where d is the thickness of the films. In this process, the energy of the photon hν was obtained from the inverse of the wavelength (λ), the speed of light (c), and of Planck’s constant (h): [image: image]. Figure 6 shows the variation of the α, with hν for films with graphene (Figures 6A,B) and without graphene (Figures 6C,D). For the case of the films without graphene, a very low absorption coefficient is presented, which is an indication of the important effect that graphene exerts on the optical properties of the heptacoordinated organotin (IV) complexes. Figure 6A shows that the value of the α is in the order of 10−5 cm−1 for the film with complex-a, and Figure 6B shows that the value of α is 10−6 cm−1 for the film with complex-b. In addition, for the PEDOT:PSS-graphene-a complex film, the high Soret band is observed at 2.7 eV. The peak of the Soret band is generally interpreted by the excitation between the bonding and antibonding molecular orbital in terms of π–π* (Alharbi et al., 2016; Ouyang et al., 2005; Yeon et al., 2017; El-Nahass et al., 2011a; Pal et al., 1993; El-Nahass et al., 2011b). Apparently, the π-conjugated structure of complex-a and the morphology of graphene are responsible for discrete transitions beyond the Soret band (Alharbi et al., 2016; Cotter et al., 1999). Finally, in Figures 6A,B, the π–π* transition peak at 4.3 eV can be observed, same place in which a shoulder peak is located and one can observe a shoulder in this place, which is originated from π–π* transition of the C = C bond of graphene (Dong et al., 2012c; Zhang et al., 2012; Kepić et al., 2014).
[image: Figure 6]FIGURE 6 | Variation of α with hν for (A) PEDOT:PSS-graphene-a complex, (B) PEDOT:PSS-graphene-b complex, (C) PEDOT:PSS-a complex, and (D) PEDOT:PSS-b complex films.
It is important to consider that the optical bandgap [image: image] in organic semiconductors is directly related to its π-conjugated system. There is a procedure that relates α to the [image: image] associated with the films and is carried out by extrapolating the linear trend observed in the spectral dependence of (αhν)1/2 over hν (Laidani et al., 2008; Kamiya et al., 2009; Urbach, 1953; Mok and O’Leary, 2007; Tsiper et al., 2002). The graph of (αhν)1/2 vs. hν is shown in Figure 7, and the [image: image] is evaluated from the x-axis that intercepts at (αhν)1/2 = 0. For the PEDOT:PSS-graphene-organotin complex films, the values are recorded in Figure 7 and correspond to the onset of optical absorption and formation of a bound electron-hole pair or exciton “Frenkel exciton” (Zhokhavets et al., 2003; El-Nahass et al., 2011a) and the fundamental energy gap (Zhokhavets et al., 2003; El-Nahass et al., 2011a). The values obtained are lower for the film with the complex-b, which can be attributed to the effect of the chlorine atom and the elongated needle-type structure for graphene. However, in both hybrid films, the band gap obtained places these materials within the range of organic semiconductors. Although for its use in optoelectronic devices, it is important to establish the function of each component within the hybrid film and enhance its operation in the device, adding interfacial films that promote an efficient charge transport. The function of the PEDOT:PSS and graphene is as an HTL and TE, and the function of the tin complexes was as components of the active layer of the device and to increase the efficiency of the devices. BPhen was introduced in the PEDOT:PSS-graphene-organotin complex system, such as ETL. The presence of this ETL layer affects in such an important way the [image: image]. In Figures 7C,D are observed the curves (αhν)1/2 vs. hν and the fundamental gap for these systems. The presence of the Bphen increases the fundamental gap to 3.47 eV; however, the curves for both films align to the same behavior.
[image: Figure 7]FIGURE 7 | Variation of (αhν)1/2 with hν for (A) PEDOT:PSS-graphene-a complex, (B) PEDOT:PSS-graphene-b complex, (C) PEDOT:PSS-graphene-a-BPhen, and (D) PEDOT:PSS-graphene-b-BPhen films.
Device Fabrication and Electrical Characterization
For electrical characterization, two different device structures were fabricated. These structures are shown in Figures 8A,B. The first device structure is constituted by glass/ITO/PEDOT:PSS-graphene-complex/Ag and the second by glass/ITO/PEDOT:PSS-graphene-complex/BPhen/Ag. The films were studied by varying the temperature, where an increase of conductivity is expected. The conductivity has the general form:
[image: image]
where Ea is the thermal activation energy of the electrical conductivity, σ0 is the pre-exponential factor depending on the material nature, and k is Boltzmann’s constant (1.38 × 10−23 J/K). Figure 8C shows the Arrhenius plot for the graphene compounds, where it is observed that the conductivity of both films increases with the temperature, and there is a variation in the slope comparing both devices. From these slopes, the activation energy was calculated and is of 0.024 eV for complex-a while is of 0.031 eV for complex-b. These values are close to the Ea of the PEDOT:PSS (Gueye et al., 2016; Akbari et al., 2018; Mansour et al., 2020). The latter indicates that the lower thermal activation energy Ea for complex-a is due to its greater capacity to receive electrons, an inferred reduction of the energy between the conduction band and the donor level. In addition, the conductivities obtained for complex-a are higher than those for complex-b and may be related to the graphene shape that favors the transport of electric charges.
[image: Figure 8]FIGURE 8 | Device structure for (A) PEDOT:PSS-graphene-complex and (B) PEDOT:PSS-graphene-complex/BPhen. (C) Electrical conductivity Arrhenius plot for PEDOT:PSS-graphene-a and PEDOT:PSS-graphene-b devices.
Figure 9 shows the J–V curves for darkness and illumination conditions of the PEDOT:PSS-graphene-a and the PEDOT:PSS-graphene-b devices and also the devices that include the BPhen. All of the curves in Figure 9A present an apparent linear behavior, and the characteristic current density is larger for the a-device. It is observed that for both complexes, the curve for illuminated conditions varies with respect to the darkness conditions, indicating a photo-response of the devices. For the a-device, the illuminated curve shows larger current density values than the darkness curve, but for b-device, the opposite is observed, which may be related to a higher charge carrier recombination rate due to traps. However, this variation is more pronounced for a-device that may be related to the resulting larger absorption coefficient. On the other hand, devices with BPhen J-V curves are shown in Figure 9B, where the current density values are larger for the a-device. A change in the curve shape is observed for the b-device that can be related to the large particle size in the graphene observed previously. The current density values are larger than those of the devices without the BPhen (Figure 9A) related to the morphological change and the improved charge transport consequence of the BPhen addition. In addition, it can be observed that the illumination effect on the J–V curves is larger than that shown in Figure 9A. However, by comparing Figure 9B curves, this effect is more pronounced for a-device such that besides the absorption changes due to the particle shape, size, and distribution of complex-a, it allows a larger photon absorption and therefore charge carrier generation. Nevertheless, for the a-device illuminated curve, smaller current density values than those of the darkness curve are shown, but for b-device, the opposite is observed. Despite the current density increase due to the BPhen, under operation of the solar cell, a reduction of the charge carrier collection may be due to an increase of the trapping sites within the hybrid films, the BPhen, and due to the interfaces. In addition, a change in curve shape is observed for b-device related to a change in the conduction mechanisms. The higher photogenerated current for b-device indicates that it must result in better performance for solar cell applications.
[image: Figure 9]FIGURE 9 | Darkness and illumination condition J–V curves for (A) PEDOT:PSS-graphene-a and PEDOT:PSS-graphene-b devices, and (B) with BPhen.
By considering that these device applications are focused for solar cells, a stability study was conducted to evaluate its feasible degradation under light exposition. For this study, a 360-W incandescent light was used to irradiate the devices with BPhen during 2 and 4 h. The obtained J–V curves after irradiation are shown in Figure 10, where Figure 10A shows the curves related to the 2-h irradiation and Figure 10B to the 4-h irradiation. First, it can be observed that the curve behavior changed compared to the non-irradiated devices (Figure 9B). The shape of the curves also changed to an almost linear curve for both devices. For the a-device illuminated curve, smaller current density values than those of the darkness curve are shown, but for b-device, the opposite is observed, showing a more pronounced photo-effect than that of Figure 9B, while it is fairly diminished for a-device. Despite this, the current density values for a-device are approximately equal, but for b-device, darkness condition are lower, while illuminated conditions are higher. All of these indicate that complex-a presents a higher stability than complex-b; however, the photo-current density is improved for b-device after a 2-h irradiation. The latter could be related to various mechanisms related to light interaction and heating of the films. Some of them may change the microstructure and furthermore a crystallization may occur, resulting in a conductivity enhancement, for instance, due to the alignment improvement of the PEDOT:PSS (Kim et al., 2014; Wang et al., 2018; Duan and Uddin, 2020; Kim et al., 2020). Moreover, the J–V curves resulting from the 4-h irradiation are shown in Figure 10B, where a noticeable decrease of the current density values, of almost eight orders of magnitude, is observed for the devices compared to the non-irradiated J-V curves. The curve behavior is changed after the irradiation, resembling a diode curve. It is interesting to note that the current density values for both complex device illuminated curves are larger than those for darkness conditions, but the variation is quite small, indicating that the devices were degraded.
[image: Figure 10]FIGURE 10 | Darkness and illumination condition J–V curves for PEDOT:PSS-graphene-a/BPhen and PEDOT:PSS-graphene-b/BPhen devices, after a (A) 2 h and (B) 4 h light exposition.
The conductivity for the different devices under the previous discussed conditions was calculated and plotted in Figure 11. The largest conductivity value (∼2.7 × 10−4 S/cm) is observed for the complex-a/BPhen device after 2 h irradiation. The resulting conductivity values are lower than those of the PEDOT:PSS. The conductivity values for each complex device under darkness and illuminated conditions present an enhancement by adding the BPhen film and a further enhancement by the 2-h irradiation process but an abrupt decrease by the 4-h irradiation process (to ∼ 10−13 S/cm). It is important to note that these effects are more pronounced for a-device under darkness condition but is less pronounced for b-device under darkness condition. The marked electrical behavior change after 4 h irradiation could be related to a degradation of the films and interfaces within the device, limiting the charge carrier mobility and extraction (Duan and Uddin, 2020). A conductivity change of almost 2.1 × 10−4 S/cm was obtained by incorporating the BPhen to a-device, and of almost 1.2 × 10−4 S/cm was obtained by a 2-h irradiation process for b-device under illumination, which are the largest observed effects. Apparently, the chloride radical of complex-b plays an important role on the device conductivity, and also its interaction with the BPhen and device stability.
[image: Figure 11]FIGURE 11 | Comparison chart of the darkness and illumination conductivity for (A) PEDOT:PSS-graphene-a and (B) PEDOT:PSS-graphene-b devices, after adding BPhen and irradiating for 2 and 4 h.
J–V curves were measured under different light colors for the complex devices with and without the BPhen and are shown in Figure 12. Figure 12A shows the J–V curves for a-device where a slight change is observed by varying the incident light color and with a non-particular tendency. On the other hand, Figure 12B shows the J–V curves for b-device, where a slight change is also observed by varying the incident light color and with a non-particular tendency, but the green light curve values are smaller. For the BPhen devices, Figures 12C,D show the J–V curves for a-device and b-device, respectively. Figure 12C shows an almost non-observable change by varying the incident light color. However, Figure 12D shows a larger curve change by varying the incident light color where the green light color curve presents the largest variation. All of these indicate that b-devices are more susceptible to incident light colors and are more marked for b-complex/BPhen device.
[image: Figure 12]FIGURE 12 | Different light color exposure J–V curves for (A) PEDOT:PSS-graphene-a, (B) PEDOT:PSS-graphene-b, (C) PEDOT:PSS-graphene-a/BPhen, and (D) PEDOT:PSS-graphene-b/BPhen devices.
For further analysis for solar cell applications, spectroscopic measurements of external quantum efficiency (EQE) and short-circuit current (JSC) were performed for a- and b-devices at room temperature. Figure 13A shows that the wavelength-dependent EQE for both complex devices presents a similar curve shape. For solar cell applications, it is desirable that the EQE curve values were close to 1, and for these devices, an increase of the EQE from 0.6 to 0.8 (400–450 nm) is observed, followed by a slight increase of almost 9–9.5 (450–700 nm) and a slight decrease of 0.8 (700–950 nm), where a more pronounced decrease occurs. However, the EQE curve is higher for b-device, indicating that it presents an enhanced charge carrier generation and collection. The latter could be related to the previous observations in Figure 13. In addition, it is interesting to note that the b-device EQE curve presents a decrease to the values of a-device EQE maximum (0.89) at 700 nm. In addition, the higher EQE values lie between 650 and 750 nm. Figure 13B allows us to evaluate the wavelength-dependent Jsc, where similar curve shapes were obtained for both complexes, but the values are a little higher for b-device, which reaches a maximum of 6.8 mA/cm2 at 675 nm. It is important to note that the variation is increased in the range from 450 to 650 nm. A sudden decrease of Jsc is observed from 6.6 to 4.5 mA/cm2 and from 700 to 750 nm, which reduces the power output of the device within this range of incident light wavelengths. By comparing to literature where PEDOT:PSS-graphene is used in solar cells and active layers such as perovskites (18–21 mA/cm2) and other technologies (4.43–14.7 mA/cm2), the results, respectively, are smaller and lie between the range, but for other PEDOT:PSS-graphene-related technologies (7–36.26 mA/cm2) the results are close to the lower boundary (Li et al., 2020; Adekoya et al., 2021). All of this indicates that both complex devices present an adequate performance for solar cell applications, where higher conductivities due to a non-chloride radical are presented for complex-a, but a better device conversion efficiency for complex-b is obtained. Nevertheless, further research should be conducted to increase the Jsc and improve solar cell performance.
[image: Figure 13]FIGURE 13 | PEDOT:PSS-graphene-a and PEDOT:PSS-graphene-b devices (A) EQE and (B) Jsc.
CONCLUSION
Hybrid films of graphene, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), and heptacoordinated organotin (IV) complexes were deposited and characterized. The optical properties of hybrid films were investigated via UV–Vis spectroscopy, and the films transmitted more than 70% of light in the wavelength region of 600–1,000 nm, the absorption coefficient is in the order of 10−5 cm−1 and 10−6 cm−1, and the optical band gap is in the range of 2.64 and 3.09 eV. Bathophenanthroline was introduced as the electron transport layer in order to study the solar cell with complete architecture. A conductivity change of up to 2.1 × 10−4 S/cm was obtained by incorporating the bathophenanthroline and almost 1.2 × 10−4S/cm by a 2-h irradiation process. Conductivity values between 10−5 and 10−4 S/cm were obtained for the fabricated devices. After irradiation conditions, the electrical behavior of the devices was modified. During the first 2 h, it was improved, but after 4 h, it was degraded. Both complex devices present a good performance for solar cell applications; however, the morphology of graphene can be an important parameter in the charge transport of these devices.
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