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Abstract

:

This paper presents an intensive review covering all the versatile applications of graphene and its derivatives in solar photovoltaic technology. To understand the internal working mechanism for the attainment of highly efficient graphene-based solar cells, graphene’s parameters of control, namely its number of layers and doping concentration are thoroughly discussed. The popular graphene synthesis techniques are studied. A detailed review of various possible applications of utilizing graphene’s attractive properties in solar cell technology is conducted. This paper clearly mentions its applications as an efficient transparent conducting electrode, photoactive layer and Schottky junction formation. The paper also covers advancements in the 10 different types of solar cell technologies caused by the incorporation of graphene and its derivatives in solar cell architecture. Graphene-based solar cells are observed to outperform those solar cells with the same configuration but lacking the presence of graphene in them. Various roles that graphene efficiently performs in the individual type of solar cell technology are also explored. Moreover, bi-layer (and sometimes, tri-layer) graphene is shown to have the potential to fairly uplift the solar cell performance appreciably as well as impart maximum stability to solar cells as compared to multi-layered graphene. The current challenges concerning graphene-based solar cells along with the various strategies adopted to resolve the issues are also mentioned. Hence, graphene and its derivatives are demonstrated to provide a viable path towards light-weight, flexible, cost-friendly, eco-friendly, stable and highly efficient solar cell technology.






Keywords:


Dirac point; Fermi level; sheet resistance; transparency; work function












1. Introduction


Electricity is an essential part of our everyday life. Moreover, the energy demands are ever-rising. To fulfill these demands in an eco-friendly manner, the scientific community is looking towards photovoltaic technology as the best alternative. Hence, the research on solar cells (SCs) has attained tremendous momentum for sustainable human development [1]. On the other hand, graphene and graphene derivatives have also grabbed huge researchers’ interest in the past few decades. This owes to its extraordinary properties, which make it one of the most promising candidates for optic, electronic and energy-harvesting devices [2].



Graphene was first discovered by Geim and coworkers in 2004 [3]. It offers appreciably high electrical mobility (conductivity), ultrahigh optical transparency, outstanding mechanical hardness, thermal stability properties and chemical inertness [2,4]. Moreover, these properties can even be tuned as per the requirement by implementing different chemical functionalization protocols. Graphene has a special gapless band structure that exhibits an almost linear dispersion (energy-momentum) relationship at Dirac point positions in reciprocal lattice space (Brillouin zone) which is in the vicinity of the Fermi energy. The conduction and valence band edges intersect each other at the Dirac point. This creates a continuum for charge transport and charges start behaving as massless particles [5]. This aspect of graphene can be explained by the Dirac equation for massless particles [6] and is represented using Figure 1. Thus, graphene is known as a zero band gap semiconductor or semimetal [7].



Figure 1 demonstrates that as a semiconductor has a finite band gap and parabolic dispersion relation, the carriers are quite massive. Thus, carriers in the conduction band possess energy,     E   C   =   E   C   0   −     p   2     2   m   e   *      , and carriers in the valence band possess energy,     E   V   =   E   V   0   −     p   2     2   m   p   *      . Here,     m   e   *    ,     m   p   *    ,   p  ,     E   C   0    ,     E   V   0         E   C     and     E   V     denote rest masses of electron and proton, momentum, rest mass energies and total energies of conduction band and valence band carriers, respectively. As the particles in graphene are massless, its energy is calculated similarly to that of photons (rest mass = 0). Thus, both the electrons and holes possess energy   E = ±     v   F e r m i       p    , where     v   F e r m i     is Fermi velocity, i.e., the velocity of fastest moving charge carriers having kinetic energy equal to Fermi energy, or the velocity of charge carriers in highest occupied states at zero absolute temperature and zero external electric fields. As graphene has linear dispersion relation, the carrier group velocity/Fermi velocity is constant over energy. Thus, the carriers’ effective mass in graphene is directly related to momentum and has zero value at the zero energy point (Dirac point). The high Fermi velocity of carriers in graphene (    v   F e r m i   = 8 ×   10   5     m / s  ) indicates its high conductivity property. This carrier energy difference in semiconductors and graphene better explains the exceptional carrier mobility of graphene [7]. Furthermore, it has ambipolar electrical properties, thereby enabling it to serve as a cathode as well as an anode [8,9]. This further widens its scope of applications [2].



Owing to its large conductivity and ultrahigh flat transmittivity (~97.7%) throughout the entire solar spectrum from the ultraviolet (UV) region to the infrared (IR) region (200–1100 nm), graphene is readily applied as the transparent conducting electrodes (TCEs) in energy-harvesting devices, photo-detectors and other optical devices [2,10]. Similarly, it possesses unusual electronic properties that follow Landau level quantization, quantum Hall effect, 2D Dirac fermion characteristics, etc. Thus, its free charges can easily move in two dimensions with carrier mobility of 106 cm2/Vs [2].



The Landau level quantization of graphene and corresponding density of states (DOS) in its Landau quantized levels is illustrated in Figure 2. It demonstrates that the allowed energy levels of graphene are discrete (not continuous). Moreover, the distance between consecutive Landau levels decreases at higher energies and is inversely proportional to the energy level quantum number (n). The magnitude of DOS remains constant at every Landau energy level. Graphene exhibits the special property of carrier multiplication [11]. The Landau quantization allows us to tune graphene’s band gap and greatly benefits the carrier multiplication process, as shown by Wendler et al. [11]. This has the potential to further enhance the PCE of SC devices to a higher level.



Also, its thermal conductivity ranges between 3000 and 5000 W/mK, it has a Young’s modulus of 1.1 TPa and an excellent specific surface area of 2630 m2/g tends it to exhibit excellent mechanical plus thermal properties and making it a strong candidate for flexible optoelectronics [12,13,14]. Its thickness-dependent semiconductor properties make it suitable for Schottky junction formation with particular metals [15]. These properties further expand its scope to advanced field-effect transistors [4], liquid crystal devices [16], Li ion battery electrodes [17,18,19,20], ultra-capacitors for low-cost high-yield energy storage [21,22,23,24,25,26,27], catalysts and proton-exchange membranes in fuel cells [28,29,30,31], field electron emitters [32,33], ultra-tough paper [34], organic memory devices [35], resonators [36], gas molecule detection [37], photo-detectors [38] and thermal management [39]. Hence, in a nutshell, it has found wide applications in the fields of photonics, electronics, spintronics, energy storage and conversion, durable flexible thin display screens, biomedical devices and emerging technology of graphene-based smart materials [40,41,42,43,44,45,46,47,48,49]. In this article, a rigorous review of applications of graphene for advancement in solar photovoltaic technology is presented. The graphene functional layer is shown to realize various types of highly efficient, light-weight, flexible and cost-friendly SCs in this paper.



The thickness of graphene depends on the number of layers stacked one over the other. Based on this number, graphene’s structures are termed as mono-layer, bi-layer, tri-layer or multi-layered graphene which vary greatly in their characteristics [50]. Multi-layered graphene grown on flat resistive surfaces has two main advantages. Firstly, it reduces electronic scattering thereby, decreasing sheet resistance up to 350 Ω/cm. And secondly, it increases photon scattering at surface wrinkles thereby, decreasing effective reflectance [51].



However, the disadvantage of the thick layer (~4 layers) is that there is a decrement in layer transmittivity to 93% in the visible and IR range [52,53]. Hence, to achieve both the desired properties of reduced sheet resistance and high transmittivity, the bi-layer (and occasionally tri-layer or 4–7 layers, depending on the SC structure) graphene becomes the most suitable and promising material for optoelectronic SC devices.



The four main advantages that graphene offers to high-tech SCs are (1.) transparent window for effective absorption and collection of incident photons; (2.) appreciable charge transport kinetics for effective photogenerated charge collection; (3.) offering flexibility to SCs along with a robust architecture; and (4.) provision of higher efficiency heat dissipation [2]. Moreover, graphene’s electrocatalytic activities contribute to enhancing the performance of electrochemical SCs such as dye-sensitized solar cells (DSSCs) where the electron transport pathway is a solid/liquid interface [2]. Many more diverse applications representing the versatility of graphene in SC technology, as shown in Figure 3, are presented henceforth in this paper.




2. Methodology: Graphene Synthesis Techniques and Graphene Transfer


There are two main techniques of graphene fabrication: (1.) physical techniques that include: (a.) micro-mechanical exfoliation of highly ordered pyrolytic graphite (HOPG) [3] and (b.) sublimation at high temperatures [54]; and (2.) chemical techniques that include: (c.) graphene oxide reduction [55] and (d.) chemical vapor deposition (CVD) on metal substrates [56]. This section presents a brief overview of all major popular graphene synthesis processes. The most preferred among all synthesis techniques are the exfoliation, thermal CVD, chemical synthesis and epitaxial growth methods [2].



In the context of graphene synthesis, the major challenge is in the production of large-scale high-quality graphene at a low cost. To address this issue, scientists Shi et al. proposed non-electrified electrochemical exfoliation method [57], Li et al. proposed salt and water co-assisted exfoliation of graphite in organic solvent [58], Islam et al. presented a protocol for ultrafast chemical-free graphite exfoliation [59], Shi et al. focused on bubble-mediated mass production [60], whereas Qiao et al. proposed use of CH4 as carbon source [61]. Owing to graphene’s vast applications, its large-scale high-quality low-cost production is one of the most researched topics nowadays.



2.1. Mechanical Exfoliation


Mechanical exfoliation is a top-down approach where a single layer or a few layers of material are stripped off from bulk material by applying transverse or longitudinal stress on its surface using a simple scotch tape or atomic force microscopy (AFM) tip. This was the first experimental technique designed for few-layer graphene synthesis in the year 1999 [2]. Later on, Novoselov et al. invented a special kind of mechanical exfoliation that even successfully generated a single-atom-thick graphene structure [3]. This technique promises high-quality graphene having charge mobility of 3000–10,000 cm2/Vs [62]. Hence, mechanical exfoliation is still regarded as the best graphene fabrication technique.




2.2. Chemical Exfoliation


Chemical exfoliation is the process of intercalating and dispersing bulk graphite solution to separate out individual graphene layers. This is performed using alkali metals because they easily interact with graphite to catalyze intercalation and can form structures with different stoichiometric ratios of graphite to alkali metal. Moreover, as the atomic radii of alkali metals are smaller than the graphene interlayer distance, they are made to fit in the graphite interlayer spacing and separate off graphene layers [63,64].




2.3. Chemical Synthesis and Functionalizations


This method aims at chemically increasing the interlayer distance of pristine graphite for effective layer separation. To achieve this, graphite is oxidized to graphene oxide (GO). In this regard, the interlayer separation increases proportionally to the degree of oxidation. This oxidized graphene now facilitates graphene dispersion in suitable polar liquid solvents. Subsequently, the dispersed GO is reduced back to graphene. The quality of graphene depends on the homogeneity of GO dispersion. The advantage of this technique is that it is a low-temperature, solution-based process offering flexibility in direct graphene growth on various substrates. Moreover, graphene’s catalytic and chemical properties can be easily tuned by in situ functionalization. However, the shortcoming of this method is less and defective graphene yield is often caused by incomplete reduction of graphene [2].




2.4. Thermal CVD Process


In this process, graphene is made to deposit on the surface of transition metal substrates like Ni, Cu, Pd, Pt, Ir, Ru, Fe, Co, etc. [65]. This is performed through a surface catalysis process made to occur in high-temperature CVD of hydrocarbon gases at reduced atmospheric conditions. Here, methane (CH4) is decomposed to graphene as per the reaction: CH4 + H2 → C + 2H2. As it is a catalyzing process, there is no limitation on the substrate size, thereby making CVD a scalable process. However, procurement of large-scale homogeneous graphene is challenged by the formation of ripples and grain boundaries in graphene that cause defects. These defects further result in charge scattering and degrade graphene’s thermal, electrical and optical properties [2]. Thus, this method is incorporated only for research purposes.




2.5. Epitaxial Growth


Epitaxial growth is employed whenever there is requirement of highly-crystalline, high-quality, superior-grade epitaxial graphene having few grain boundaries and large domain size. This is achieved using the Si sublimation technique on a well-prepared and cleaned single crystalline SiC substrate. Surface preparation is performed using oxidation or H2 etching. Surface cleaning is performed by bombarding high-energy electrons to create 1010 Torr pressure under 1250–1450 °C temperature for 1–20 min. This high-temperature process creates anisotropy in graphene [66,67,68]. The drawback of this technique is that the graphene transfer from SiC to other substrates is quite hard. Secondly, the process is too expensive. This seriously restricts its application for commercial SC production.




2.6. Graphene Transfer


Graphene is synthesized using the above-mentioned popular methods. For each synthesis method, it needs to follow specifications regarding the substrate material. Hence, to obtain graphene on a desired substrate, the synthesized graphene in dispersion solution, metal foil or thin film is transferred to the desired substrate such as glass or a flexible material after final synthesis. Popular methods of graphene transfer from dispersed solution to a substrate are spin coating [52,69], drop-casting, dip casting [52,70] and electrophoretic deposition [71]. To transfer graphene to a transparent flexible substrate, methods like spraying [72], vacuum filtration [73], self-assembly methods [74,75,76,77] and Langmuir–Blodgett assembly [78] are incorporated. If graphene is in the form of metal foils, it is transferred using the PDMS transfer process [79], chemical transfer process [80,81], stamping process [82], hot press lamination process [83], and roll-to-roll transfer process [84].



However, the major challenge concerning graphene transfer is its integration into the SC architecture without compromising its properties. Thus, in order to conduct proper integration, experimentalists ensure the maintenance of proper working conditions while making contact between graphene and semiconductor [85,86,87,88].





3. Impact of Graphene on SC Technology


To effectively utilize graphene’s remarkable properties for enhancing SC efficiency, one needs to have a clear idea about graphene’s controllable parameters and the exact physics behind its internal mechanism. This section presents an intensive review of graphene’s two controllable parameters namely, its number of layers and doping, along with their physical working to achieve high SC efficiency. Moreover, the different roles that graphene can play in SC technology like behaving as an efficient TCE, photoactive layer and Schottky junction are presented in detail. Finally, the application of graphene in 10 different types of SC technology is put forth in this section. It also includes multiple ways in which graphene can be utilized to flourish the same type of SC technology. Hence, an exhaustive review of all the researched approaches for the effective usage of graphene in photovoltaic technology is presented henceforth.



3.1. Controllable Graphene Parameters for High Efficiency of SCs


There are myriad allotropes of carbon available to us. But there are only a few specific allotropes that can be successfully implemented into SCs. The aspect that made such allotropes unique as compared to the rest of the allotropes is their ability to tune electronic, optical and thermal properties. Graphene allows its properties to be easily tuned and improved depending on its layer thickness and doping concentration. Hence, these are the two special standout parameters that optimize graphene’s performance and make graphene suitable for SC applications. The following discussion mentions how exactly the number of graphene layers and graphene doping concentration impact SC efficiency.



3.1.1. Impact of Graphene Layer Thickness on SC Efficiency


Wang et al. experimentally demonstrated a proportional decrease in optical transparency (transmittance) with an increase in layer number from 1 to 8 [89]. This is even demonstrated graphically in various research works [89,90]. Researchers also noted the decrease in series and sheet resistance of graphene structure with graphene’s rising number of layers [89,91,92]. However, although the nature of variation remains the same, the exact amount of reduction in transmittance, variation in sheet resistance, series resistance, shunt resistance, work function, open-circuit voltage (Voc), short-circuit current (Jsc), fill factor and efficiency with graphene thickness is purely subjective to the consecutive layers of graphene layer, dopant type, doping concentrations and the SC structure entirely [2,9,90,93,94]. This is demonstrated in great detail by Singh et al. [93].



In the case of Lui et al., they tried 1–4 graphene layers in Ag/P3HT:PCBM/PEDOT:PSS+Au/graphene and obtained maximum efficiency for bi-layer graphene [93]. Usually the bi-layer and tri-layer graphene results in maximum SC efficiency. This is basically due to the fact that the bi-layer and tri-layer graphene establishes a balance between its transparency and sheet resistance properties. However, there are a few exceptions to it.



As the transparency, as well as the sheet resistance of graphene structure, always reduces with the number of graphene layers, Figure 4 demonstrates the general nature of variation in transparency (%) and sheet conductance (Ω/sq)−1 (reciprocal of sheet resistance) with the number of graphene layers. This nature of graphs is in line with experimental graphs presented by Li et al. and Singh et al. [90,93]. From Figure 4, it can be inferred that usually the mono-layer, four-layer and multi-layer graphene may produce less SC efficiency owing to less sheet conductance in the case of mono-layer graphene and less transparency in the case of four-layer and multi-layer graphene. Thus, bi-layer and tri-layer graphene, in most cases, offer high efficiency attributed to their adequate transparency as well as sheet conductance [2,9,90,93,94]. However, the variation in sheet conductance, and thereby the exact choice of the number of graphene layers depends on SC structure entirely.



The sheet resistance (Ω/sq) can be theoretically obtained using the formula Rsheet = ρ/t, where ρ is the electrical resistivity and t is layer thickness [95]. However, Liu et al. demonstrated that the sheet resistance varies depending on the graphene synthesis process and type of dopant [96]. Li et al. [90], Singh et al. [93] and Wei et al. [97] provide a graphical representation of an increase in sheet resistance and a reduction in sheet conductance with number of graphene layers. From these graphs, one can interpret that the sheet resistance of graphene-based SCs is also dependent on various aspects like SC structure, graphene synthesis and deposition process, SC working conditions, etc. This is the main reason behind the qualitative nature of the sheet conductance graph with respect to the number of graphene layers in Figure 4.



Based on sheet resistance and optical transmittance, the SC efficiency is decided. For maximum SC efficiency, the sheet resistance should be small and optical transmittance should be large. With an increase in the number of graphene layers, both the optical transmittance and sheet resistance decrease (sheet conductance increases). Thus, sheet resistance and optical transmittance are two competing parameters for high efficiency of graphene-based SCs.



As the values of sheet resistance and optical transmittance depend on SC structure, we obtain the highest efficiency at different numbers of graphene layers for different SCs. The number of graphene layers providing maximum SC efficiency is seven layers in the case of Ishikawa et al. [98], five layers in the case of Notte et al. [99] and one layer in the case of Arefinia et al. [100]. However, bi-layer and tri-layer graphene, in most cases, offer high efficiency attributed to their adequate transparency as well as sheet conductance as seen in the research studies of many scientists [2,9,90,93,94].



In this context, precisely controlling graphene’s number of layers is a quite challenging task. To address this issue, i.e., to achieve controllable growth of graphene, Cho et al. established control over the growth pressure [101], Lin et al. adopted a pico-second laser thinning technique [102] and Tu et al. and Negishi et al. performed controlled CVD [103,104]. Sun et al. demonstrated fine control over graphene’s number of layers by adjusting the amount of intercalated carbon source [105] whereas, Wang et al. achieved the same task by implementing ultrasound in super-critical CO2 [106].




3.1.2. Impact of Graphene Doping on SC Efficiency


Graphene’s doping profile including doping concentration and dopant type largely influences graphene’s physical, optical and chemical properties [107]. Wang et al. deeply studied the effect of heteroatom doping on graphene’s electrical and electrochemical properties [108,109]. Singh et al. made a rigorous analysis of variation in SC efficiency with graphene’s doping profile [93]. They observed that there is a decrease in series resistance, sheet resistance, mobility and transmittance and an increase in Schottky/ohmic barrier height, electrical conductivity and work function with an increase in graphene doping [93,94].



This is because there is a shift in the Fermi level position of graphene with doping as illustrated in Figure 5 [94]. Figure 5 clearly demonstrates the direction of Fermi level shifting as a function of doping type. It is situated exactly in the middle of the conduction band (CB) and valence band (VB) in the case of pristine undoped graphene. As graphene is ambipolar, it can be doped using both the n-type as well as a p-type impurity as shown by Shin et al. [94]. P-type doping of graphene shifts graphene’s Fermi level towards VB and n-type doping shifts it towards CB. More doping generates a larger amount of shift in the Fermi level for the creation of larger built-in electric field/potential inside SC. It acts as a driving force for efficient charge collection. Here, EFermi is the energy associated with the Fermi level.



Shifting of graphene’s Fermi level leads to an increase in graphene’s work function in the case of p-type doping and a decrease in its work function in the case of n-type doping. However, the exact graph is subjective to the SC structure, dopant type, dopant concentration, experimental conditions, etc. The exact nature of the graphs can be inferred from the studies conducted by Shin et al. [94], Yang et al. [110], Kwon et al. [111], Shi et al. [112] and Garg et al. [113].



Now, to understand precisely the effect of variation in work function on SC efficiency, Figure 6 and Figure 7 demonstrate the variation of graphene/semiconductor band alignment as a function of graphene work function and doping. In Figure 6, graphene is chosen to be p-type doped. Hence, an increase in graphene’s p-type doping increases the graphene work function. From Figure 6, one can understand that as the graphene’s work function increases above the zero-energy level or vacuum level of the semiconductor, the CB and VB tend to bend upwards at the graphene/semiconductor interface. This leads to the formation of ohmic contact at the graphene/semiconductor junction. Now, as the p-type doping increases, the graphene work function increases too, thereby increasing the band bending at the graphene/semiconductor junction. More bending results in accelerated charge transfer and collection at graphene anode and semiconductor cathode terminals. Thus, the efficiency of graphene to behave as an anode in SCs is enhanced. This increases the current density and ultimately improves the graphene-based SC efficiency [94].



Similarly in Figure 7, graphene is chosen to be n-type doped. Hence, an increase in graphene’s n-type doping decreases the graphene work function. From Figure 7, one can again understand that as the graphene’s work function decreases below the zero-energy level of the semiconductor, the CB and VB tend to bend downwards at the graphene/semiconductor interface. This time, it leads to the formation of Schottky contact at the graphene/semiconductor junction. Now, as the n-type doping increases, the graphene work function further decreases, thereby increasing the band bending at the graphene/semiconductor junction. As mentioned earlier, more bending results in increased rapidity of charge transfer and collection at graphene cathode and semiconductor anode terminals. Thus, the efficiency of graphene to behave as a cathode in SCs is enhanced. This enhances the current density and ultimately boosts the graphene-based SC efficiency. Thus, there is a rise in SC efficiency with graphene doping [93,94]. Patel has also demonstrated that the enhancement in barrier height of ohmic and Schottky junctions led to an increase in his proposed SC efficiency [114]. Here too, the amount of increase in SC efficiency depends completely on the SC structure, dopant type and concentration.



In both Figure 6 and Figure 7, ϕGRAPHENE, ϕSEMIC,     E   F E R M I   G R A P H E N E    ,     E   F E R M I   S E M I C .    , E0, EC and EV denote the work function of graphene and semiconductor, Fermi level energy of graphene and semiconductor, zero-energy level or vacuum level energy, LUMO (CB) energy and HOMO (VB) energy of semiconductor, respectively.



Owing to the significance of proper doping of graphene, Hu et al. performed an intensive study specially dedicated to presenting the impact of optimized doping of graphene films for its wide applications in electronics and optoelectronics [115]. Precise control of graphene’s doping process is quite a difficult challenge. Apart from heteroatom doping, the other types of doping can be chemical doping and electrostatic field doping. Electrostatic field doping can also be adopted to manage graphene’s work function to improve Schottky barrier height [3,116,117,118,119]. The external back gate is made of atomic layer-deposited ferroelectric or dielectric polymer and is tuned by electric field/voltage. This gate can now, be utilized for graphene’s electric field doping. In this doping, electrons are induced by the positive voltage, whereas, holes are induced by negative voltage, making graphene n-type or p-type doped [9].



For optimized graphene doping to achieve high-performance SCs, Liu et al. adopted Nafion doping and plasma etching and achieved 9.2% efficiency experimentally [120]. In order to provide a viable way to finely tune graphene doping for desired electronic properties, Shamim et al. recently controlled doping concentration and choice of dopant for high-capacity negative electrodes for Li and Na ion batteries [121]. Ubhi et al. analyzed phosphorous and boron-doped graphene to benefit various energy applications such as fuel and solar cells, supercapacitors and batteries [122]. Mollaamin et al. also doped graphene with various dopants such as nickel, iron and zinc during their study and observed the variation in graphene’s performance [123]. Moreover, the doping can also be performed through various methods such as solid, liquid and gas phase chemical doping, thermal annealing, ball milling, CVD: in situ doping, plasma treatment, etc.



Achieving high doping concentration in graphene while simultaneously maintaining graphene’s structural integrity is also a challenge. Hence, recently Kandula et al. [124], Zhang et al. [125], Kim et al. [126] and many more scientists demonstrated various ways to overcome this issue. Kandula et al. fabricated highly conductive dual-doped graphene-based nanorattles while ensuring the maintenance of their structural integrity [124]. Zhang et al. prepared nitrogen-doped graphene such that the device maintained its structural integrity up to 150 °C [125]. Also, Kim et al. showed mechanically resilient nitrogen-doped graphene that fairly maintained its structure during the doping process [126].



Often, doping graphene introduces defects and impurities in it, which can reduce its electronic mobility and degrade its performance. Doping and defects are so interrelated that doped graphene is sometimes called defective graphene [127]. To resolve this issue, He et al. presented an experimental way of ion implantation to achieve low-damage less defective phosphorous-doped graphene [128]. Also, Tung et al. engineered nitrogen-doped graphene film that offered high mobility and conductivity [129]. They achieved such high-quality doped graphene through a combination of ultrasonic spraying, microwave irradiation and thermal annealing methods. Similarly, the research of Qiu et al. also demonstrates the fabrication of high-performance highly conductive (high mobility, less defective) nitrogen-doped graphene sheets for supercapacitor applications [130].



To fully utilize the potential of doped graphene for SC efficiency enhancement, Al-Aqtash et al. and Lambin et al. followed the approach of studying microscopic interactions between the dopants and graphene [131,132]. Moreover, recently, Abdullah et al. noted stacking orientation caused in bi-layer graphene due to interaction between B and N dopant atoms [133]. To develop further intricate understanding, more such studies need to be performed.





3.2. Different Roles of Graphene in PV Technology


This section presents a thorough study of various possible applications for utilizing graphene’s attractive properties in SC technology.



3.2.1. Graphene Transparent Conducting Electrodes


Despite possessing high electrical conductivity and optical transparency above 90%, the previously famous metal TCEs such as indium tin oxide (ITO) and fluorine-doped tin oxide (FTO) lacked in providing flexibility to SC devices [134,135]. This is owed to the brittleness of metal TCEs. Moreover, metals even restricted the SC aperture area [136]. Furthermore, ITO contains indium which is a very scarce metal and is produced in limited amounts per year. Additionally, as the demand for TCEs rose with the development of solar photovoltaic technology, the prices of indium also rose [137,138]. Analysis reveals that it was TCE that accounted for 50% of SC manufacturing costs. This was because TCEs were synthesized by the high-temperature vacuum deposition method which is a very expensive process. This was a major challenge for the low-cost production of SCs [139]. Also, indium is toxic (not eco-friendly) in nature [2]. Hence, they were not the ideal choice as SC TCE. Therefore, finding an alternative substitution for TCEs and replacing ITO and FTO was of great importance [94].



In recent years, various TCEs like conductive polymers, carbon nanotubes (CNT) random meshes, GO, graphene, metal nanowires (NWs) films, gratings and nano-grids, etc., were tried out for SCs [5,94,140]. Among them, GO, CNT and metal NWs couldn’t provide entire substrate surface area coverage [94]. Conductive polymers also had short-comings such as low solubility that limits processability, complex synthesis processes and chemical instability in an ambient environment [94]. Moreover, the conventional TCEs had further demerits like complex structure, defect and doping-caused unavoidable charge scattering centers, difficulty in controlling resistivity, etc. This limited the SC performance greatly [2].



Comparatively, the newly introduced graphene offers high transmittance throughout the entire solar spectrum (93–97% over wavelengths 400–1100 nm), better conductivity and charge mobility (106 cm2/Vs), good chemical stability, excellent flexibility due to outstanding mechanical and thermal properties, easy tuning of sheet resistance, Fermi level and work function by doping, low production cost, less weight, etc. Hence, it is evident that graphene outperforms ITO and other conventional TCEs due to its excellent properties [2,5,90,94]. This is the reason why graphene has become so popular as TCEs. Even the TCEs combinedly made up of graphene and PEN, PEDOT:PSS and other inorganic oxides show high efficiency and excellent mechanical strength [2].



To make graphene suitable for TCE, the value of the ratio between sheet resistance and transmittance (Rsheet/T) needs to be increased. To determine this ratio, the parameter under experimental evaluation is the DC conductivity vs. optical conductivity ratio (σDC/σop). T and Rsheet are related to σDC/σop by the equation   T = 1 /     1 +       Z   0     2   R   s h e e t       (     σ   o p       σ   D C     )     2    , where Z0 is the impedance of free space [141]. Hence, higher σDC/σop indicates an efficient TCE with high T and low Rsheet. The minimum industry standard σDC/σop value for transparent conducting oxide (TCO) substitution is 35 [142,143].




3.2.2. Graphene Photoactive Layers


The photoactive layers in photovoltaic devices include active interfacial layers, the electron/hole charge separation layers, the electron/hole transport layers (ETL/HTL) [93], the electron/hole charge blocking layers [144] and the buffer layer [145]. Owing to its properties, graphene acts as an efficient photoactive layer playing diverse roles in SCs. Graphene and its derivatives have also demonstrated a reduction in exciton decay, a decrease in interfacial recombination and leakage current and an increase in shunt resistance when it was applied as a photoactive layer by Uma et al. [146], Zhang et al. [147], Li et al. [148] and Liu et al. [149]. This consequently improved the experimental efficiency of their respective SCs. Being ambipolar in nature, graphene also offers good rectification characteristics and facilitates electron/hole blocking. Hence, it behaves as an anode as well as a cathode layer [150,151,152,153].



Apart from graphene, many other graphene hybrid materials are adopted as photoactive layers. Kakavelakis et al. employed lithium-neutralized graphene oxide (GO-Li) as an interfacial layer [154]. They too obtained efficiency upliftment from 5.51% without GO-Li to 6.29% with GO-Li photoactive layer in their SC. Along with SC efficiency, it also improved the SC stability against solar heat, air and moisture. Increasing the layer thickness further increased the SC performance. It can also be used as an antireflective protecting film due to its chemical inertness and high transparency. Singh et al. provide a lot of technical details to present this aspect of graphene in their article [93]. This role of graphene is projected in various SCs and is discussed in detail in the following Section 3.3.



The other notable graphene-based photoactive layers include thiolate-reduced graphene oxide (TrGO) material producing an efficiency of 4.20%, graphene-C60-silver-based hybrid material exhibiting an efficiency of 7.2%, graphene and transition metal oxide composite with an efficiency of 7.3%, graphene-CdS-based materials offering efficiency of 7.5%, etc. [93].




3.2.3. Graphene Schottky Junctions


As pristine graphene has zero band gap, the Schottky junction barrier formed using graphene has a purely metallic nature. It can be attained by simple work function tuning. The metallic nature is explained by the doped atoms that become very close neighbors of each other and they form a continuous band of charge carriers. Thus, the recombination sites get removed. This increases the SC efficiency [9]. Moreover, graphene’s high transparency allows a large amount of sunlight to pass through it and is absorbed by SC. Hence, a large number of photogenerated electron–hole pairs are generated [9]. Here, a large electric field/ built-in potential and space charge region is produced at the Schottky junction due to the work function difference in graphene and its consecutive layer [9,94]. This readily separates and extracts the electron–hole pair for their effective collection via the Schottky junction [9]. This is a direct consequence of suppression in reverse saturation current causing a reduction in recombination processes at these junction interfaces.



Work function is the most influential parameter that determines the nature of the junction. As discussed in Section 3.1.2, graphene allows its work function to be easily tuned by controlling the graphene doping profile. Being ambipolar, graphene can be doped by both n-type and p-type doping. Analyzing deeply, p-type impurities drive the graphene Fermi level above the Dirac point, whereas, n-type impurities drive it below the Dirac point [151,155,156,157,158]. This is pictorially explained by Das et al. in their study [9]. This allows tuning of graphene’s work function, reduces sheet resistance and facilitates efficient charge extraction. This effect of Schottky junction formation is schematically explained in detail in Section 3.1.2.





3.3. Application of Graphene in Various Types of SCs


This section describes advancements in 10 different types of SC technologies caused due to incorporation of graphene and its derivatives in the SC structure. The graphene-based SCs are observed to outperform those SCs with the same configuration but lacking the presence of graphene in them. The various roles that graphene efficiently performs in individual types of SC technology are also explored.



3.3.1. Application of Graphene in Silicon SCs: The Graphene/Si SCs


The first-generation silicon SCs are still the most popular commercial SC devices owing to their appreciably high efficiencies. This is due to their extremely high optical absorption coefficient over the entire wide range of the solar spectrum from the ultraviolet (UV) to the near-infrared (near-IR) wavelength region. Moreover, Si is an eco-friendly non-toxic material. Si-based SC manufacturing process is also simple. This makes it an excellent material for efficient sunlight harvesting.



After graphene’s discovery in 2004, graphene was first used as TCE in Si-SCs in 2010 [159]. But, the high sheet resistance of graphene resulted in low SC efficiency of just 1.7%. Since then, there has been a lot of research on graphene TCE-based Si SC. Now, graphene has been used as TCE as well as various junctions in graphene/Si SCs, namely, n-type heterojunctions, p-type heterojunctions and Schottky junctions. Zero band gap graphene creates a Schottky junction with Si [9,160]. It is schematically shown by Shin et al. [94].



The work function difference creates a space charge region and built-in potential that easily extracts charge carriers in graphene/Si SCs. The energy band diagram of graphene/Si SC is illustrated by Das et al. [9]. The band bending is seen to be upwards in the case of p-graphene/n-Si SC and downwards in the case of n-graphene/p-Si SC as shown in Figure 4 and Figure 5 [161].



The efficiency of graphene/Si SCs is still below 10% [94]. Among different graphene hybrid doped derivatives, solution-treated Ag NWs offer maximum SC performance [162,163]. Moreover, Ag NWs/graphene hybrid TCEs resulted in high efficiency of 8.68% [164]. The HNO3-Au NP co-doped graphene TCE in Si SC achieved high work function and conductivity to yield SC efficiency of 10.20% [165,166]. These results conclude that the efficiency can be enhanced by co-doping instead of single-atom-type doping. This result was reconfirmed by obtaining high efficiency of graphene/Si SC due to Ag NW-AuCl3 co-doping [167]. Thus, graphene’s high transmittance and efficient charge carrier collection due to Schottky barrier formation benefit graphene/Si SCs to achieve higher efficiencies [9]. Das et al. provide further detailed analysis of the role of graphene as TCE and as a junction layer in graphene/Si SCs [9]. The application of graphene in different Si SCs is discussed below.



Application of Graphene in Porous Silicon SC: Graphene/PSi SC


Porous Si (PSi) is a promising material that offers inherent antireflection effects along with additional advantages of broad optical absorption, band gap widening and effective surface passivation/texturization [168,169]. Moreover, its antireflection effects can be enhanced by controlling its porosity leading to a large surface-to-volume ratio [170]. Hence, to know the effect of graphene in such SCs, the graphene/PSi Schottky junction SCs were recently studied by various scientists. It is diagrammatically represented by Shin et al. [94]. Despite doping graphene, the resulting efficiency of graphene/PSi was relatively low about 4.3% [171].



As a solution, its efficiency was enhanced by employing multi-layer graphene TCEs. The optimum number of graphene layers was set, as well as the multi-layer graphene was doped with various kinds of metal chlorides [172]. Among them, the RhCl3-doped bi-layer graphene/PSi yielded the best performance with an efficiency of 9.15%. It also possessed good stability by retaining about 80% efficiency even after 10 days in air. This is schematically demonstrated by Shin et al. [94]. Furthermore, very recently, graphene TCEs co-doped with p-type dopants Au NPs and bis-(trifluoromethanesulfonyl) amide (TFSA) enhanced graphene/Psi SC efficiency up to 10.69% using 9 mm2 active area [173].




Application of Graphene in Silicon Nanowires SCs: Graphene/Si NWs SC


Si NWs-based SCs are also considered promising SC types for sunlight harvesting owing to their nanostructure-facilitated fast electronic transport and low reflectance as compared to thin films over a broad solar spectrum. This is pictorially demonstrated by Shin et al. [94,174,175]. Hence, Si NWs-based SCs have a large interface area for light trapping. Thus, such SCs can work efficiently even without explicitly depositing antireflective coatings.



Hence, the research on Si NWs-based SCs using graphene TCEs has been recently increasing. HNO3-doped graphene/Si NWs SC has been shown to offer an efficiency of about 6.85% [147]. Although the efficiency was quite less, the results indicate that the efficiency of graphene/Si NWs SCs can be further increased by continuous research efforts [140].




Application of Graphene in Silicon Quantum Dot SCs: Graphene/Si QD SC


Employing Si quantum dots (SQDs) is a thoughtful solution to overcome the shortcoming of Si regarding its small indirect band gap nature, thereby making it more efficient as a photovoltaic device [176,177]. Controlling SQD size allows tuning its band gap due to the quantum confinement effect. Proper band alignment increases the efficiency of SCs according to the band offset optimization proposed by Minemoto et al. [178] and the concept of band offset uniqueness proposed in my previous paper [179]. Earlier designed metal TCE-based metal TCE/SQD SCs offered efficiency in the range of 10.4–14.8% [180,181,182,183,184]. A recent study on the utilization of graphene TCEs in graphene/SQDs:SiO2/Si heterojunction SC showed maximum efficiency of 16.2% [167]. This was much larger compared to the ever-reported efficiency of metal TCE/SQD SCs. This result is schematically illustrated by Shin and coworkers [94].



Here, the graphene/SQD SC performance depends on diode quality, energy barrier at the graphene TCE/SQD interface, doping-dependent T/Rsheet value of graphene and graphene thickness-dependent reflectance value [94,185]. For efficient charge transport and collection in SQD SCs, graphene TCEs are doped with two kinds of dopants namely, Ag NWs and AuCl3. Here, the doped-graphene TCE must be protected/encapsulated using another graphene layer to prevent dopants from oxidizing/destroying and the efficiency of SCs is further increased. The impact of graphene/SQD SC doping on increasing SC efficiency and long-term SC stability is graphically shown by Shin et al. [94].





3.3.2. Application of Graphene in Polymer SC: Graphene/Polymer SC


The polymer-based SCs are valuable SC types in the photovoltaic industry because their properties can easily be tailored as per the requirement. They offer many advantages over inorganic-material-based SCs. They can easily be deposited using solution-based processing techniques on ultrathin films. The material is also inexpensive, making large-scale SC production possible [93]. In the last few decades, polymer SCs have found promising applications in bulk heterojunction (BHJ) devices [186]. Scientists developed elastic [187,188,189] as well as rigid [190] BHJ polymer SCs, and devices in inverted [191,192,193] as well as in direct [193] configurations. Moreover, tandem polymer BHJ SCs were also explored [194,195]. Iwan et al. have presented a rigorous study on the use of graphene in polymer-based SCs [196]. In such SCs, graphene can play three roles: (1.) as an additive in donor or donor–acceptor materials, (2.) as TCE, i.e., anode and cathode and (3.) as a separate photoactive layer. They have experimentally tabulated and demonstrated that graphene increases the efficiency of polymer-based SCs.



Here, the graphene facilitates effective charge separation when mixed with the conjugated polymers [87]. Graphene provides a continuous pathway with multiple donor/acceptor sites due to its large surface area. This allows efficient charge transfer. But the efficiency of graphene/polymer SCs is quite low.



Graphene, when mixed with polymeric materials, produces a material with different band gap. This material employed as HTL may stop leakage current and prevent charge recombination while prohibiting electron migration from cathode to anode.




3.3.3. Application of Graphene in Schottky Junction Solar Cells: Graphene/Schottky Junction SC


Physically, any material can form a Schottky junction with a certain material provided that the difference in their work function is large enough [197]. Thus, materials that can form Schottky junctions with graphene are GaAs, Si, GaN, GO, SiC, CdS, CdSe, etc. [198,199,200,201,202,203,204,205]. Intensive research has improved the efficiency of graphene/Si Schottky junction SCs up to 14.5% [88,206].



As GaAs provides a direct band gap and higher mobility as compared to Si, the research on the impact of introducing graphene in GaAs-based SCs was initiated. The simulations predicted superior performance of graphene/GaAs heterojunction SC as compared to graphene/Si junction [15]. Experimentally and through formulations, Jei et al. made efforts to prove this fact [206]. The rectifying behavior was determined by calculating Schottky barrier height, series resistance, energy band diagram, build-in potential, charge separation and extraction, etc., for single and bi-layer graphene. Their results suggested that the bi-layer graphene exhibits higher Schottky barrier height (0.75 eV), smaller ideality factor (2.43) and lower series resistance (20.1 Ω) as compared to mono-layer graphene. Hence, bi-layer graphene/GaAs Schottky junction SC performs better than mono-layer graphene [206].



Tongay et al. demonstrated enhanced efficiency of graphene/nSi Schottky junction SC up to 8%. They also illustrated experimentally that the TFSA dopant enhanced SC stability due to its hydrophobic nature [199]. As graphene’s properties are tunable, it can be used to optimize SC as well as can be applied to diverse materials. Moreover, graphene electrodes are less costly and can easily be fabricated. Hence, graphene is considered to have the potential to easily outperform ITO to form Schottky junction SCs [207].




3.3.4. Application of Graphene in Dye-Sensitized SC: Graphene-Based DSSCs


Over the last few years, DSSCs have become known for their unique characteristics such as rapid electron transport, tunable electrochemical properties and outstanding light transmittance capability [81,208,209,210,211]. The third generation of DSSCs is looked upon as the promising SC technology due to rapid photo-charge generation, utilization of non-toxic elements and low-cost production. Graphene has recently been integrated with DSSCs to enhance its efficiency [212]. In these SCs, graphene is made to act as (1.) photoanodes, (2.) counter electrodes, (3.) sensitizers and (4.) photoanode additives. The various aspects and underlying physics behind the applications of graphene are discussed henceforth.



Application of Graphene as Photoanode in DSSCs


As graphene has a large transmittance value of ~97%, Wang et al. made an attempt to utilize graphene as a photoanode in DSSCs. Thus, they laid a new pathway for research on graphene-based DSSCs [70]. Photoanode in DSSCs is an electron vehicle that is responsible for carrying photogenerated electrons from the excited dye sensitizers to the outer circuitry. In this case, graphene can fit as a promising photoanode with TiO2 dye, attributed to its excellent conductivity and mobility properties [213,214,215]. Along with being spatially well dispersed, graphene also facilitates the making of crack-free TiO2 mesoporous thick films [216]. Hence, graphene extends high feasibility with TiO2 nanocrystalline particles [217].



Experiments have observed enhancement in Jsc in graphene-based DSSC as compared to bare TiO2 electrodes [218]. This enhancement in Jsc is attributed to the optical scattering effect. It leads to enhanced red photon harvesting and easy charge transport through TiO2/dye interface via graphene expressway. This promotes efficient charge collection at photoanode [219]. Here, the graphene composite quantity in wt% directly influences SC efficiency. More graphene can reduce its transparency in the TiO2 matrix as well as decrease the dye-loading amount. Hence, instead of conventional 2D composite electrodes, the three-dimensional (3D) wide-pore graphene structure started to be used [220,221]. This appreciably improved the performance merit of graphene-based DSSCs by increasing energy transfer sites and reducing the recombination rate at TiO2/dye interface [94].



Moreover, as discussed earlier, graphene has the potential to replace ITO and FTO as TCE. The same is the case seen in DSSCs as well. Compared to ITO and FTO, graphene acts as a better TCE photoanode in DSSCs, offering it stretchability, bendability, flexibility, high transparency and conductivity, surface uniformity, thermal stability and cost balancing [91,222].




Application of Graphene as Counter Electrode Material in DSSCs


In DSSCs, counter electrodes play an essential role in injecting electrons from photo-oxidized dye into electrolytes for catalyzing reduction reactions. This reaction determines current generation and dye regeneration [223,224,225,226,227,228]. Platinum (Pt) was widely used for this purpose owing to its low resistance and incredible catalytic activity. But, due to its high cost, limited abundance and chemical inertness, it has become significant to replace Pt.



In this context, the ultrahigh transmittance in the entire broad solar spectrum range, remarkable surface area (2630 m2/g), large electrical conductance and mobility, high thermal conductivity and appreciable mechanical properties of graphene made it a best alternative to Pt counter electrodes. This facilitates efficient exciton generation [56,91,229,230]. Hasin et al. first reported the capability of graphene to be used as counter electrodes in DSSCs [231]. The rigorous research on such graphene-based DSSCs has improved their efficiency to about 7–9.5% [2]. Considering the remarkable properties of graphene, the efficiency of graphene-based DSSCs can be predicted to increase much higher in the upcoming years.




Application of Graphene as Sensitizing Material in DSSCs


The tunable band gap of graphene by quantum confinement effect makes it ready to serve DSSCs as sensitizing material. Yan et al. first demonstrated this application of graphene in 2010 by synthesizing graphene quantum dots for sensitization of TiO2 in DSSC [232]. As graphene quantum dots alone provided less efficiency, using them as co-sensitizer significantly raised the performance of common dyes. The high efficiency values of such DSSCs were found to be up to 7.95% [233,234].




Application of Graphene as Photoanode Additive in DSSCs


Since low-cost mass production of graphene sheets is quite challenging, researchers have found a way to utilize the limited amount of fabricated graphene by treating them as additives for photoanode materials. It was observed that this improved the electron transfer process and increased current in DSSCs [235]. Compared to carbon nanotubes (CNTs), graphene provides a much larger surface area leading to the efficient transfer of photogenerated electrons. This increased efficiency from 0.58 to 6.97% by adding graphene additive to the TiO2 DSSC photoanode [218]. The same strategy yielded Madhavan et al. a DSSC with an efficiency of 7.6% using the graphene additive. This efficiency value was larger as compared to the efficiency of 6.3% without additives [236]. Guo et al. have provided the efficiencies of numerous graphene-based DSSCs in their in-depth analysis [235].





3.3.5. Application of Graphene in Quantum Dot SCs: Graphene-Based QD SC


To exploit the fascinating properties of quantum dots, quantum dot SCs (QD SCs) have attracted much attention from researchers. The facility of tuning band gap and optical absorption profiles of quantum dots by variation in their size made them suitable for the entire range of solar light harvesters [237,238,239]. Its unique electronic band structure can even help QD SCs to cross the Shockley–Queisser limit due to efficient hot electrons harvesting and multiple exciton generation [240,241].



Although QD SCs reached an efficiency of 44% theoretically, it is practically challenged by a higher recombination rate at TiO2/QD junction and hole trapping between QDs. As a solution, many approaches like shell layers [242], doping anodes [243,244], hierarchical photoanodes [245], QD passivation [246], panchromatic sensitizers [247], Pt-free counter electrodes [248], etc., were employed. However, graphene attracted most of the interest as photoelectrode since it offered the best photocurrent and SC efficiency [249]. This was due to graphene’s optimizable work function resulting in an excellent conductive network, large electron transfer rates, extended electron mean free path and charge escaping recombination [250]. Diao et al. developed graphene-based QD SC having configuration HNO3-doped graphene/GQDs/Si which resulted in optimum efficiency of 12.35% [94,251]. Moreover, their proposed SC showed excellent chemical and physical stability. This shows the capability of graphene to accelerate the development of QD SCs [2]. Nowadays, research is expanded to explore 3D graphene sheets for further improvement in QD SC efficiency [2,252].




3.3.6. Application of Graphene in Graphene/Semiconductor Van der Waals Heterostructure SCs


In principle, depositing graphene on any semiconductor naturally creates a Van der Waals Schottky diode [161,253,254,255]. Here, the graphene/semiconductor Schottky diode’s barrier height can be easily tuned by shifting the Fermi level of the semiconductor and graphene. It is further benefited by the nature of the Van der Waals contact, small graphene screening length and low density of energy state near Dirac point [62,256]. This graphene/semiconductor Van der Walls heterostructure is constructively used to create high-efficiency SCs [5,204,257,258,259]. Technically, the gating effect is implemented to control the Fermi level tuning in such heterostructures. The graphene/InP heterostructure was recently been fabricated and its optimization was performed by shifting the Fermi level using the same gating effect. Its efficiency was 5.6% [260].



The state-of-the-art maximum efficiency of the graphene/semiconductor Schottky diode is 15.6% and is obtained for the graphene/Si system [261]. Li et al. fabricated graphene/GaAs heterostructure SC and optimized graphene’s properties by doping to achieve appreciable efficiency of 15.5% [262]. By designing graphene–dielectric–graphene heterostructure and treating the top graphene layer as a gating electrode, they further enhanced the efficiency of their SC to 18.5%. The reason behind the high efficiency of this structure is the combined advantage of the antireflection property of the dielectric layer and the high transparency and the Fermi level tunability of graphene. They even demonstrated that their experimental results were in good agreement with the simulation output from the drift-diffusion simulation model that predicted efficiency above 23.8%. These studies indicate that high-efficiency SCs can be obtained using graphene/semiconductor Van der Walls heterostructures.




3.3.7. Application of Graphene in Tandem SCs: Graphene-Based Tandem SC


The tandem SCs or the multi-junction SCs are SC devices made by stacking two or more sub-cells together and varying their configuration between parallel and series connections in order to optimize their efficiency. These SCs are attracting much attention nowadays [263]. Mathematical models predict the theoretical efficiency of tandem SCs to reach up to 86% [93]. Hence, this concept is being applied to all types of SCs. Research efforts of various scientists have been summarized by Singh et al. in their work [93]. In recent research, graphene has also been incorporated to fabricate tandem SCs. However, graphene-based tandem SCs are still a relatively new area of research.



The Voc of graphene-based tandem SCs is appreciably high (1.23 V to 1.69 V), but the efficiency reaches a maximum of up to 3.91% for ITO/PEDOT:PSS (40 nm)/PCDTBT:PCBM (1:4, 80 nm)/GO-Cs (2 nm)/Al (1 nm)/GO (2 nm)/MoO3 (20 nm)/PCDTBT:PCBM (1:4, 80 nm)/Ca (30 nm)/Al (100 nm) SC structure of Chen et al. [264]. Here, the resistance of interconnecting layer between GO sheets was quite high. However, being the function of layer thickness, the interconnecting layer resistance value can be reduced. A point to be noted is that the resulting graphene-based tandem SCs exhibited efficiency higher as compared to SCs with the same sub-cells but lacking graphene as connecting layers [265]. Hence, the presence of graphene is shown to evidently increase overall SC efficiency. Owing to the attractive properties of both graphene and tandem SCs, their synergy is predicted to have great potential for future high-efficiency SCs.




3.3.8. Application of Graphene in Perovskite SCs: Graphene-Based PSC


The SCs that underwent the most rapid development after their discovery are the third-generation perovskite SCs (PSCs). From the time of their discovery by Kojima et al. in 2009, its efficiency rose from 3.9% to ~32% in just a few years. This owes to its most interesting properties such as large diffusion length of charge carriers, appreciable charge carrier mobility, direct band gap (1.5–2.3 eV) [266], small exciton binding energy, high absorption coefficient (104 cm−1) [267], low manufacturing cost and eco-friendliness as compared to toxic lead-based perovskites [114,268,269,270,271,272,273]. These properties can even be tuned, making it suitable for various applications. The summary of their development is demonstrated by Singh et al. [93].



In this context, the graphene-based PSCs are also performing well [85,274,275,276,277,278,279,280,281,282,283]. From the comparison table presented by Singh et al., one can conclude that the presence of graphene in PSCs often rises its efficiency [93]. Speaking quantitatively, Kuang et al. enhanced the performance of their SC from 14.8% to 28.7% just by inclusion of graphene layer into their SC [275]. Yeo et al. even demonstrated that the presence of reduced GO offered resistance against moisture and oxygen and increased the stability in PSCs [279]. Many studies have shown that graphene offers long-term stability to PSCs [284,285,286,287,288,289,290,291,292,293]. Li et al. found an increment in interface wettability due to the amphiphilic property of GO, reducing the contact angle to 00 and thereby, rising efficiency by 45.5% [93,280]. This can again be attributed to the combined effect of remarkable properties of both the graphene and PSCs. Hence, graphene-based PSCs are a very interesting future research area [294]. The various roles that graphene can play to contribute to higher PSC efficiency are discussed briefly below.



Application of Graphene as Charge Transport Layer in PSCs


Being ambipolar in nature, graphene and its derivatives can be used as both the ETL and HTL in PSCs depending on the type of graphene doping. Organic HTL was the most commonly used HTL but possessed few limitations. Hence, it was important to find an alternative to organic HTL PEDOT:PSS. With proper work function tuning, graphene easily outperformed organic PEDOT:PSS HTL and raised the PSC efficiency from 9.3% to 12.4% [295]. It can maintain a balance of work function and conductivity to act as an efficient HTL. Such SCs offered performance efficiency of 16.5% [276] and that too at low cost and improved PSC stability [296,297].



Like HTL, graphene has also proved to be an efficient ETL by lifting PSC efficiency from 13.5% to 14.5% [9]. Graphene offers fast electron extraction compared to other ETLs [9]. Along with an efficient transport layer, functionalized GO can also passivate traps present at perovskite layer grain boundaries. Thus, the defects and interfacial recombination centers are efficiently removed, thereby enhancing PSC efficiency up to as high as 18.75% [298]. Moreover, dispersing graphene flakes in mesoscopic TiO2 helped scientists achieve a larger area of PSCs up to 50.6 cm2 [9]. Hence, graphene-based PSCs are promising candidates for future high-efficiency stable SCs.




Application of Graphene as Electrodes in PSCs


Graphene has also been successfully applied as electrodes in PSCs. In order to make graphene an efficient electrode, it is appropriately doped to reduce sheet resistance as well as increase mobility and conductivity [299]. It was the bi-layer graphene that facilitated PSC efficiency of 12.02% and 11.65% when illuminated from the glass and graphene electrode sides, respectively [299]. To optimize the performance of graphene-based PSCs, multi-layer graphene films were tested. Finally, it was observed that it is the bi-layer graphene that offered balanced performance in terms of transmittance (90%) and sheet resistance (140 Ω/sq) [299].



Sung et al. obtained the best efficiency of 17.1% for their graphene electrode-based PSC by tuning graphene’s hydrophobic nature, sheet resistance and work function via doping [94,300]. Graphene electrodes also made PSCs more flexible [9]. PSCs can easily be thinned without considerable loss in photovoltaic power density and extinction coefficient [134,301]. This followed from the experimental observation that graphene remained intact and showed no cracks after repeated 1000 bending cycles, unlike other ITO-based SCs. It initially possessed 16.8% efficiency. After 1000 and 5000 bending cycles, the SC maintained efficiency > 90% and 85%, respectively, due to the presence of a graphene electrode [302]. Here, the ITO-based SCs reduced PSC efficiency by 50% after the same number of bending cycles [134]. Hence, graphene is seen to provide a due advantage to PSCs for achieving high efficiency, stability and mechanical strength.




Application of Graphene as Stabilizing Material in PSCs


To achieve its longer service lifetime, the durability and stability of graphene-based SCs need to be experimentally established under various environmental conditions. The biggest challenge that obstructs the commercialization of PSCs is their efficiency instability/degradation under a humid air environment. Being hydrophobic in nature, graphene can act as a barrier to the absorption of moisture. Hence, graphene was tested by growing it on the surface of PSCs. Results reveal that the PSCs retained 94% efficiency at 45% humidity even after 96 h of continuous illumination [114,303]. Impressively, PSCs with graphene as stabilizing material showed only 15% efficiency degradation after 500 h without encapsulation [304]. Furthermore, a PSC efficiency of 15% remained stable after a thermal aging test for 500 h at 85 °C as well as after light soaking under AM1.5 for 1000 h of continuous illumination [305]. In principle, due to the chemical inertness and super-hydrophobicity of graphene, PSCs gained strength and protection against chemical degradation and their performance is improved [306]. The durability and stability challenges of PSCs in real working conditions were also demonstrated to be resolved by defect, interfacial and compositional engineering of graphene [307]. The researchers Niazi et al. provide many more potential strategies to resolve challenges in graphene-based PSCs in their analysis [307].





3.3.9. Application of Graphene in Organic SCs: Graphene-Based OSC


Organic substances can be used to fabricate promising photovoltaic SCs since they can provide several advantages such as tunable physical properties, solution-processability, large surface area production, cost-effective synthesis and lightweight [308,309]. Moreover, being organic, they have the ability to prevent SC from degradation and provide stability against moisture, temperature and heat. Their large surface area production facilitates the synthesis of bulk heterojunction SCs [93].



Graphene’s remarkable properties can be combined with that of organic SCs (OSCs) to form graphene-based OSCs [310]. Experimentalists observed reduced exciton recombination and enhanced charge transport leading to rise in graphene-based OSC efficiency [9]. Owing to its properties, graphene can be treated as an efficient electrode, charge transport layer and ternary material to contribute to high efficiencies of OSCs. These roles of graphene are briefly discussed below.



Application of Graphene as Electrodes in Graphene-Based OSCs


The potential of graphene to replace ITO as TCE is already mentioned above in detail. Graphene can replace ITO and provide better transparency, flexibility, desired work function, conductivity, higher material abundance, optimum surface morphology and low-cost processing [150,311]. Doping graphene can even enhance its conductivity, reduce sheet resistance and match its work function with adjacent layers. Its ambipolar nature widens its applications to an anode as well as a cathode [312] in OSCs depending on its doping profile.



If graphene’s work function is greater than the HOMO of organic donor materials, Schottky contact is formed at the graphene/semiconductor junction and graphene behaves as an efficient anode. On the other hand, when its work function is less than the LUMO of organic acceptors, the ohmic contact necessary for electron collection is formed and it behaves as an efficient cathode. This mechanism is explored in detail in Section 3.1.2. Moreover, since TCEs are the uppermost SC layer, depositing TCE by radio-frequency plasma sputtering via ion bombardment, followed by post-deposition annealing, damages underlying organic layers [313,314,315]. Using graphene as an underlying layer prevents this SC damage against micro-cracks or fissures due to its mechanical strength properties. As graphene imparts flexibility to OSCs, the OSC device performance remained the same even after 100 bending cycles [316]. A good bending stability resulted in OSC efficiency reduction by just 8% after 1000 bending cycles [317].



Scientists tried to optimize OSCs by testing their performance with multi-layer graphene. They observed a decrease in the long-term stability of OSCs against oxygen and moisture for multi-layer graphene. Hence, the number of graphene layers was reduced to bi-layer or tri-layer graphene [9,86]. The use of graphene as an anode improved OSC performance by 55% [318]. Doping even made graphene capable of OSC surface passivation by increasing wettability and hydrophilicity [89,319]. Research has improved graphene-based OSC efficiency by up to 3% [320]. However, consistent research endeavors can make graphene-based OSCs a promising photovoltaic technology.




Application of Graphene as Charge Transport Layer in Graphene-Based OSCs


The commonly used PEDOT:PSS organic HTL needed replacement owing to its high acidity (pH~1) and hygroscopic properties [321,322]. Inorganic materials can be the solution, but they are expensive in production. Hence, the most viable solution is graphene. It can be deposited through a cost-effective roll-to-roll process [323,324,325,326,327]. HTL requires a high work function to create a built-in electric field for efficient hole collection at the anode, whereas, ETL requires a low work function for efficient electron collection at the cathode. As the graphene is ambipolar and has tunable doping-dependent and thickness-dependent work function, sheet resistance and hydrophilicity, graphene and its derivatives are best suitable for ETL/HTL in OSCs [9,150]. Reduced GO has recently been applied as ETL in OSCs to improve its efficiency to 8.21% [328]. As HTL, fluorine-functionalized reduced GO yielded enhanced OSC performance of 8.6% [329]. Many studies reflect the potential of graphene as an efficient ETL/HTL [9].




Application of Graphene as Ternary Material in Graphene-Based OSCs


Ternary OSCs are OSCs with modified configurations depending on the ternary component: one donor/two acceptors, two donors/one acceptor and donor/non-volatile additive/acceptor type. Graphene and its derivatives can also be used as ternary compounds within the photoactive layer of ternary OSCs. The purpose of adding a third element in OSCs is to increase the charge transport and collection at the electrodes. This acts as a solution to inadequate charge transport issues in P3HT:PCBM OSCs. Due to the high electrical conductivity property, graphene fixes the imbalance of electron and hole mobility in OSCs to avoid charge trapping and efficient charge collection is made possible [9].



Graphene also enhances OSC efficiency. The physics behind it is that graphene expands the exciton dissociation area and increases the rapidity of electron transfer through it [330]. The effect of a small amount of graphene flakes treated as additives in OSCs is also studied. It was found to increase hole mobility and balance electron and hole mobilities to reduce charge trapping in graphene-based OSCs [331]. Graphene doping further led to betterment in charge transfer due to energy-level matching and reduction in recombination. This ultimately increased Jsc and OSC performance [332]. The efficiency of various OSCs underwent enhancement of ~18% and ~23% due to the presence of graphene [333,334]. Hence, graphene is termed as a potential candidate for high-efficiency OSCs.





3.3.10. Application of Graphene in Solid-State SCs: Graphene-Based Solid-State SC


A few researchers have even dedicated their studies to checking graphene as a junction material in solid-state SCs. As discussed earlier, graphene forms a Schottky junction at the graphene/semiconductor heterojunction. The sufficient difference in work function between graphene and n-type doped semiconductor creates substantial built-in potential [2]. Some graphene-based solid-state SCs are graphene-Si [159] and graphene-single CdS NW [204] solid-state SCs. Among many studies, graphene-based solid-state SC fabricated by Miao et al. showed commendable efficiency of 8.6% for graphene/Si solid-state SC [207]. They increased the efficiency of their proposed SC through graphene doping. This caused a shift in graphene’s chemical potential which increased charge density and built-in potential in the device. It is regarded as one of the highest reported graphene-based solid-state SC efficiencies. This result indicates that further exploration of graphene’s advantageous utilization in solid-state SCs can lead to highly efficient solid-state SCs [2].



Furthermore, to fully utilize the potential of graphene for enhancing SC efficiency, the role of graphene in various SC types needs to be explored further. It may be possible by simulating graphene-based SCs for in-depth experimentally-inaccessible analysis and understanding of the exact working mechanism as performed by Dadashbeik et al. [335] and Arefinia et al. [336].






4. Conclusions and Perspective


Owing to the excellent attractive electrical, optical, chemical, thermal and mechanical properties of graphene, its scope of application has reached up to the photovoltaic technology sector. It has been found to be a reliable solution for many critical issues concerning non-graphene-based SCs as discussed in this paper. Intensive research on the application of graphene began from the time when two scientists Andre Geim and Konstantin Novoselov received the Nobel Prize award in Physics in 2010 for their ground-breaking experiment leading to the discovery of 2D graphene. Since then, graphene and its derivatives began to be applied in various SCs. A total of 10 different types of graphene-based SCs have been realized to date. In each type of SC, the graphene is observed to be capable of playing multiple roles such as an efficient anode, cathode, TCE, photoactive layer, buffer layer, acceptor layer, donor layer, ETL, HTL, electron/hole charge blocking layer, ternary material, SC stabilizing material, Schottky junction formation material, surface antireflective coating, passivating layer and recombination suppressant layer offering rapid charge transfer. Moreover, graphene is abundantly available, lightweight, flexible, eco-friendly and possesses minimal fabrication costs. Moreover, the bi-layer and tri-layer graphene have the potential to fairly uplift the SC performance appreciably as well as impart maximum stability to SC as compared to multi-layer graphene. Hence, the application of graphene in photovoltaic technology has a vast potential to revolutionize the industry.



As a future research direction, new techniques for controlled synthesis of high-quality graphene on a large scale and at low cost needs to be investigated. The effect of doping and the number of graphene layers on the stability and durability of graphene-based SCs under various environmental conditions can be quested. Moreover, the development of further understanding regarding chemical and physical interactions between graphene and different dopants is very essential. Also, new scientific ways to properly optimize graphene in labs with minimal damage need to be invented. Achieving a high doping concentration in graphene while maintaining its structural integrity is also a challenge. Additionally, the graphene/semiconductor interfacial engineering can potentially upgrade the power conversion efficiency of graphene-based SCs due to increment in its Voc, Jsc and fill factor. Furthermore, the role of graphene in various SC technologies needs to be explored in greater detail to completely utilize graphene’s potential for enhancing SC device efficiency. This can be performed by simulating graphene-based SCs for in-depth analysis of experimentally-inaccessible information and understanding its exact working mechanism on the nanoscale. Each fine research on graphene-based SC can be aimed to resolve various issues and advance our perception of graphene’s impact on diverse SCs. Hence, the commercial application of graphene-based SCs can soon be realized in the near future.



Thus, considering the evidence of the success of its application in graphene-based SCs, this review proposes enhanced focused research to discover/invent further hidden unexplored applications of this excellent material, graphene, for achieving next-level SCs.
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Figure 1. Three-dimensional band structure of semiconductor and graphene materials. 
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Figure 2. Landau level quantization and DOS of Landau levels in graphene. 
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Figure 3. Schematic diagram of attractive properties and versatile applications of graphene in different SC structures reviewed in this article. 
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Figure 4. Variation of transparency and sheet conductance as a function of the number of graphene layers. 
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Figure 5. Schematic diagram of shift in graphene’s Fermi level with respect to type of doping. 
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Figure 6. Variation of p-graphene/n-semiconductor junction band alignment with p-type doping. 
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Figure 7. Variation of n-graphene/p-semiconductor junction band alignment with n-type doping. 
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