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Abstract

:

An ultrathin nano photodiode array fabricated in a flexible substrate can be an ideal therapeutic replacement for degenerated photoreceptor cells damaged by Age-related Macula Degeneration (AMD) and Retinitis Pigmentosa (RP), such as retinal infections. Silicon-based photodiode arrays have been attempted as artificial retinas. Considering the difficulties caused by hard silicon subretinal implants, researchers have diverted their attention towards organic photovoltaic cells-based subretinal implants. Indium-Tin Oxide (ITO) has been a favorite choice as an anode electrode. A mix of poly(3-hexylthiophene) and [6,6]-phenyl C61-butyric acid methyleste (P3HT: PCBM) has been utilized as an active layer in such nanomaterial-based subretinal implants. Though encouraging results have been obtained during the trial of such retinal implants, the need to replace ITO with a suitable transparent conductive electrode will be a suitable substitute. Further, conjugated polymers have been used as active layers in such photodiodes and have shown delamination in the retinal space over time despite their biocompatibility. This research attempted to fabricate and characterize Bulk Hetero Junction (BHJ) based Nano Photo Diode (NPD) utilizing Graphene–polyethylene terephthalate (G–PET)/semiconducting Single-Wall Carbon Nano Tubes (s-SWCNT): fullerene (C60) blend/aluminium (Al) structure to determine the issues in the development of subretinal prosthesis. An effective design approach adopted in this analysis has resulted in developing an NPD with an Efficiency of 10.1% in a non-ITO-driven NPD structure. Additionally, the results show that the efficiency can be further improved by increasing active layer thickness.
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1. Introduction


The retina in the eye transforms the light information into neural electrical impulses that the optic nerve transfers to the brain’s visual cortex. The visual cortex decodes the neural impulses into meaningful image perception. Various neural cell layers, such as photoreceptor cells, amacrine cells, bipolar cells, and axon ganglion cells, are responsible for signal processing and convergence [1].



Age-related Macula Degeneration (AMD) and Retinitis Pigmentosa (RP) are the two retinal disorders that affect an increasing number of people worldwide. Over 55-year-olds are most likely to be affected by AMD, which destroys the macula, a region of about 5 mm in diameter that surrounds the retina center [2]. A tiny pit termed a fovea with a diameter of around 1.5 mm is located in the macula center, where cones are abundant (10%). It is responsible for the sharpest vision. Therefore, people with AMD have central vision loss. Retinitis pigmentosa (RP) is a genetic illness characterized by outer retinal degeneration [3]. As a result, photoreceptors’ outer and inner segments and their cell bodies are damaged.



There is currently no effective therapy for AMD or RP. Conversely, even after periods of loss of sight, around 30% of retinal ganglion cells in RP patients remain functional [4]. Epi-retinal implant and Sub-retinal implant are two techniques that have been used to describe retinal prosthesis during the past two decades.



Epi-retinal implants employ electrical stimulation to produce visual perception with fewer electrodes, and all image processing is performed outside, similar to ARGUS II [5]. Although Argus® II’s epiretinal implantation technique successfully produces phosphenes in response to visual stimulus [4], as a result of image persistence, the apparent image may fade in a few seconds. It is too complicated to continue the surgical procedure as it requires external instruments. Hence, the epiretinal approach is not widely adopted. To function, the sub-retinal implant replaces deteriorated photoreceptors with stimulating photodiode electrodes and processes the images internally, similar to the Silicon Micro Photo Diode Array (SMPDA), Alpha IMS, which is the most widely researched approach because of its various advantages [4]. For example, single-letter discrimination and rudimentary object recognition were proven in the preliminary studies on Alpha IMS [6]. According to clinical trials on such prostheses, an array of 25 × 25 pixels and a 30-degree viewing angle might give appropriate mobility skills [7,8].



Chow et al. [9,10,11,12,13] designed an SMPDA for a subretinal prosthesis (Artificial Silicon Retina (ASR), Optobionics Corp.) with the belief that a subretinal implant could be powered solely by ambient light. As a replacement for the degenerated photoreceptors, this SMPDA was placed between the pigment epithelium of the retina (RPE) and the bipolar cell layer. The results showed improvements in visual perception. A consortium in Germany coordinated by E. Zrenner [14,15,16,17,18,19,20] has been developing amorphous-based silicon photodiodes for subretinal implantation. This is the first time a thin film MPDA has been implanted into the eyes of rats and rabbits for early testing. In this device (a-Si: H/Ti), the higher intensity of infrared light is locally enhanced to boost the photo response. Many contact layers have been studied to offer strong perpendicular conductivity with less lateral parasitic losses to the adjacent tissue due to the need for optimal capacitive coupling to bipolar cells in activating retinal cells. In vitro results have elucidated that small photovoltaic cells (100 µm × 100 µm and 20 µm × 20 µm) cannot provide sufficient charge capacitive to stimulate the bipolar cells. To this end, huge (200 µm × 200 µm) solar cells have been constructed to generate two-volt potentials. However, in vivo experimental results showed that the SiO2-coated passivation layer device is corrosive after six months. Later the same group [14,15,16,17,18,19,20] developed a new MPDA prototype with discrete materials using a polyimide foil that is both flexible and strong, incorporating an MPDA chip with stimulation electrodes, a controller circuit, and an IR receiver module for energy transmission. By implantation of their prosthesis in animals, they investigated different parameters such as successful electrical stimulation, durable biocompatibility, and stability of the subretinal implants. There were tiny dislocations of the subretinal portions of the implant in animals, which eventually led to a tear in the retina. Techniques were used to ensure the subretinal stimulation components were positioned correctly. The devices implanted after the modified procedure on seven RP patients showed startling improvements in visual function despite surgical complications. This MPDA created a detailed, meaningful visual perception in already blind individuals permitting localization and recognition of objects up to perusing ability.



Further, the implanted MPDA showed that it was both safe and productive. Later, Zrenner et al. [21] developed an improved version of MPDA with 1500 photosensitive pixels, each with its photodiode, stimulation electrode and amplifier, and a grid of 16 wire-associated electrodes that enables light-independent direct stimulation to take place. Their clinical pilot study demonstrated that the subretinal implant gives meaningful visual information to blind patients [22].



Using photovoltaic stimulation, according to Palanker et al. [23,24,25], a unique idea was developed in 2012 that overcomes present constraints, such as mechanical mismatch with delicate retinal tissues and the complexity of manufacturing process and operating principles [21,22]. There is no need for implants or physical connections with external devices when infrared light enters the pupil and is transformed into electrical impulses that are supplied to the retina in this configuration. However, the main problem with such a method is its poor sensitivity, which makes it difficult to use under daytime conditions [23,24,25]. In addition to improving visual acuity, expanding the field of vision beyond blindness thresholds, and overcoming medical complications, the requirement for trans-ocular wires to deliver power and control signals, as well as corrosion in the implants after a few months, significantly impairs their functionality; there are still many obstacles to overcome. This was because most MPDAs were built on hard silicon substrates; their stiffness damages the retinal tissues. It is also difficult to integrate artificial functional materials with live neural tissues [26,27,28]. Therefore, the design of a sub-retinal implant device based on a foldable substrate material without any external discrete components was deemed urgent.



Recently, photodiodes using organic and nanomaterials on foldable substrates have been widely reported. The ease with which organic electronics and biological substrates may be interfaced opens new research opportunities [29,30]. Light-induced retinal stimulation via semiconductor nanorod–carbon nanotube implants was created by Bareket et al. [31] using Poly-Di-Methyl-Siloxane (PDMS) substrate material. The results suggested the possible use of this device in future retinal applications. Some recent analysis on organic photovoltaic devices has been conducted for neuronal photostimulation [32,33]. This technology offers significant advantages over inorganic semiconductors and has considerable promise; according to the researchers, the material is suitable for in vivo biological applications such as retinal prostheses. A subretinal organic photovoltaic interface was developed by Ghezzi et al. [32,33] by combining organic semiconductors and conjugated polymers (i.e., poly(3,4-ethylene-dioxythiophene)-poly (styrenesulfonate, PEDOT: PSS; regioregular poly (3-hexylthiophene-2,5-dial), P3HT; [6,6]-phenyl-C61butyric acid methyl ester, PCBM).



Photovoltaics, mechanical compliance, and daylight sensitivity drive conjugated polymers, unlike silicon-based prostheses. Ghezzi et al. [34,35,36] improved dystrophic rats’ visual acuity, but issues persisted one month after implantation. Subretinal conjugated polymers delaminate in months, destroying organic molecules irreversibly. Neural photostimulation may result from polymer–electrolyte capacitive [34,35,36]. In 2015, Narayan et al. [37] constructed an organic-based artificial retina device employing a photoconductive polymer blend, such as poly (3,4-ethylene dioxythiophene): poly (4-styrene sulfonate) (PEDOT: PSS). Silicon or organic photovoltaic subretinal implants are too tiny to improve vision [38], such as in the case of risky subretinal implants (for example, retinal peeling, device movement, and device overlapping). Retinal prosthetics’ biggest obstacles are vision and field size [39], as with organic conjugated polymer retinal prosthesis [34,35,36,37] targeting the active layer.



ITO decreases Voc. Conductive graphene electrodes replace ITO in organic photovoltaics [40,41,42]. ITO-electrodes C60–SWCNT active layer photovoltaic cells worked well [43]. s-SWCNTs outperform conjugated organic polymers in UV/visible photovoltaics [44,45]. C60–SWCNT composites on graphene transparent electrodes are superior to ITO/C60-SWCNT/Al [46]. In this work, the present authors fabricated and characterized nano photodiodes that use BHJ formed with a G-PET/S-SWCNT: C60/Al structure for the subretinal implant to completely avoid the usage of ITO. Further, the SWCNT: C60 active layer replaces P3HT: PCBM to enhance the performance of subretinal prosthesis [33]. This article proposes a subretinal prosthesis design utilizing nanomaterials that include polymer, carbon nanotubes, graphene, and aluminum. In addition, this work focuses on the fabrication and characterization of a high-performance single nano photodiode. The primary objective is to effectively design and construct an NPD that can provide the appropriate current and voltage output, which is very important for the implant due to the retina prosthesis’s current mode and voltage mode. The structure of this article is as follows: The structure of the BHJ nano photodiode is discussed in Section 2, and the fabrication process flow is discussed in Section 3. The standardization of processes and the optimization of device layers are then discussed in Section 4. Fabrication characteristics, findings, and discussion are covered in Section 5; in addition, Section 6 draws comparisons to previously existing NPD PV cells in terms of the results and analysis. Finally, Section 7 concludes the work and recommends future approaches.




2. Structure of BHJ Nano Photo Diodes


Solar cells use the photovoltaic effect to convert light into energy, a process known as photovoltaics or photovoltaic conversion. Pure energy, light, enters a PV cell and provides a few electrons (negatively charged atomic particles) with enough energy to release them from their entanglement. On the other hand, photovoltage can be generated via a built-in potential barrier, which acts on these electrons to form a voltage.



Organic photovoltaics utilize organic semiconductors to absorb light and produce electricity. Organic semiconductors are carbon-based materials that possess semiconductor properties. The donor and acceptor phases are separated in a bilayer heterojunction [47]. The donor and acceptor materials are extensively blended in a Bulk Hetero Junction (BHJ) type to decrease the distance of the interface areas from the point of exciton generation [47], allowing the exciton to travel much less than the diffusion length to avoid recombination. While the bilayer structure has a 2D donor-acceptor interface in the BHJ device, this interface is three-dimensional. Because of this, the interface area in BHJ is enlarged by many orders of magnitude, and exciton dissociation is considerably more efficient than in BHJ. For better light absorption, the active layer’s thickness might be selected to be much greater than the exciton diffusion length.



The proposed NPD structure includes a polymer, carbon nanotubes, graphene, and aluminum. This NPD generates power under incident light to stimulate the retina for regaining lost vision function. After depositing an electrode and a mix of donor and acceptor materials in a bulk volume, a junction between two distinct materials is formed. Bulk Hetero Junction solar cell is the name given to this type of cell.



Figure 1 shows the suggested structure of a nano photodiode. Semiconducting Single-Wall Carbon Nano Tubes (S-SWCNT) are used as electron donors, C60 fullerene is used as an electron acceptor, and graphene is used as an anode in this experiment. The efficiency and transparency of the NPD may be enhanced; the s-SWCNT:C60 were mixed in the ratio of (1:100), the chirality of the SWCNT is (6,5), the purpose of utilizing these active layer nanomaterials is that they provide efficiency, stability, are good absorbers, and provide better efficiency in near-infrared regions, these materials are treated on a flexible substrate [48,49]. Transparency plays an important role in organic photovoltaic devices. If the electrode transparency is high, then optical transmittance is maximized while organic polymers absorb ultraviolet (UV) and Near-Infra Red (NIR) radiation.



Figure 1 shows a structure that blends two semiconducting materials, a donor (SWCNT) and an acceptor (C60 fullerene), with distinct band gaps positioned between two electrodes (graphene, 5.3 eV anode, and aluminum, 4.2 eV cathode), to form a junction that aids in charge separation of excitons [43,46,47,48,49,50].



These two layers, graphene and aluminum electrodes, create exciton, diffusion of excitons, and free carriers. We initially used aluminum as a cathode material since it is one of the most popular cathode materials in organic photovoltaics. Ideally, the cathode should be made of metal with a lower work function than the anode. The work function of graphene is greater than aluminum, thus meeting the criteria.



2.1. Device Physics of Bulk Heterojunction Photovoltaic Cells


In BHJ, the donor and acceptor materials are mixed in large quantities Figure 1. Donor–acceptor phase separation may be seen across length scales of 10–20 nm. Since every interface is inside the exciton diffusion length of the absorber, the system is interpenetrating at the nanoscale [51].




2.2. Characteristics of OPV


Figure 2 shows the current-voltage curves of a BHJ Organic photovoltaic cell in the dark and the light. There are four essential characteristics used to describe solar cells: open circuit voltage (Voc), short circuit current (Jsc), efficiency, and Fill Factor (FF), which are obtained using the following formula:


   J  s c   = q G (  L n  +  L p  )  



(1)




where G is the generation rate, Ln and Lp are the electron and holes transmission length, respectively.


   V  o c   =   n K T  q  ln  (     I L     I o    + 1  )   



(2)




where Io and IL are the dark saturation current and light generated current, respectively, n is ideality factor, kT/q is thermal voltage and Pin is input power, and E is the incident radiation.


  F F =    P  max      J  s c   ×  V  o c      



(3)






  η =  |     P  max    E   |  × 100 %  



(4)




where Imax, and Vmax are the operating points of maximum power for current and maximum voltage, respectively.).





3. Fabrication Process Flow of NPD Device


This section describes the BHJ-based Nano Photo Diode (NPD) fabrication method used in this work. The structure of the BHJ OPV cell is represented as Graphene/S-SWCNT: C60 blend/Al. It is realized using spin coating and shadow masking techniques.



Fabrication Steps


There are several steps involved in the fabrication that takes it from substrates to devices ready for measurement.



	a.

	
Anode Layer Coating







Graphene is picked as an anode material. Here, the authors utilized a graphene-coated PET with a thickness of 50 nm.



	b.

	
Formation of Photo Active Layer







The present authors used a blend of S-SWCNT: C60 as an active layer. In this work, the active layer mix proportions and fixations have been chosen from previously optimized conditions [46]. Using 1,2 Dichlorobenzene, S-SWCNT was dissolved to a concentration of 1 mg/mL. Similarly, dissolving 100 mg of C60 in 100 mL of 1,2-dichlorobenzene is then ultrasonically heated at 20 °C in a glove box for 2 h. The following is the process for preparing this blend: as a final blend, combine the two solutions produced as mentioned above at a concentration of 1% S-SWCNT. A small area of the graphene sheet must be covered with adhesive tape before applying the mix (Keaton tape). In the spin coating deposition technique, it is termed shadow masking. To characterize the device, the protected area is utilized for contact purposes. The mix is then spin-coated over the graphene-coated PET substrate, as shown in Figure 3 [52].



	c.

	
Cathode Layer Deposition







For the device to function, thermal evaporation at a vacuum more significant than 2 × 10–26 torr was used to deposit an Al cathode layer over the active layer. As a result, the shadow mask must be properly positioned over the coated substrate to prevent aluminium deposition over the graphene layer. Here, the al layer is deposited by covering some portions using aluminium foil, and the Al is deposited in the uncovered region. The thickness of the aluminium layer coated is approximately 50 nm.





4. Optimization Design of Device Layers and Process Standardization


The NPD developed in this work is ultimately used for subretinal implantation. Therefore, such NPD should have the capability to provide large charge output even for lower optical power. To achieve this, the device should be highly efficient in converting light energy into electrical power. This will mainly depend upon the design and optimization of various layer thicknesses and their electrical behavior [53,54]. Therefore, before the devices were fabricated, the authors performed optimizations of various layer thicknesses.



4.1. Active Layer Thickness Optimization


In this work, the S-SWCNT: C60 blend is used as an active layer. Now, the thickness of this active layer for maximum efficiency must be determined. The authors of this present work conducted an optical modeling of the device to investigate the effect of the influence of the optical constants and active layer thickness of the blend films on the performance of the solar cells. Based on transfer matrix formalism, an empirical optoelectronic model was used to properly predict the photocurrent in Organic Photovoltaic (OPV) devices comprising BHJ OPV cells at varied active layer depths. In addition, parasitic absorption is considered at the electrodes [55]. Our simulations for varying film thicknesses in the photoactive layer used the optical constants of all layers in the examined device structure (up to 150 nm). The thickness of the graphene and aluminum layers was 50 and 100 nanometers, respectively. Afterward, compute the device’s Voc and Jsc.



Here, the authors have simulated four polymer solar cells [56] (G-PET/s-SWCNT: C60/Al), varying the blend film thickness throughout the 50–150 nm range, as shown in Table 1. The simulation findings show unequivocally that increasing the active layer thickness improves the performance of the BHJ device. Hence, it is important to realize a film thickness of 150 nm in the range when the blend of S-SWCNT: C60 is coated.




4.2. Cathode Layer Thickness Optimization


In the BHJ photovoltaic cell’s cathode layer, aluminum is used, and the influence of aluminum film thickness on the cell’s performance was also examined using the same modeling tool. The anode and active layer thickness are set to 50 nm and 100 nm, respectively. Table 2 shows that the thickness of the cathode layer does not affect the solar cell performance. In a solar cell, the cathode is located at the bottom [56]. As a result, it does not affect optical absorption. To collect charges, the cathode must be used. A thin cathode film will not fully collect charges that arrive at the cathode; thereby, it may reduce efficiency. Thick cathode thickness will fully collect charges that arrive at the cathode, but a large thickness is undesirable. However, the results show that the Al layer thickness has no significant role if the thickness lies between 10 nm and 125 nm.





5. Fabrication Characterization, Results, and Discussion


The BHJ PV cell simulations demonstrate that the active layer should be as thick as possible to maximize efficiency. To ascertain this, we fabricated four devices A, B, C, and D. These devices were fabricated with active layers S-SWCNT: C60 coated at spin speeds of 1200, 1000, 800, and 600 rpm, respectively [44], as presented in Table 3. The cathode layer thickness is fixed to be 50 nm. The devices, A, B, C, and D are realized using the fabrication process described in Section 3.



The current voltages in the dark and under simulated AM 1.5G light (100/cm2) were then measured using a solar simulator Keithley 2400 Source meter. The results obtained are summarized in Table 4. The Jsc is 19.05/cm2, the voltage was 0.75 V, the Fill factor (FF) was 79.56%, and PCE was 10.1% for device D. According to the comparison of these results with the modeling results presented in Table 1, device D must have an active layer thickness of about 60 nm. A comparison of Table 3 and Table 4 further shows that the decrease in spin speed will increase the PCE.



Table 4 indicates that the device performance increased from 3.85% to 10.1% because of the graphene substrate. In our previous work, we utilized the graphene coating over the glass substrate, and the surface uniformity was very poor; hence, in this present work, we utilized a precoated graphene substrate, G-PET, to overcome the drawbacks in the previous work. The results also clearly indicate that the device performance is increased.




6. Comparison with Reported NPD PV Cells


The anode in an OPV cell should be a good conductor of electricity and, simultaneously, must be highly transparent to light. This makes the selection of an anode a difficult task. ITO/PEDOT: PSS transparent electrode has been extensively used as a transparent anode electrode. However, ITO-based anode electrode suffers many disadvantages, as discussed in the introduction section, and the researchers have been looking for better material. Nowadays, ITO has been replaced by Graphene/PEDOT: PSS and P3HT: PCBM as active materials. In this work, the authors directed their effort to optimize graphene sheets’ transparency and electrical conductivity so that graphene alone acts as the anode electrode and the fabrication process becomes easy while still providing matching or better performance with ITO-based OPV cells. The active layer has also been changed to SWCNT: C60 blend, considering the difficulties in using P3HT: PCBM in subretinal implants [32,33,34,35,36]. Now to bring out the effectiveness of this work, a summary of PCEs of the OPV devices employing ITO/PEDOT: PSS transparent electrode and conventional P3HT: PCBM as active materials is presented in Table 5. The performance of OPV cells that employ graphene-based films for anode layers but with conventional P3HT: PCBM or SWCNT: C60 as active layer are listed in Table 6. It is clear from Table 5 results that ITO/PEDOT: PSS-based devices can provide an efficiency of 3.86% with P3HT: PCBM as active material. When PEDOT forms the anode: PSS alone, the efficiency drastically falls, indicating that the ITO provides the transparency required for optical transmission.



Similarly, the reported results in Table 6 show that Graphene/PEDOT: PSS can be an ideal choice in place of ITO/PEDOT: PSS in the OPV cells using P3HT: PCBM as an active layer. A PCE of 3.98 was obtained as a maximum [64]. The results obtained in this analysis demonstrated that Graphene/PEDOT: PSS could be replaced with a single graphene layer anode electrode to improve the OPV cell’s efficiency, employing the S-SWCNT/C60 blend as an active layer.



The other main difference in our work is the active layer material. A blend of SWCNT: C60. An SWCNT donor and C60 acceptor material are utilized instead of the typical P3HT: PCBM active material. In comparison, with previously reported graphene and ITO-based conjugated polymer devices shown in Table 5 and Table 6 [57,58,59,60,61,62,63,64,65,66,67,68], our devices with G-PET/S-SWCNT: C60/Al structure show better performance with a PCE of 10.1%, Jsc = 19.05 mA/cm2, FF = 79.56, and Voc = 0.75 V. It is possible to improve this efficiency further if the active layer is spun at lower speeds (<600 rpm) as it is evident from Table 1, Table 3 and Table 4. Further, it is essential to note that the present work has achieved the best PCE so far with S-SWCNT/C60 employed OPV cells, as evidenced by Table 6 and Table 7.




7. Conclusions and Future Recommendation


Recently, photodiodes using organic and nanomaterials on foldable substrates have been widely reported for prostheses. The ease with which organic electronics may be interfaced with biological substrates opens new possibilities for artificial prosthesis applications. In this work, we fabricated and characterized nano photodiodes that use the G-PET/S-SWCNT: C60/Al BHJ structure for a subretinal implant. An effective design approach is adopted in this analysis that resulted in developing an NPD with an Efficiency of 10.1%. Additionally, the obtained results show that the device performance is much superior when compared to the previously reported works. This will help to increase the number of electrodes when aiming for the fabrication of nano photodiode arrays for a subretinal implant that will help to increase the visual acuity and visual field of the device. The main advantage of the fabricated NPD is its materials, the materials utilized in the device will work under the near-infrared region.



Further simulation analysis brought out the effect of cathode layer thickness on PCE. ITO has been replaced with graphene as a transparent electrode because of its high electron and hole mobility. Further, the SWCNT: C60 active layer substitutes P3HT: PCBM to improve the effectiveness of the subretinal prosthesis. The test results demonstrated that our device performed better than other such reports. Additionally, the results indicate that the PCE can be increased with suitable modification in active layer thicknesses.



In the future, this NPD device will be realized in a flexible substrate with an array of electrodes and tested in biological environments.
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Figure 1. Structure of Bulk Hetero Junction (BHJ) Single Nano Photo Diode cell. 
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Figure 2. Typical (I-V) curves for an Organic Photo Voltaic (OPV) (dark and illuminated). 
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Figure 3. Spin coating of Active layer over graphene thin film Layer. 
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Table 1. Simulation results for different active layer thickness.
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	Active Layer

Thickness

(nm)
	VOC (V)
	Jsc

(mA/cm2)
	FF

(%)
	Power Conversion Efficiency (PCE) (%)





	50
	0.73
	11.329
	44.36
	3.68



	75
	0.75
	12.036
	46.31
	4.1



	100
	0.78
	12.743
	48.24
	4.76



	150
	0.78
	14.157
	48.75
	5.3
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Table 2. Simulation results for different cathode layer thickness.






Table 2. Simulation results for different cathode layer thickness.





	Al Thickness (nm)
	Voc

(V)
	Jsc

(mA/cm2)
	FF

(%)
	PCE

(%)





	10
	0.724
	12.68
	51
	5.16



	20
	0.725
	12.69
	51
	5.16



	30
	0.727
	12.71
	51
	5.16



	40
	0.728
	12.73
	51
	5.16



	50
	0.734
	12.73
	51
	5.16



	75
	0.736
	12.74
	52
	5.16



	100
	0.737
	12.75
	52
	5.16



	125
	0.738
	12.75
	52
	5.17
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Table 3. Active layer coating with different spin speed.






Table 3. Active layer coating with different spin speed.





	
Active Layer: (SWCNT: C60) Blend




	
Device Name

	
Spin Speed (rpm)






	
A

	
1200




	
B

	
1000




	
C

	
800




	
D

	
600
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Table 4. Comparison of NPD performance parameters for various devices.
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Sample

	
Existing Work Using Graphene Coating (Over the Glass Substrate)

	
This Work, Graphene Coating in PET Substrate




	
VOC (V)

	
Jsc

(mA/cm2)

	
FF

(%)

	
PCE (%)

	
VOC

(V)

	
Jsc

(mA/cm2)

	
FF

(%)

	
PCE (%)






	
A

	
0.58

	
4.276

	
48.5

	
1.20

	
0.68 (±0.00)

	
11.34 (±0.26)

	
70.00 (±0.45)

	
5.7 (±0.08)




	
B

	
0.63

	
6.21

	
50.0

	
1.96

	
0.69 (±0.00)

	
12.05 (±0.59)

	
71.05 (±1.02)

	
6.43 (±0.16)




	
C

	
0.62

	
10.55

	
49.2

	
3.20

	
0.71 (±0.00)

	
16.3 (±0.17)

	
73.00 (±0.45)

	
7.52 (±0.11)




	
D

	
0.68

	
12.13

	
46.6

	
3.85

	
0.75 (±0.00)

	
19.05 (±0.26)

	
79.56 (±0.45)

	
10.1 (±0.75)
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Table 5. Summary of ITO-based electrodes with the best PCEs for OPV cells.
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	REF
	Anode Layer
	Active Layer
	Cathode
	PCE (%)





	[57]
	ITO/PEDOT: PSS
	P3HT: PCBM
	Al
	0.55



	[58]
	ITO/PEDOT: PSS
	P3HT: PCBM
	Al
	2.93



	[59]
	ITO/PEDOT: PSS
	P3HT: PCBM
	Al
	4.37



	[60]
	ITO/PEDOT: PSS
	P3HT: PCBM
	LiF-Al
	1.74



	[60]
	AgOx-ITO/PEDOT: PSS
	P3HT: PCBM
	LiF-Al
	2.25



	[61]
	ITO/PEDOT:PSS+Au
	P3HT: PCBM
	Al
	3.23



	[62]
	PEDOT: PSS
	P3HT: PCBM
	Al
	0.0038



	[63]
	ITO/PEDOT: PSS
	P3HT: PCBM
	Al
	3.56



	[64]
	ITO/PEDOT: PSS
	P3HT: PCBM
	Al
	3.86
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Table 6. Summary of graphene-based electrodes having the best PCEs employing them in OPV cells.
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	REF
	Anode Layer
	Active Layer
	Cathode
	PCE (%)





	[65]
	G-CNT/PEDOT: PSS
	P3HT: PCBM
	Al
	0.85



	[66]
	rGO/PEDOT: PSS
	P3HT: PCBM
	TiO2/Al
	0.77



	[63]
	Stacked Graphene/PEDOT: PSS
	P3HT: PCBM
	Ca/Al
	0.89



	[64]
	Graphene/PEDOT: PSS
	P3HT: PCBM
	Al
	3.98



	[65]
	Graphene
	SWCNT: C60
	Al
	3.85



	This work
	G-PET
	SWCNT: C60
	Al
	10.1
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Table 7. Summary of S-SWCNT-based active layer having best PCEs employing them in OPV cells.






Table 7. Summary of S-SWCNT-based active layer having best PCEs employing them in OPV cells.





	REF
	Anode Layer
	Active Layer
	Cathode
	PCE (%)





	[43]
	ITO
	P3HT: C60–SWCNT
	Al
	0.57



	[43]
	ITO
	P3HT: C60
	Al
	0.38



	[67]
	ITO/PEDOT: PSS
	P3HT: SWCNT: PCBM
	Al
	2.38



	[45]
	ITO/PEDOT: PSS
	s-SWCNT/PC71BM
	BCP/Al
	2.5



	[45]
	ITO/PEDOT: PSS
	s-SWCNT/PC71BM
	Moox/Ag
	3.1



	[46]
	Graphene
	SWCNT: C60
	Al
	0.81



	[65]
	Graphene
	SWCNT: C60
	Al
	3.85



	This work
	G-PET
	SWCNT: C60
	Al
	10.1
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